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FOREWORD 

A conference on neutron physics by time-of-fl ight was held a t  Gatlinburg, Tennessee, 

November 1 and 2, 1956. The program consisted of ta lks by invited speakers and con- 

tributed remarks from participants. The subject matter covered new experimental results 

and the interpretation of resonance parameters, elast ic and inelastic scattering, and 

fission. 

A complete stenotypic record was made at the time o f  the conference, and i t  forms 

the basis of the Following report of the proceedings. Since the verbatim record was 

465 pages long, wi th 190 slides, the program committee subsequently requested each 

speaker to reduce the length of h i s  contribution. Most of  the speakers revised their 

ta lks in compliance and often added a l i t t l e  additional pertinent information. Where 

appropriate, most of the discussion has been incorporated into the talk i tself .  Questions 

and discussion arising merely from misunderstandings have been deleted. The f inal 

responsibi l i ty for any inaccuracies or errors rests with the editors. 

The conference WQS organized by a committee consisting of A. H. Snell, chairman, 

W. M. Good, and J. A. Harvey. The expert assistance o f  D. D. Cowen was indispensable 

to the smooth functioning of the meeting, and the hospi ta l i ty o f  Union Carbide Nuclear 

Company i s  grateful ly  acknowledged. 

The Editors: 

R. C. Block 
W. M. Good 
J. A. Harvey 
H. W. Schmitt 
G. 7. Trammel1 
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WELCOME 
A. M. Weinberg 

Director, Oak Ridge National Laboratory 

A, M. W E I N B E R G :  I should l i ke  to  welcome you 
most sincerely on behalf of the Oak Ridge National 
Laboratory of the Union Carbide Nuclear Company 
and the Oak Ridge of f ice of the Atomic Energy 
Commission. We hope that your stay here w i l l  be 
a pleasant one. 

My purpose in taking these few minutes to  ta lk 
to you i s  i n  some sense perhaps one of subversion; 
namely, 1 think that these w i l l  be the only remarks 
that w i l l  be made during the conference which 
speak to the question of the relevance of what 
you are doing and o f  the matters which you w i l l  
discuss here to  other than purely scient i f ic  issues. 
The fact o f  the matter i s  that in two fields, astro- 
physics and reactor physics, the questions of the 
resonance structure of f issionable nuclei and of 
other nuclei have suddenly taken on an importance 
which perhaps had not been original ly foreseen, 
and I w i l l  take just one moment to  indicate how 
this comes about. 

Those of you who l istened to Professor Gamow’s 
ta lk last  night recognized the generally held view 
nowadays as t o  how elements, at  least many 
elements, are manufactured; that is, that  they are 
manufactured in much the same way that we manu- 
facture isotopes in the man-made reactors, except 
that these reactors in which the elements are 
manufactured are not man-made. They are God- 
made, and they are stars rather than reactors, and 
instead o f  being thermal-neutron reactors they are 
resonance-neutron reactors. 

1 refer to the fact  that in many o f  the stars the 
temperatures reach the order o f  10 kev, and hence 
the elements produced under these circumstances 
are produced by the absorption of 10-kev neutrons. 
The probabil i ty o f  absorption and, therefore, the 
inverse probabil i ty o f  the formation o f  elements 
are consequently determined by the average neu- 
tron cross section o f  the elements in the k i l ovo l t  
region. 

I real ize that there are some d i f f i cu l t ies  in th is  
view, but I quote it as being the one that i s  
generally held and the one that the reactor 
physic ists have found to be the most intriguing, 
since it indicates, i f  you like, that when God 

decided to  manufacture man he also put into man 
the device for manufacturing elements i n  much the 
same way that God himself manufactures elements; 
namely, we put the target nuclei into our reactors; 
he puts them into h is  star resonance reactors. 
But the point remains that the strength functions 
and cross sections in th is  region apparently have 
very high relevance t o  astrophysics a t  the present. 

For the same reason, the strength functions and 
detai ls of the cross sections become more and 
more important in appl icat ion to  reactor problems, 
for the reason that more and more of the reactors 
which we are dealing wi th nowadays are small, 
compact reactors, devices which i n  order to  be 
made small must have a large fract ion of f is-  
sionable material, and, therefore, they are devices 
in which the average neutron spectrum tends to  
be pushed up into the resonance region. In con- 
sequence one finds more and more, i n  the reactor 
literature, very direct use being made of the 
detai led and general information which i s  coming 
out of the vast amount o f  time-of-flight work which 
is being done today. 

Perhaps the most recent use of th is  information 
i s  a question which many of you may have seen 
discussed in the newspapers. You are probably 
a l l  acquainted with the fact  that there i s  proposed 
a large-scale fast reactor to  be bu i l t  near Detroit, 
and there seems to  be some objection to  the 
bui lding of th is fast reactor on the grounds that 
it cannot be demonstrated completely unequivocally 
that it w i l l  have a negative temperature coefficient, 
and I need not mention to you what the con- 
sequences of i t s  having a posi t ive temperature 
coeff icient might be. 

It i s  rather interesting that at  least two of the 
dist inguished participants i n  th is  purely scient i f ic  
conference (I refer to  Dr. Lane and Dr. Feshbach) 
have been involved in the question of estimating 
the temperature coeff icient for such fast resonance 
reactors, and in both cases the information which 
they have had to use has been information on the 
stat ist ics o f  the levels, the spacing, the strength 
functions, and similar quantities both for the 
f issionable and the nonfi s s  ionabl e mater io Is. 

3 



Well, as I said, I think th is  i s  probably the only 
time in the next two days that anybody w i l l  ta lk 
to you about the relevance of what you are doing 
to the applied rather than the basic part o f  nuclear 
science, and so I thought I would take four of riry 
f ive minutes  to state my views on the matter. 

I should l i ke  to repeat that we are very pleased 
that a l l  of you have been able to f ind your way 
to  Gatlinburg, although not without some travail, 
and we hope that you have a pleasant time here 
i n  Gatlinburg. 
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NUCLEAR SiZE BY POTENTIAL-XATT ERlNG CROSS SECTIONS 
K. K. Seth 

Brookhaven National Laboratory 

K. K .  S E T H :  This  ta lk is divided into two parts; 
the first, in which I propose to describe how a 
systematic and accurate determination of neutron 
potential-scattering cross section, D has been 
made for various elements, employing the Brook- 
haven fast  chopper, and the second in which I 
propose to  describe how we have salvaged a 
measure of nuclear s ize out of it. 

It may be noted that I have preferred to use the 
comparatively vague term “nuclear s i t e ”  rather 
than “nuclear radius.” Th is  i s  so because I 
bel ieve the use of the latter term at this stage 
of the game i s  fraught w i th  the grave danger of 
dragging one into embarrassing controversy. 

A t  Brookhaven we have used two different methods 
to  determine o i n  two different energy ranges; 

P ’  

P 

40- 

35- 

30- 

25- 

20- 

I5- 

the so-called “between-resonances” method in  
the ev  range, and the “averaging” method in the 
kev range. 

The “betu/Ben-Tesonunces“ method makes use 
of the simple fact that in the low-energy region 
( 1  to 100 ev) potential scattering i s  observed 
between resonances but i s  affected by the inter- 
ference of potential and resonance scattering, 
their amplitudes being added coherently. in cases 
where the parameters of adjoining resonances are 
known with reasonable accuracy, such contri- 
butions can be calculated and can be subtracted 
from the measured total  cross section in th is  
region. Th is  was done for thirteen elements (from 
A = 89 to  238). Slide 1 shows the results of a 
typical  analysis of th is type. The single-level 
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Breit-Wigner formula .was used to calculute the 
contribution of resonance scattering and inter- 
ference scattering to the total  cross section, UT. 
The remarkably constant cross section (sol i d  
circles) obtained by subtraction of th is contribution 
from oTT (open circles) i s  a good proof o f  the sound- 
ness o f  th is procedure. Table 1 l is ts  the results 
of th is  method for the other elements investigated 
so far. 

The second or so-called "averaging" method 
i s  based on the measurement of average trans- 
mission,Tav, for kev neutrons for different sample 
thicknesses, n. This  is  faci l i tated by the fact  
that, a t  kev energies, the chopper loses mos t  of 
i t s  resolution anyway, and the measurement of 
o with a widechannsl width automatically y ie lds 
TaV rather than T .  

The theoretical basis of the method deserves 
some mention. In a hypothetical element wi th no 
resonance structure, potentia I scattering is  the 
only way of removing neutrons from the incident 

T 

Table  1. Potential-Scattering Cross Sections and 

Scattering Lengths for 13 Elements 

E I e m e n t  (barns) P 

Y 

Zr 

Nb 

Ag 

Sn 

Te 

Ta 

A u  

TI  

Pb 

Bi  

Th 

U 

7.3 k 0.5 

7.3 5 0.6 

6.2 f 0.1 

6.2 ? 0.4* 

4.35 k 0.05 

4.9 f 0.3 

8.45 f 0.8 
8.5 5 0.8* 

11.8 k 1.0 

9.8 k 0.8 

11.3 10.2 

10.2 k 0.8 

11.8 k 0.7 
12.2 k 0.8* 

10.7 f 0.4 
10.8 f 0.5' 

R ' (cm) 

..... 

I O - ] ~  

7.6 t 0.3 

7.6 t 0.3 

7.02 k 0.05 

6.90 k 0.25* 

5.90 k 0.03 

6.2 k 0.2 

8.2 k 0.4 
8.25 ? 0.4* 

9.8 k 0.3 

8.85 k 0.4 

9.5 IO.1 

9.0 t 0.4 

9.7 ? 0.3 
9.85 5 0.3* 

9.25 f 0.2 
9.27 f 0.2* 

~ 

*Values obta i ncd by the "averaging" method. 
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beam, so that T = e x p ( - m  ). Thus the slope of 
a logarithmic plot  of transmission vs thickness, 
d In T/dn ,  i s  equal to u In  any real case, how- 

P '  
evers the element has a resonance structure wi th 
i t s  characteristic strength function, ( r 7 : / D >  , and 
the above simple relation nu longer holds true. 
In such u case one has to  consider the effect of 
resonances i n  some detail. 

Consider, then, a plot of log T a V  vs  n (Slide 2). 
It starts ai  1 a v  = 1 for n = 0, in  any case. Then 
i t  has on in i t ia l  slope greater than ap, because, 
in addition to potential scattering, resonances are 
also ef fect ive in removing neutrons select ively from 
the beam. As n increases, however, the steepness 
of the cutve gradually decreases. Th is  i s  because 
each additional thickness of sample does not 
remove neutrons t o  the same extent - simply 
because i t  sees fewer and fewer of them a t  each 
stage, Very soun a l l  neutrons at the exact 
resonance energy, E o ,  are removed, and T - 0 a t  
Eo. Any further increase in  n does not affect 

P 
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neutrons at Eo,  because none are le f t  to  be 
affected, and potential scattering once again 
remains the only way of removing neutrons from 
the beam. The slope of the log TOY vs n plot  
therefore levels o f f  to o 

P The slope henceforth would remain equal t o  (r 
were it not for the so-called “window effect.” Th is  
effect arises from the fact that  the Breit-Wigner 
resonance is not symmetrical about E o ,  but looks 
l i ke  Sl ide 3a. The resonance dip, A, in a trans- 
mission plot  i s  accompanied by a window, B ,and 
a tail, C ,  on either side. As the sample thickness 
increases, the normalized areas i n  A, B, and C 
increase proportionately only as long as the stage 
shown in Slide 3b i s  not reached. After this, the 
proportionality i s  disturbed as the resonance starts 
“blackening out” (Slide 3c), that is, the growth 
of the main body, A, i s  stunted by the physical 
l imi t  T = 0, whi le that o f  parts B and C is not. 
S t i l l  in general B and C continue to balance each 
other, their contributions to  the total  area being 
nearly equal and opposite. However, soon the 
tai l ,  C ,  also starts feel ing the ef fect  of the so- 

cal led blackening out, but the window remains 
free t o  grow relat ive to  the transmission resul t ing 
from up. The curve log T a V  vs  n of Slide 2 there- 

P ‘  

n = O.OOf3 

4.0 

05 

0 

fore gradually assumes a slope less steep than 
o This  i s  scarcely noticeable i n  the lower two 
curves. In the top curve for tantalum it i s  s l ight ly 
more obvious, because the so l id  theoretical curve 
was calculated using a distr ibution o f  r z ’ s ,  as 
indicated, rather than an average value. Of course 
in any case the ef fect  becomes more pronounced 
for a greater value of rn. 

The results of these experiments on tantalum, 
silver, thorium, and uranium are included in Table 1 
and are seen to  agree very wel l  wi th the results 
of the ‘*between-resonancesI’ method. Th is  i s  
not surprising, since in essence the two methods 
are equivalent. In the f i rs t  case we remove the 
resonance contribution by calculat ing and sub- 
tract ing it. In the second case we do it by let t ing 
the i n i t i a l  thickness o f  the sample remove the 
resonance neutrons. What i s  worth noting, hawever, 
i s  that the agreement exists, in spite o f  the fact 
that the two experiments are done in different 
energy regions. Th is  casts serious doubt on  the 
suggestion sometimes ventured that potential 
scattering might be an energy-dependent phe- 
nomenon. 

L e t  us now turn our attention to  what this  rneas- 

P urement of Q might mean. In c lass ica l  terms, o 

P ’  

0 

P 
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Slide 3. The Transmission of a Sample Undergoing a Breit-Wigner Resononce for Vorying Sample Thicknesses. 
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corresponds to the cross section for scattering 
from a hard sphere of  the same radius, R, as the 
nucleus. Thus for s-wave neutrons, u = 41rR2. 
It is  wel l  known, however, that a real nucleus i s  
not exactly o hard, impenetrable sphere - it i s  
to  an extent absorbing as well. Such a nucleus 
is  the subject of two equivalent models, Wigner's 
giant-resonance model and the less abstruse cloudy- 
crystal-ball model o f  Feshbach, Porter, and Weiss- 
kopf. 

Feshbach, Porter, and Weisskopf, in  their latest  
calculations, ' replace the nucleus by u rounded- 
edge part ia l ly  absorbing potential wel l  of the form: 

P 

-v0(1 t- 20 
v -  

1 f e x ~ [  2(r - R)/d] 
* 

"V. F. Weisskopf, P h y s i c n  22, 952 (1956). 
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Here the symbols have their usual meaning; and 
their best- f i t  values, derived from total  cross 
sections, angular distributions, and <l7:/.> , 
are those in Slide 4. According t o  t h i s  model, 

u = 4 v R j 2  , 
P 

where 

Here rba i s  the weakly energy-dependent contri- 
bution of faraway levels and R' i s  a scattering 
length which possesses a resonance structure for 
a weakly absorbing nucleus. The theoretical 
rat io R'/R i s  rather insensi t ive to the choice of 
wel l  parameters (wi th a weak dependence through 
the combination voR2) and hence, for a given 
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Slide 4. Experimentally Determined Nuclear Radii Compared to the Prediction of the Diffuse-Edge Complex- 
Well-k'otentia! Model. 
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experimental value of K’ ,  may be expected to lead 
to rather rel iable values of the nuclear radius R .  

Slide 4 shows the theoretical curve (based on 
the 42-Mev-deep well, w i th  ro  -. 1.35 x cm 
and the values o f  other parameters 05 f ixed by 
various data on neutron scattering) and olso 
the experimental results, ful I c i rc les representing 
values obtained by the “between-resonances” 
method and open circ les those by the “averaginggs 
method (see also Table 1). A s  already pointed 
out, i t  is seen that the results of the two methods 
agree very well. It may be noted that a t  the 
moment the errors on individual points are much 
greater than would be desirable. However, one 
conclusion i s  easi ly drawn. The experimental 
points show much better qual i tat ive agreement 
w i th  the theoretical R‘ curve (with maxima and 
minima) than w i th  the uniform-radius R curve 
(dashed), which i s  also shown i n  Sl ide 4.2 The 
magnitude o f  the experimental errors and the lack 
o f  enough points l im i t  the usefulness o f  th is  
experiment a t  present, but we hope that, i n  time, 
i t w i l l  have important bearing in assessing the 
over-all soundness o f  the cloudy-crystal-bal I 
model, and even in  the choice of certain parameters. 
It may also be expected to  shed some direct l ight  
on the importance o f  nuclear deformations, on 
shell  effects in heavy nuclei, and on the relat ion- 
ship between the different measurements o f  nuclear 
“radii.” 

Amongst some obviously interesting and un- 
explained facts, I might mention the rather large 
differences i n  CT between neighboring nuclei l i ke  

Ag’07 and Ag’09 or bismuth, lead, and thallium. 
However, preliminary calculat ions o f  McVoy and 
others show that nuclear deformations might have 
a very noticeable ef fect  on R’ in certain regions 
o f  A .  

In conclusion, l e t  me mention that though the 
tentat ive value, rO = 1.35 x cm, used here 
i s  admittedly different from the Hofstadter charge 

P 

2Radi i  of four other elements have L e n  determined 
since this talk was given, and, as pointed out by the 
author in a paper p esented a t  the American Physic I 
Society a t  New York € B u l l .  A m  Phys.  Soc. 2, 42 (19579,  
the results are consistent with the above remarks. 

radius, T,, = 1.07 x cm, this should cause 
no great concern. On the basis o f  very elementory 
reasoning, one expects nuclear force or channel 
radius to be larger than nuclear charge radius. 
However, one also expects (based an  a theory due 
to Drel l )  th is  difference to be seduced as one 
goes t o  re la t i v is t i c  energies. Some preliminary 
experiments of Cool et  nl. at Rrookhaven on the 
absorption cross sections o f  vcsious elements for 
970-h~ev 7 -  mesons give tiierai r U  - 1.13 x 
cm, while some cosmic-ray experiments in the region 
around 20 Bev seem t o  lead to  r o  2 1.10 x 
cm. Th is  i s  a l l  very hopeful. 

E .  CUTH: ! should l i ke  to use the occasion to 
make a quick, rather short comment of general 
interest. Your results are compared with the cloudy- 
crystal-bal l  model wi th the diffuse-edge potential. 
In general you f ind the statement in the l i terature 
that agreement w i th  the square we l l  may not be so 
good, but i f  you dif fuse it, it w i l l  get better. It 
seems to me that maybe there i s  a s l ight  misunder- 
standing. If you dif fuse the edge, it can play a role 
only wi th the low-energy scattering. It does not 
play much o f  a role wi th the high-energy scattering. 
The same i s  true for the bound states which were 
investigated by A lex  Green. It made a difference 
only i n  the low-energy l imi ts and not in the higher- 
energy limits, and therefore it seems to me that 
comparison w i th  the square we l l  should be almost 
as good as wi th the dif fuse well. 

Since one of the chief  originators of the cloudy- 
crystal-bal I model, Herman Feshbach, i s  our Chair- 
man, I am glad to ask him to  correct any statement 
that I have made with which he does not agree. 

H. F E S H B A C H :  Well, I don’t want to open up 
a debate on the cloudy crystal ba l l  a t  the moment. 
One remark I want to  make i s  that I believe that 
the s states would be affected, and these experi- 
ments are on s states. 

The other remark I would make i s  that we are 
s t i l l  playing with the parameters that Seth mentioned 
to  see how they w i l l  fit the entire panorama of 
scattering, e last ic scattering, total cross section, 
etc., and the dif fuse edge i s  very essential for 
this. We are now going up into several MeV, and 
these are s t i l l  not our best fit. 

9 



RATIO OF ~~~~~~~ WIDTH TO LEVEL SPACING 
R. e. Z '  I mmerman 

Brookhaven Nationa I Laboratory 

f?. L. Z l M M E R M A N :  The Brookhaven fast shopper 
has been used in  two methods of measuring the 
neutron strength function, <r:/.> .  or several 
years we have meusured total neutron cross sections 
in the electron-volt region, where individual reso- 
nances are resolved. The parameters of each 
resonance were obtained by detailed analysis. 
The f i rs t  method of getting (I':/D> consisted 
of averaging these parameters of individual reso- 
nances in  a given isotope over as wide an energy 
region as we could cover whi le s t i l l  resolving 
indiv id ua I resonances. 

In addition, during the past year w e  have been 
exploi t ing another method, in which we measure 
the total  neutron cross section in  the k i lovo l t  
energy region, where individual levels ore not 
resolved and the cross section i s  an average over 
the contributions of many levels. 

Slide 1 shows the experimental data for europium. 
Our f l ight  path i s  20 m, so that 46 psec corresponds 
to  1000 ev. The errors shown on the points are 
the stat ist ical  errors only, Not shown are the 
errors arising from fluctuations in  the number and 
strength of levels over which a given point i s  
averaged, but these errors are negligible for a l l  
but the points at long time of f l ight. 

The square symbol denotes the fraction of the 
neutrons taken out of the beam by potential scat- 
tering i n  europium oxide. (In separate experiments 
we w i l l  use this point to  determine the potential 
scattering; however, i n  such experiments the sample 
thickness w i l l  be larger, and some knowledge of 

(r':/$ w i l l  be used to  make the extrapolation 
to  zero time of f l ight.) 

The fraction of neutrons taken out of the beam 
by resonances i s  simply 2.8tn <I7:/* , where 

ELECTRON VOLTS 
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Slide 1. Eirrapiurn Oxide Transmission i n  the kev Region. 
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t is the time of f l ight  in microseconds and n i s  the 
sample thickness. The constant i s  independent 
of energy. It follows that the method consists of 
taking the slope of the transmission in the k i lovol t  
energy region. No absolute accuracy i s  required 
in the data. 

In order that we are not restr icted to analyt ical ly 
th in samples where there i s  no self-protection by 
the larger resonances, a small correction i s  made 
involving the transmission and the level spacing. 
Corrections are typical ly smaller than 1% of the 
observed transmission, even at  the longer times 
of f l ight. 

Slide 2 shows the experimentally measured values 
of <r:/'D) plotted against the atomic weight 
of the isotopes we used. The sol id curve i s  
a calculat ion made by Charles Porter using a 
diffuse-surface cloudy-crystal-bal I model, 

-vo ( l  f i5) 
v =  

1 f exp [ 2 ( t  - R)/d l  ' 

with the parameters shown in the caption. 
The general nature of the variation of <r;/D > 

with atomic weight is  confirmed by th is calculat ion 
but there seems to be a signif icant asymmetry in  
values on either side of the peak that i s  not 
obtained even with other possible values of the 
c loudy-crystal-bal I parameters. 

H. FESHBACH:  I w i l l  try to discuss the para- 
meters in  the cloudy-crystal-bal l diffuse-surface 
potential t o  which both Zimmerman and Seth re- 
ferred. It is, of course, an attract ive well .  Zeta 
i s  the part that te l l s  you the complex part of the 
potential, and we again make the assumption that 
both the complex and the real part o f  the potential 
have the same spatial distribution. The spatial 
distr ibution i s  given by a Wigner well, and the 
diffuseness of the surface i s  measured by d .  

B y  varying the parameters we can change the 
theoretical curve in  Slide 2, but i t  w i l l  be very 
hard to get a decrease of a factor of five, which 
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Diffuse-Edge Complex Well Potential. 

11 



i s  needed in  the region of A = 100, without de- 
stroying the f i t  at other atomic weights. 
E. CurN: In spite of the fact that the cloudy 

crystal bal l  i s  a very nice tool, I bel ieve that you 
should not push the agreement to  disagreement 
by comparing the experiment too closely wi th i t s  
theoret i ca I predictions. 

A .  M .  W E I N B E R G :  Do the experimental data 
about A = 55 also fa i l  below the theoretical curve? 

R .  L. Z l M M E R M A N :  The data that we have on 
it from other laboratories overlapped with the 
theoretical peak, but the errors were quite large. 

ff. C O L D S T E I N :  Do you make the assumption 
that the radiation width i s  large compared to the 
neutron width? 
R. L. Z I M M E R M A N :  No assumptions l i ke  that 

are made. The derivation of the formula i s  very 
simple and involves ohly the total width and the 
peak cross section as a product which, except for 
the energy tern, i s  exactly proportional to  rn. 
P. A .  E G E L S P A F F :  Las t  year, using our fast  

chopper, we made a very similar set of meas- 
urements, using the average over many resonances 
and the intercept at  zero time of f l ight  to  get the 
nuclear radius. In these measurements it was 
necessary to  apply just these corrections you have 
been talk ing about. A s  far as I can see from the 
curves we have seen this morning, the agreement 
between our measurements and yours i s  very good. 
But I should l ike to  ask Dr, Zimmerman i f  he has 
made a detai led comparison. 

R .  L. ZlMMERrMAN: We have made checks with 
data from other laboratories and the agreement i s  
good. 

The points which fa l l  very low 
around A = 100 are in a region where the p-wave 
contribution i s  very high. Could some of the 
discrepancy come from contusing the s -  and p-wave 
resonances? A p-wave resonance is very narrow, 
and i f  you assumed that it was an s-wave resonance 
it would give you an error i n  that direction. 
P. A. E G E L S T A F F :  On the subject o f  the p-wave 

contribution’, we had to consider th is  very careful ly 

f f .  W .  N E W S O N :  

in our work, because we went s l ight ly higher than 
2 kev. It turned out that i n  the region between 
80 and 100 there i s  a p-wave contribution. It i s  
essential t o  al low for th is  i f  YOU are going to  get 
the correct results. The s-wave contribution fa l l s  
off  wi th increasing energy i n  th is  energy region, 
and this i s  offset by the r i s ing  p-wave contribution. 
Sa, in effect, the two tend to  cancel out. 

I might point out that a lot 
of the points i n  th is low region around A = 100 
have been determined by counting resonances a t  
quite low energies. So we can be more certain 
that we are dealing wi th s-wave resonances. B y  
the same token, we can only count a very few 
resonances and the errors are large. 

b!. H. L A N D O N :  Isn’t that question the same 
OS the question as to  whether or not you are 
missing very small resonances? 

R .  L. ZiMMERMAN: 

P. A. L E G E L S T A F F :  I think the question of 
missing small  levels i s  irrelevant t o  the meas- 
urement of r ,“/D. In the resonance-counting method, 
you have essential ly an averaging method. You 
are averaging out a l l  the L7,’s, and, i f  you miss 
a level, you measure i ts rn i n  the next one, and 
you get the total  o f  the area and div ide it by the 
total energy. Th is  i s  essential ly an averaging 
method identical to the k i lovo l t  averaging method 
that has been described. In either of the cases, 
you have added in a l l  the neutron waves, whether 
they are large or small. 

H. FESMBACH: I think that the conclusion i s  
that in the low-energy resonance region the narrow 
widths do not introduce an error, and this is 
important because the particular point that i s  
under discussion i s  the low-energy point. 
M. w .  N E W S O N :  I should l ike t o  say that my 

reasoning was based on work a t  much higher 
energies, and the p-wave contribution comes in 
very strongly i n  that region. However, some of 
these rather low energy resonances could s t i l l  
be p-waves, and that would have th is  same effect 
on the curve. 
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GAMMA RADIATION FROM RESONANCE NEUTRON CAPTURE IN MERCURY 
H. H. Landon and E. R. Rae 

Brookhaven National Laboratory 

H. N. L A N D O N :  Oneofthemore pressing problems 
in low-energy, that is, resonan ce-energy, neutron 
physics has been the determination of the spins 
associated with the individual sharp resonances in  
the compound nucleus, part icularly the determination 
o f  the spin of more than one resonance in  a single 
isotope. The problem is, of course, in pr inciple 
straightforward. An accurate determination of the 
total cross section y ie lds essential ly a l l  o f  the 
parameters o f  a resonance except the stat ist ical  
weight factor, which involves the spin. 

If one can measure accurately, i n  addit ion to  the 
total cross section, the resonance scattering cross 
section, an unambiguous choice o f  parameters i s  
possible. This has, o f  cwrse, been the stumbling 
block. Since one desires to measure a scattering 
cross section which i s  large, one i s  led to  choose 
those isotopes with strong resonances. It i s  just 
these isotopes, however, which on the average 
cbn be expected to  have large spacings of levels 
and, consequently, few avai lable resonances in the 
region of high neutron f lux and high detector 
eff iciency . 

One i s  led to very d i f f i cu l t  measurements which 
must be made w i th  high precision to enable an 
unambiguous choice o f  spin to be made. l e t  me 
refer you to  the crystal-spectrometer results for 
the well-known strong f i rst  levels in gold, silver, 
indium, samarium, tellurium, etc. The effort ex- 
pended to establ ish one resonance in these cases 
has been considerable. Recently very encouraging 
results have been obtained at  Harwell  for the 
particular case of silver by Rae, Collins, Lynn, and 
Wiblin. However, the techniques ore, and w i ! l  
remain, d i f f i cu l t  and time consuming even with the 
higher-flux pulsed machines. For some time, then, 
we have wished to know what could be achieved 
by somewhat different approaches, u t i l i z i ng  dif fer- 
ences in the decay schemes of the compound 
nucleus which might depend upon spin. We have 
known for some time, for example, that the popu- 
lat ion of the ground state and of the isomeric 
states near ground varies, depending upon the 
resonance o f  the compound nucleus in which capture 
occurs . 

One would certainly expect that the capture- 
gamma-ray spectrum would change depending upon 

spin, although it has been evident for some t ime 
that such changes are not always obvious and 
easy to  measure. The Yale linear-electron- 
accelerator group has been studying these changes, 
u t i l i z ing  the low-energy gamma rays which pre- 
sumably are associated with transitions between 
the low-lying excited states. 

The best that can be hoped for from these measure- 
ments i s  that a general d iv is ion o f  the measured 
property into two dist inct  groups might be achieved 
from which the spin might be inferred i f  the spin 
of one resonance could be established. We have 
felt, however, that, i f  one could choose individual 
gamrha rays (presumably those of high energy, 
which must originate at  the capturing state) and 
establish the mult ipolari ty of these, one would have 
a direct attack upon the problem of the spin of the 
compound state. One needs for this, of course, 
rather special knowledge of the capture-gamma-ray 
spectra, of which measurements themselves have 
been dif f icult .  In particular, i t  has been the situ- 
at ion h a t  the spectra have been unknown for just 
those cases for which the density of the capturing 
levels near the capturing state i s  interestingly 
large. It is,  of cwrse, just the complexity of the 
decay scheme, caused by the close spacing of 
levels, which has made the problem so d i f f i cu l t  
for Kinsey and Motz and many of the others who 
are working in the f ield, 

The interesting results achieved in the USSR, 
which appeared a t  the time of the Geneva con- 
ference, aroused our interest in two cases, sama- 
rium and mercury. Mercury i s  part icularly inter- 
esting, as a look a t  the Russian results indicates. 
L e t  us consider in the conventional way the energy- 
level diagram of the compound nucleus Hg2O0. 
We are considering Hg2O0 since the capture in 
H s ’ ~ ~ ,  which produces th is  isotope, dominates the 
thermal capture i n  mercury. I f  we consider the 
levels in th is  compound nucleus which are associ- 
ated with th is  capture in Hg”’, we f ind that there 
i s  CI level  which i s  a t  a negative energy of about 
-2 ev, and then there is a series o f  three virtual 
levels which we can see. These have been es- 
tabl ished at  least tentat ively by Boll inger to  be in  
th is  compound nucleus. 
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Near the ground state, the level structure has 
been established, not only by the Russians and by 
Kinsey in early work, but a lso by decay from 
TI2''. The ground state is, of course, 0 . The 
f i rst  exci ted state i s  2 , and th is  comes at  about 
0.37 MeV. The next state, which i s  also thought 
to be 2' (it i s  not important for this ccnsideration), 
occurs at 0.95 Mev. There i s  another state that 
the Russians say i s  a t  1.1 MeV, ond the next state 
i s  a t  1.59 MeV. 

The binding energy, that is, th is total difference, 
has been established by the Russians to be 8.03 
Mev, and no transition has the fu l l  binding energy. 
Since the even-even ground state is  Qt, th is 
establishes the spin of the capturing state as most 
l i ke l y  0'. The other possible state that one con 
form by s-wave neutron capture is, of course, 1-. 
The zero-zero transition i s  s t r ic t ly  forbidden. 

The presence, then, of an 8-Mev direct ground- 
state transition which has the E l  speed and in- 
tensity would unambiguously establish the spin of 
that state as 1-. Th is  is  just the situation we 

t 

t 

TARGET 

have been looking fcr. The problem of detecting 
an 8-Mev gamma ray w i th  good efficiency and 
resolution i s  not particularly easy, but the problem 
i s  further simplif ied by the exist ing scheme of the 
low-lying states. Transitions, i t  turns out, to a l l  
three of these states from the 0" state are ex- 
tremely weak. The f i r s t  real ly strong transition is 
a 6.4-Mev transition to  the 1.6-Mev state. This  
is  strung, approximutely lo%, and is  thought, then, 
to be El .  We have, therefore, set up in th is  experi- 
ment to detect just the presence of those 8-Mev 
gamma rays which might be associated with the 
virtual levels that we can excite in the compound 
nucleus. 

The equipment i s  shown in Slide 1. Here we 
have the linear electron accelerator a t  13p2 MeV, 
producing a pulsed neutron beam down an evacuated 
12-m f l ight  path. Our target i s  mercury oxide, and 
we have actually three such detectors as the one 
illustrated, essentially in  parallel. These are 
shielded from scattered neutrons. We have examined 
the background which comes from the target by a 
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number of means. ( I  won't go into that.) We take 
the pulse from the detector, put it through a l inear 
amplifier, and then use pulse-height discrimination. 
For the time being it has only been single-channel 
discrimination. Then we put it through a 100- 
channel time analyzer to  analyze for the energy of 
the neutron which caused the gamma ray. Th is  i s  

to establ ish in which of the virtual states capture 
has taken place. 

Slide 2 i s  a picture of what one observes i f  he 
sets the single-channel analyzer to accept gamma 
ray= between 2.4 and 4.1 Mev. You 5ee a very 
dist inct  resonance structure. The resonance that 
we are concerned with i s  the strong one at 34 ev. 
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There are two others which we can also see but 
for which the stat ist ics are s t i l l  poor. I won't 
report on the results fo i  these. 

What we do, then, is simply to increase the bias 
an the s ingle-channel analyzer successively and to  
look Cor what we hope to be the disappearance of 
some of these levels while the others remain. 
What we would expect to  have in the ideal case 

L 

of a single isotape i s  that half the levels, or some 
number of levels, disappear before the others do. 

The problem is, then, one of comparing the in- 
tensity associated with the 34-ev resonance with 
that due to the capture which takes place in the 
negative energy resonance. To do this we huve 
simply done the following: Rather than timing at 
very long t imes, we simply count those gamma-ray 
pulses (see Slide 3) which occur when cadmium i 5  
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taken out of the beam. These are due to the gamma 
rays associated with the capture of thermal neutrons 
from the previous burst. We then take a rat io of 
the intensity in the peak to on average background 
and look for variations i n  that ratio. The results 
are shown in  Slide 4. 

Indeed, there i s  a variation. It i s  d i f f i cu l t  to 
establish the energy scale here. We would expect 
that the rat io should drop of f  at  the edge of this 

level, 6.4 MeV, and it seems to drop off higher than 
that, We should no longer see any of the 34-ev 
level after 8 Mev. We do see it at 9 MeV. This 
means that o u r  energy scale i s  probably wrong by 
about 1 MeV. 

In a separate experiment, Rae has looked at  the 
total gamma-ray spectruw from a single level, using 
what amounts in effect to Q multichannel analyzer. 
The detai ls I shall  omit. The spectra do, indeed, 
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seem to have different end points. The normal- 
ization in th is case has to be done rather carefully. 
Wc can say, however, titat at ieast the 31-ev level 
seems to give the harder radiation. 

F inc l l y  let  me conelude that th is has an inter- 
esting application. I f  one can separate out those 
gamma rays above 6,5 Mev after one has set the 
bias sufficiently high toel iminate a l l  the resonances 
due to one spin state, then one can compare the 
relat ive intensity of the renwiiiing levels and from 
this get the distribution of the relative pnrtiol 
radiation widths. Furthermore, since one does 
select the exit cliannel by this means, one should 
presumably see interference between resonances 
again showing up, whereas these interferences have 
been washed out in the normal spectrum. 

I should l i ke  to thank the HarweII people for the 
opportunity t o  work wi th them for a month last 
sum mer 

I wonder i f  you would again te l l  
us what the conclusioi, i s  that one reaches when 
one finds that the radiation from the 34-ev Eevcl i s  
harder than the radiation from the negative-energy 
level. 

H. H. L A N D O N :  We would then say that the spin 
of  that  level must be the spin associated with a 
1' state. It i s  capturing in  h e  parallel spin state, 
as opposed to  the antiparallel. 

I shocild l ike to ask a question 
wi th  regard to your last  statement about inter- 
ference. I f  you could pick out the same spin states 
in capture, i s  i t  necessarily true that you would 
get interference between these states? 

N. F E S H B A C M :  

H. P A L E V S K Y :  

H. H. L A N D O N :  I f  one looks on lya t  those gamma 
rays which occur to the ground state, then one 
selects only the ex i t  channel, and one should then 
see interference, 

H. F E S H B A & H :  What i s  interfering wi th what? 

w .  H. L A N D O N :  It would then be the partial 
width for the emission of  this gamma ray to  the 
ground state from one resonance interfering wi th  
ths some partial width from a nearby level. The 
amplitude for th is emission from this state would 
interfere wi th the similar ainnlitude for the emission 
of the some gomma ray frt: the adjacent state. I t  
i s  similar to the fission problem, where, i f  you 
l i m i t  the ex i t  channel, YOU should, indeed, observe 
interference. This i s  going to  be very hard, of 
course, because you are going to have to  pick two 
resonances which are c lose together. 

M. E .  R O S E :  What i s  the basis for the minus 
parity of H c J ' ~ ~ ?  I s  that experimental evidence, or 
i s  it the shall-model assignment? 

H. H. L A N D O N :  I presume i t  i s  the shell-i-nodel 
assignment. 

A .  4. LANE: Although the presence of the 
strong transition to the ground state does certainly 
seem to indicate a 1-spin, the absence of o strong 
transition to the ground state does not indicate a 
0- spin. 

Th is  i s  perfectly true, but i n  
th is cos6 the presence of the radiation assigns tl 

spin of l", but not v ice versa. 
But i f  the transition is  also absent 

to  the 2' level, that certainly increases the proba- 
b i l i t y  that the spin i s  0". 

I should l i ke  to ask about an 
experimental detail. I t  looks as i f  th is experiment 
i s  particularly susceptible to the poss ib i l i ty  of 
summing pulses. I presume that you have taken 
this into account, although you didn't mention it. 

H.  H. L A N D O N :  Yes, that was a worry, The 
detection efficiency for a single gamma ray i s  very 
small, and i f  you then require that two of them 
combine, th is is,  indeed, very small. 
N. i .  SCHULTE: Landon mentioned that we were 

looking a t  low-energy capture-gamma-ray spectra, 
and I just wont to point out some recent results in 
th is connection. 

Earlier indications pointed to the fact  that, in  a 
number of  cases where we looked at  gamma rays, 
these low-energy cap twre-gamma-ray spectrn d id  
vary between the resonances. In  particular there 
were two cases, tantalum and indium. Original ly 
it was found in  the tantalum, for example, that the 
13-ev resonance did not show o 260-kev transition 
which WQS very prominent i n  the other two low- ly ing 
resonances. Likewise, i n  indium the 1-ev resonance 
did not show a 560-kev l ine which was indicated in  
the two higher resonances. Well, the point  i s  that 
since then we have made fair ly accurate absolute 
intensity measurements, and these apparent differ- 
ences have apparently disappeared. 

Vlhen one takes into account such matters as the 
depression of peaks due to the effect of resolution 
and carefully considers how many neutrons are 
absorbed in  the resonance, then one finds that, in  
these two cases at least, the low-lying capture- 
gamma-ray spectra seem to be quite similar. How- 
ever, more recent work has indicated again that 
the higher-energy transitions do vary between 
the various resonances, 

H. H. L A N D O N :  

A.  M. LANE: 

E .  C. C A M P B E L L . :  
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STUDlES ON THE RESONANCES IN U238 USING THE HIGH-RESOLUTION NEVIS 
SYNCHROCYCLOTRONNEUTRON VELOCITY SPECTROMETER 

W. W. Havens, Jr. J. Rainwater S. Desiardins J. Rosen 

Columbia Universi ty 

W. W. H A V E N S ,  J R . :  When I prepared the abstract 
of th is talk, I expected to  have ful l  analyses of 
about 30 resonances in  U238. However, I am the 
v ic t im of the machine age. In the early days, 
resonances were analyzed one by one, but nowa- 
days a l l  the data are punched on cards and proc- 
essed in a machine, and you don't have any results 
unt i l  you have all the results. 

Th is  time the machine broke down,and our resul ts 
came out a s  gibberish. We found the mistake not 
in the data but in  the computing machine, and 
consequently it has had to  be run over again. So 
I have no resul ts on U238, except for posi t ions of 
levels. I w i l l  show some of our recent Nevis  
resul ts and point out some of the interesting 
features of these. I am going to give some of the 
results on tantalum, silver, and U238. Rainwater 

has shown some of the tantalum and si lver results 
before, but the U238 resul ts are new, 

Slide 1 shows some of our results on silver. I 
chose this slide, out of many which show a large 
number of resonances, because of the particular 
energy region covered. I should l i ke  to  point out 
the fairly small resonance at 139 ev, which I w i l l  
stress when we look a t  the results on tantalum. 
These data are experimental counts observed with 
our detection method, We are counting the gamma 
rays that are emitted immediately after neutron 
capture. There i s  a background of somewhere around 
400, and the highest peak at 173 ev runs to  2000 
counts over the background. However, the small 
peak a t  139 ev has an intensity of only 650 counts 
over the background. This i l lustrates the necessity 
of  obtaining good stat ist ics on runs l i ke  this. 
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Slide 2 shows higher-energy resonances in  silver. 
The interesting part here i s  that published results 
begin to lose resonances at 88 ev. This run goes 
from 250 ev up to 584 ev. You can see that ot  
about 500 ev we are not resolving the resonances. 
I am not going to quote a resolution width, but I 
w i l l  suy that our principal spread in energy is  due 

to the deteclor. These data were taken with G-psec 
charinels at ci distance of 35 rn. We have two sets 

of results Sere, one with a detector only, and then 
a dotted curve which has both a detector of the 
material being studied and another sample, in front 
of the detectw, which absorbs the resonance 
neubrori 3. 

1 

.;e- 

. .  

t - 

Slide 3 shows results on tantaluiii. This slide 
shows three levels at  76.7, 77.5, and 78.6 ev, which 
were shown as one level at 76.9 ev in the most 
recently published results. 

Slide 4shows our most recent results on tantalum. 
We have somewhere around 9000 counts at  the peak 
o f  the largest resonance. The nunber of reso- 
nances from 170 to 2.50 ev has also increased 
substantially. 'there are sma l l  peaks which have 
a total  of 1000 counts. When the stat ist ics were 
poorer, we didn't dare ca l l  these resonances. How- 
ever, when there ore a suf f ic ient ly large number of 
counts, ihese l i t t l e  peaks become very definite. 
Th is  i l lustrates that we may be missing resonances. 

- .  

I. 
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Slide 2. Neutron Time-of-Fl ight Spectrum of Silver from 25Q to 584 ev. 
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Slide 3. Neutron Time-of-Flight Spectrum of Tantalum from 75 to 9 4  ev. 

I should l i ke  to  ca l l  attention to  the close level 
spacing between 190 ev and about 250 ev. The 
level spacing here seems to be quite a b i t  smaller 
than the average. There is no point to  our studying 
energies higher than 250 ev i n  tantalum, because o f  
the small level spacing. 

Slide 5 shows some recent results on cadmium 
which were taken in about y2 hr. With our present 
resolution, there i s  no point in studying cadmium 
resonances above about 230 ev, because the levels 
would not be separated. The stat ist ics here are 
very poor, and more running time i s  required to  see 
the small levels. 

Slide 6 shows the higher-energy resonance 
structure i n  UZ3*. The maximum number of counts 
in a resonance i s  8500. We have observed a l l  the 
resonances reported by the Brookhaven group. 

Above 290 ev, levels which the Brookhaven group 
report as single are resolved into more than one 
level. We begin to miss levels at about 600 ev. 

Slide 7 shows the number of levels below a given 
energy as a function o f  the energy. The Brookhaven 
group gave an average level spacing of 18 k 2 ev, 
which, in the low-energy region, agrees very wel l  
with our data. From th is  curve it looks as i f  we 
might also be missing levels above 300 ev. Higher 
stat ist ical  accuracy w i l l  show whether or not we 
are s t i l l  missing levels. 

Slide 8 shows the results on tantalum. The 
MTR group stopped resolving levels at  63 ev. 
There i s  a mistake in th is  slide. The average 
level spacing of 7.8 ev refers to the average 
spacing per spin state. Since there are two spin 
states possible, the average spacing should be 
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PUOIO 1913 
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23 8 Slide 7. Neutron Energy Level Distribution in U . 
3.9 ev. The minimum level spacing we obtain from 
th is curve i s  4.3 ev, and the average level spacirig 
i s  4.8 ev. There were 54 levels observed, nnd  I 
think now you can see that there are some sta- 
t i s t i ca l  f luctuations in level density. 

These 
data definitely show that there are fluctuations in 
level density. The f i rs t  ten levels hove an average 
spacing o f  8.8 ev, However, there i s  no observu'ole 
level in si lver between 88 and 138 ev. On the 
basis of these data, the average level spacing for 
h e  f i rs t  400 ev i s  14.6 ev if we are not missing 
any levels. These data indicate that the average 
level density for the f i rs t  100 ev is considerably 
higher than for the f i rst  600 ev, 

One encouraging aspect of our apparatus was 
observed during the last  run. We were experi- 
menting wi th o u r  detector bias, which had always 
been set to reject  2.2-Mev gumma rays. In early 
runs, the peak-to-valley rat io of our curves de- 
creused rapidly as the detector bias was decreased. 

Siide 9 shows the same results for silver. 
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However, when the bias was decreased recently, 
the signal-to-background rat io d id  not change 
appreciably. Our f inal  counting rate was a l i t t l e  
higher than 1 count per second per /4-psec detector 
channel. At th is counting rate we were being 
l imited by the time resolution of our time analyzer. 
t iow much further the intensity can he increased 
cannot be determined unt i l  our time analyzer is  
i rnproved. 

In the past you have shown 
cases in  which you missed resonances because 
they were lclrgely scattering. 

It i s  for th is 
reason we cannot say that we have seen a l l  the 
leve I s. 
L. M .  E O L L I N G E R :  Yet in the case of  uranium 

some of the levels which I happen to know are 
largely scattering seem to show up. 

1 

L, M .  B O L L I N G E R :  

yb. w .  H A V E N S ,  J R . :  This i s  true. 

W. W .  H A V E N S ,  J R . :  Every level that the 
Brookhaven group reported was observed. Same 
of the peaks were very small, and we had to obtain 
good stat ist ics before we could see these levels. 
I f  you look at  our previcjus results, the small levels 
were lost  in the  background. I have hopes that as 
we improve the stat ist ics we w i l l  be able to  see 
smaller and smaller levels, 

A .  M. W E I N B E R G :  The U238 distribution of 
levels that you showed indicates that they are not 
real ly random. What i s  the situation on testing of 
the distribution for i t s  randomness? A casual look 
indicates that20ev seems tocome in  very regularly. 

I haven’t done any testing 
for randomness. As we have improved the sta- 
t istics, we have always seen inore levels. 
haven’t plotted the proba bi I i  ty distribution. 

W .  ‘N. HAVENS, JR.: 
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ANALYSIS OF NEV1S NEUTRON TIME-OF-FLIGHT DATA ON SILVER RESONANCE 
LEVELS BY RECENTLY LMPROVED TECHNIQUES 

E. Melkonian 
Columbia University 

E. M E L K O N I A N :  This i s  a study o f  some of 
our Nevis cyclotron data on the low energy levels 
of si lver to  get more accurate resonance parameters. 
One of the main di f f icul t ies i n  the interpretation of 
these data is the proper choice of the background 
to be subtracted from the observed counting rate. 
The main innovation o f  this paper i s  the develop- 

ment of a method of analysis in which the choice 
of an arbitrary background leads to the same results 
that would hove been obtained i f  the correct, but 
unknown, background hod been used in the f i rs t  
place. 

Slide 1 shows typical  data in the neighborhood 
of a resonance level in silver, taken a t  35.2 m with  
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the Nevis neutron velocity spectrometer at low 
energies where we! I-isolated levels are defined by 
many points. The “circle” points were taken by 
detecting the capture gamma rays emitted by silver 
placed at  the detector position. The “x” points 
were taken with an additional sample of silver in 
a transmission position. We are considering here 
only data represented by the circles. 

Since the counting rate represented by the ci rc les 
i s  proportional to ( 1  - transmission), one method 
of analysis which has Seen used (and which w i l l  
be used here) i s  to  treat The observed curve as 
though i t  were an inverted transmission curve and 
to perform the usual area analysis. kowever, 
counting rates corresponding to  zero trilnsmission 
o n d  to unity transmission must f i rs t  be identif iad 
before such a procedure can be carried out. For 
the particular level and sample (l/n = 103.3 barns 
per atom) under consideration, nu, i> 1, so thm 
the peak counting rate corresponds t o  zero trans- 
mission. Finding the location of  unity transmission 
is  complicated by the presence D f  experimental 
background, as wel l  as by potential scattering and 
contributions from other levels which have nothing 
to  do with the level under consideration. Some- 
times, the location of the background (and hence 
T = 1) can be obtained by considering the counting 
rate far from the level. However, th is i s  frequently 
unrelihble and not always possible, so that a more 
general method is  desired. 

Because of this, we have developed a new ap- 
proach, i n  which knowledge of the background i s  
not necessary. Instead, an arbitrary hackground, 
subject only to  l imitations to be given, i s  chosen, 
and the subsequent procedure automatically gives 
the results which would have been obtained had 
the true background been used. In Slide 1,  the l i ne  
marked T= 13 psec appears to be a reasonable back- 
ground (7 = 13 means that the background l ine 
intersects the data a t  points 13 psec on each side 
of the resonance time of  flight). Application of 
the procedure to be described shows that the true 
background i s  given by the l ine marked ‘i = m, 

and gives results corresponding to  it. 
Before proceeding to describe t h i s  new method, 

two comments are necessary. First, we have been 
t iy i r lg to analyze the data of  Slide 1 in terms of an 
inverted transmission curve. In fact, i t  i s  simpler 
to  think in  terms of a transmission dip, and the 

following derivation w i l l  be based on transmission. 
Second, since the Sreit-Wiyner equations are given 
in terms of energies and not time of flight, the 
derivation w i l l  be made on an energy basis, and 
time-of-flight data must be converted to an energy 
basis before application of th is method. Since 
applications are made over small ranges o f  energy 
(several times I compared with the resonance 
energy E,, the equation 

A E At - - 2 -  
P t 

i s  sufficiently accurate, and the “ l / v ”  term may 
be neglected. 

With these in  mind, we refer to Slide 2, which 
shows a typical transmission dip, where T c  i s  the 
transm i ss ion ar i sing from potent ia l  sca t tsr in g, 
contributions from other levels, and background 
(as i n  the case o f  capture-gammo data). What i s  
desired for an area analysis i s  the area above the 
transmission dip after the entire curve has been 
divided by Tc. Since the value of T c  i s  presumed 
unknown, we pick an arbitrary transmission T,, 
which intersects the transmission curve a t  E, + E 

and E ,  - F. The desired total area, A E D l  above 
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Slide 2. A Typical Experimental Transmission Curve 
of a Sample Undergoing Resonance. 
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the corrected curve can then be written as the sum 
o f  part ial  contributions from regions u, b, and c: 

" i D  1 - n p 0 $ ( E )  - = - . -  
A A A T c  

(c) ( b)  

where A& i s  the observed part ial  area for region 
c, and A i s  the Doppler width. Since 

* 

the aLove equation can be rewritten as 

Ill 

I f  F _  i s  chosen such that 

E E 
- 2 3.5 and - 2 10 , 
A -  r 

and i f  the experimental resolution i s  perfect for 
I E  - E,\ 2 3.5 E, then the terms I I  and 111,  which 
are to  be added to A L D / A T ,  to  make up for the 
contributions of regions a and b and for the fact  
that T E  was used instead of T,, become functions 
only of the quantities n = n c o r 2 / A 2  and d A .  (The 
condition on d A  must be met exactly for th is 
method to be valid. The condition on E / r  ensures 
that the calculat ion i s  good to  I%, and smaller 
values of EA- may be used w i th  the error *(r/c)2.) 
It i s  thus possible to  express A,,/A in terms 
only of d A  and m in  addition t o  the observed 
quantity A L D / A T e .  Slides 3, 4, and 5 give graphs 
useful in performing these caiculat ions and corre- 
spond, respectively, to terms I, 11, and Ill. Given 

the observed quanti t ies A&, E, and T,,  as wel l  
as A, the analysis procedure is:  (1 )  Select a value 
of rn 4 ~ U ~ I ~ ' / A ~ ,  and with the aid of Slides 4 and 
5 compute terms II and Ill, respectively. Add to 
A i D / A , T ,  to  get A E D / A .  (2) For these values o f  
m and A E D / b ,  read A/T from Slide 3. (3) Choose 
other values of m, and deduce for each a value of 
A/I' in the same way. This procedure gives es- 
sential ly a relat ionship between o01 and r, which 
i s  the maximum a m w n t  of information that a single 
area determination can give. Addit ional information 
i s  needed to  get a second relat ionship between 
(For2 and r so that the values of q0 and I', sepa- 
rately, may be determined, 

This procedure has been applied to  the data of 

Slide 1, giv ing the results (circles) shown in Slide 
6. (The resonance-energy values are only nominal, 
and there are some discrepancies in the labels.) 
Two other choices of hackground have been in- 
cluded (crosses and squares). The reason for 
obtaining three dist inct  curves i s  that the Ooppler 
broadening i s  s t i l l  operative at the cutoff points, 
giving dependence upon the shape of the wings o f  
the resonance level. I f  the data and procedure 
were perfect ly accurate, the intersection of the 
three curves would give the values of uo and r. 
However, a Ithough the intersection gives approx- 
rnately correct values, these should not be taken 
too seriously because of the very sensit ive de- 
pendence upon experimental errors. Data from the 
MTR and from 5NL-325 are included for comparison. 
It i s  to be noted that these results are definitely 
lower. Th is  same procedure has been applied to 
f i ve  other si lver levels, usually wi th higher results 
than obtained by other experimenters. We attr ibute 
th is in part to  the fact that, without the use of the 
present method, backgrounds are generally picked 
too large (refer to Slides 1 and 7). Results for 
two more levels are shown in Slides 7, 8, and 9. 
Table 1 gives a summary of results on the six 
levels of si lver which were considered. 
R. L. M A C K L / N :  Would you say that this method 

was sensit ive to the shape in the wings? 
E. M E L K O N I A N :  Yes, i t  i s  sensitive. 
R .  L. MACKLfN: So you are real ly combining 

area analysis wi th wing shape? 
E. MELKONIAN: Yes, you are, in a way. The 

shape comes in because o f  the Doppler effect. 
I f  the Doppler effect were negligible, then these 
three curves would be the same. tiowever, this 
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2 Slide 3. Graph far Calculation of cor in the Analysis of Resonance Levels (See Text). 

shape dependence may not be as  useful as it 
would seem a t  f i rs t  sight, since the point of inter- 
section of the several curves i s  very sensi t ive to  
small experimental errors, because of the small 
angle of intersection. 

R. G. F L U H A R T Y :  I should I i ke to  ask a question 
about what effect th is analysis has on the potential 
scattering that you obtain between the resonances. 

E. M E L K O N I A N :  This has been applied, at the 
moment, only to Kevis  data, where fhings l i k e  
potential scattering just go right into the experi- 
mental bockground. There i s  no way of dist in-  
guishing them. If you had a transmission curve, the 

background” transmission would be due to the 
potential scattering plus contributions from some 
other levels, 

I #  
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31 



I C  

E 

4 

i 

I .c 

E 

4 

.2 
I 

0.1 

06 

c4 

02 

.o I 

,006 

,004 

,002 

.OOl 

.0006 I 1 1 I I I l l  
4 6 IO 20 40 60 I( I 2 

UNCLASSIFIED 
PHOTO 19195 

Slide 5. Graph for Calculation of Term Ill in  the Analysis of Resonance Levels  (See Text). 

32 



I I I L  

Slide 6. Analysis of L e v e l  i n  Silver at  30.5 ev. 

Table  1. Summary of Results on S I X  L e v e l s  I n  Silver' 

71.2 
0.26 

EO 
A (ev) 

30.5 
0.18 

40.5 
0.20 

41.6 
0.20 

51.6 
0.22 

55.9 
0.23 

6.0 
1.24 
6.22 

4.8 
1.41 
6.40 

3.75 
1.25 
5.42 

5.0 
2.39 
9.21 

r (psec) 
E (e.) 
E/A 

A ,/AT E 

T E / T c  for = 0.15 e v  

corr2 for r = 0.05 ev 

= 0.1 ev 

= 0.2 e v  

= 0.4 e v  

M T R ~  r (ev) 

no r2 
BNL-325 1' (ev) 

u0 r2 

13.0 
1.90 
10.56 

6.0 
1.28 
6.40 

4.092 
0.96 

5.884 
0.90 

4.554 
0.93 

5.82 
0.97 

6.022 
0.97 

4.192 
0.96 

35 
39 
45 
62 

13 
18 
27 

14 
20 
28 
50 

76 
82 
92 
118 

28 
35 
50 
76 

58 
65 
77 
100 

0.094 
38 

0.18' 
69= 

0.13 
30 

0.14 
16 

0.14 
18 

0.13 
58 

0.24 
38 

0 . 1 ~ 5 ~  
36' 

0.14= 
18' 

0.14' 
20' 

0.15 
65 

0.11 
26 

'Based on the element with normal isotopic mixture. 

b R .  G. Fluharty, F. B. Simpson, and 0. D. Simpson, Phys. Rev. 103, 1778 (1956). 
'Based on 1.' = 0.135 ev. Y 
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R .  G .  F L U W A R T Y :  Then with your parameters 
you could apply th is  to the transmission data and 
presumably get a value for the potential scattering? 

Yes, i f  you had transmission 
data. We don’t have transmission data wi th “ f lat”  
detectors. “Self-indication” transmission measure- 
ments, such as ours, are not useful in the wings of 
the resonunce, because the detection ef f ic iency 
becomes so small. 
H. P A L E V S K Y :  I would l i ke  to get clear what 

you have here. A s  I understand it, you are just 
getting cor’’ by this method. Now can you use the 

E .  M E L K O N I A N :  

g 
.6 

same method, soy w i h  thin samples, and therefore 
get the parameters out, or would th is method just 
work to  get u,r2? 

E.  M E L K O N I A N :  There are two points. The one 
point was the sl ight wing sensit ivi ty. So, to some 
extent you have two curves which give uo and I ’  
separately, with coQsiderable ampli f icat ion of 
experimental error. But generally this method would 
apply to any thickness of sample, and application 
to  a thin sample would give thin-sample results, 
that is, essentially, cor. 
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Slide 9. Analys is  of Level  in Silver a t  41.6 ev. 

H. PA L E V S K Y :  Have you gotten any parameters 
from your silver down where you say yau can get 
them out by using this method in a th ick and a thin 

I guess I didn’t make i t  very 
plain that one of the basic di f f icul t ies of a capture- 
gamma-type measurement i s  that YOU don’t know 
what zero transmission corresponds to unless you 
have a thick sample. In principle, one could 
alternate a thick and a thin sample and use the 
thick sample to get the zero-transmission counting 
rote. Such measurements have not yet  been done 
carefully enough. But from one run alone one cannot 

sample? 
E .  M E L K O N l A N :  

I 

analyze data unless a thick somple i s  used. The 
levels above 72 ev were not analyzed i n  t h i s  
manner, because i t  was not clearly established 
that the peak counting rates corresponded to zero 
transmission. However, th is method is  not l imited 
by these considerations, which are faults of the 
capture-gamma method. 

I f  the gamma cascades vary wi th 
the resonances, wi II this affect the background that 
you subtract? 

W .  W. H A V E N S ,  JR. :  I can give an answer to  that 
one. If we analyzed thin samples, that would be 
true, but that i s  why a l l  the analyses have been 

D .  G .  H U R S T :  
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applied to thick samples. Each resonance i s  
normalized to i t s  own thick-sample value. You 
see, we normalized to  the peak for the thick sample, 
and when you have the thick sample you know that 
a l l  neutrons a t  the peak have interacted w i th  the 
sample; therefore, a t  the peak your transmission i s  
zero. We do not try to go from resmance to reso- 
nance, but each resonance i s  normalized to  i tse l f  
by the total  number of counts for a th ick sample. 

J .  E .  D R A P E R :  Since this seems to depend on 
the detailed shape in  the wings, I wonder whether 

the l / v  term i s  negligible, and also whether the 
interference in scattering would influence this. 

E. M E L K O N I A N :  These factors would have to  be 
considered for each level separately, I would 
suppose. At suff ic ient ly high energies the change 
in enerw from one side to the other i s  small enough 
so that the l/v-term variation i s  negligible. The 
effect of scattering interference i s  expected to le 
small, since in  the wings, where the interference 
i s  most pronounced, the sample becomes thin and 
the counting rate depends only upon the capture 
cross section. This  might become important in 
cases of extremely thick samples. 
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NEUTRON RESONANCE PARAMETERS OF AND E ~ J ” ~  

J. A. Harvey and R. C. Block 
Oak Ridge National Laboratory 

J.  A.  H A R V E Y :  I should l ike to report on the 
measurements that we have made recently on 
resonances in  and We were in- 
terested in  determining the level spacings and the 
strength functions of  these two nuclides. Earlier 
transmission and act ivat ion measurements with 
natural europium up to a few ev by the Brookhaven 
crystal-spectrometer group suggested that the 
level spacing of 
Since separated isotopes became available a few 
months ago, we decided that we would check the 
earlier identif ications and extend the data to higher 
energies to see i f  this difference in  level spacing 

was about hal f  thatof  

was s ig i i f icant .  - 
The strength functions (the ratio, r:/D) of 

and Eu 53 were predicted from the cloudy-crystal- 
bal l  model to be about 4 x and 5 x 
respectively (see Slide 2 of  Zimmerman’s paper). 
However, i t was suggested that the strength func- 
tions of these two nuclides might be considerably 
reduced due to their spheroidal shape. Since the 
quadrupole moment o f  
and, hence, i t s  distortion froin sphericity is  greater, 
i t s  strength function should be reduced more than 
that of Hence, we wanted to determine the 
strength functions of these two nuclides using 
the enriched isotopes. 

We have made transmission measurements with 
several different sample thicknesses of enriched 
isotopes with the Oak Ridge fast chopper up to 
10 ev. The sample was enriched to  91.9%, 
and the sample was enriched to 95%. The 
transmission curves of the samples have been 
corrected for the few per cent impurity of the other 
isotope. The transmission data have been analyzed 
using the standard area method with several sample 
thicknesses for each isotope. We have found that 
the previously reported resonances a t  1.76, 3.35, 
3.84, 4.83,7.47, and 8.90 ev are each two resonances 
with a resonance in  each isotope. For example, 
i n  addition to the previously reported resonance a t  
1.76 ev in  there is  also 0 resonance a t  
1.84 i 0.02 ev in  E u ’ ~ ’ .  Also, in addition to the 
resonance assigned to at 3.35 ev there i s  
also a small resonance at  3.28 f 0.03 ev i n  
The resonance at 3.84 ev has been resolved into 

i s  twice that o f  

two resonances, one in Eul 5 1  at  3.72 ev and one i n  
This shows the need of running 

separated isotopes. We have identif ied and meas- 
ured the parameters of a l l  the resonances from 1 to 
10 ev, and our conclusions on level spacings and 
strength functions are based on these data. 

Slide 1 shows the plot  o f  the number of levels 
versus energy up to 10 ev. The straight l ines repre- 
sent the average level spacings computed from the 
number of resanances i n  each isotope up to 10 ev. 
A 10% correction was applied for the number of  
small resonances that we estimated would have 
been missed, assuming a Porter-Thomas distribu- 
t ion of neutron widths. Assuming that the level  
spacings o f  the two spin states are equal, the level  
spacings per spin state are 2.3 t 0.6 ev for 
and 1.3 t 0.2 ev for E u l ”  (including the three 
resonances in Eu 1 5 ’  below 1 ev). 

The strength functions of these nuclides were 
determined from the data up to 10 ev. A 2% cor- 
rection was applied to correct for the small reso- 
nances that we estimated would have k e n  missed. 
The strength functions from the data up to 10 ev 
are (1.7 i 0.6) x for and (3.1 k 0.8) x 

for A l t h o u h  the errors are quite 
large, we feel that the difference i s  s igni f icant and 
that the strength function of i s  less than 
that o f  EuI5’ .  This  i s  the effect that was expected, 
since the quadrupole moment of i s  twice 
that o f  Eul”, and, hence, i t s  strength function 
would be reduced more than that of because 
of the greater nuclear distortion. 

A .  M. WEINBERG:  According to h e  views ex- 
pressed by Professor Gomow, the abundances 
should come in inverse rat io to strength function. 
Do you remember the abundances of the two iso- 
topes? 

J .  A. H A R V E Y :  The abundance of Eu153 (52.2%) 
i s  only s l ight ly  more than that of (47.8%), 
and, hence, although the effect is  small, i t  i s  a t  
least  in  the r ight  direction. 

R.  L. Z I M M E R M A N :  Maybe it i s  appropriate to 
present some preliminary data from the Brookhaven 
fast-chopper group i n  which we measured the 
strength functions for the separated isotopes of 
europium both by the averaging method which I 

a t  3.94 ev, 
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Slide 1. The Number of Observed and Eu153 Levels < E o s  a Function of Neutron Energy. 

described and by counting the levels. In the case 
of we measured 16 resonances up to 24 ev, 
and in  the case o f  Eul” 20 resonances up to  18 ev. 
The measured strength functions i n  the kev energy 
region agree with the low-energy measurements 
wi th in the errors. The weight averages o f  the two 
methods give values for the strength functions of 
(2.7 t 0.5) x for and (2.7 rt_ 0.6) x 
for The value obtained from measurements 
in the kev energy region with natural europium was 

The level spacings per spin state over the energy 
(3.3 -t 0.6) 10-4. 

range mentioned earl ier are 3.0 & 0.4 ev for 

and 1.8 t 0.4 ev for Eu”’. So there is a definite 
difference in  spacing. 

J .  A .  H A R V E Y :  I think the values for the level 
spacings from BNL and ORNL are certainly i n  
agreement and indicate that the level spacings of 
the two nucl ides are signif icantly different, How- 
ever, the situation i s  not definite with regard to 
the strength functions. 

H .  H .  L A N D O N :  We have been interested in 
europium for a long time as one of the Lest cases 
i n  which we could get careful measurements of 

several radiat ion widths. I should l ike to point 
out that radiat ion widths have been measured with 
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the BNL crystal spectrometer for several of these 
resonances in  europium that you have been talk ing 
about, ond they seem to separate into two groups. 
In Eu151, one group has a radiation width of about 
93 mev (mill i-electron volts), and the other group 
has a radiation width of about 70 inev. Since there 
are two spin stotes, i t  looks os though the radiation 
widths may di f fer  depending on the spin state of 
the resonance. We have also one very good meas- 
urement of a radiation width in  of 89 inev. 

I f  we identify this value in  with the same 
spin state that corresponds to  the value of 93 mev 
i n  E u ’ ~ ’ ,  there does not seem to be a strong de- 
pendence of radiation width on level spacing, 

J .  A .  H A R V E Y :  However, i f  this value in  
corresponds to the value of 70 mev in  Eul”, then 
there i s  a dependence. This i s  in the direction 
that the smaller level spacing of produces 
smal ler radiation widths. 
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PERFORMANCE AND SOME RESULTS FROM THE HARWELL NEUTRON SPECTROMETER 
BASED ON THE LINEAR ELECTRON ACCELERATOR 

E. Bretscher 
Atomic Energy Research Establishment, Harwell  

E .  B R E T S C H E R :  I have been asked to say some- 
th ing o f  the work and of the instrument which we 
have through the development of a pulsed neutron 
source based on a high-current linear electron 
accelerator a t  HarweII. This instrument i s  rather 
unique, and I think that, up t i l l  now, we were the 
only physic ists who had such a neutron spectrom- 
eter, 

In some respects this talk does not f i t  in wi th 
what has been said up till now, because we have 
mostly been concerned with results and their in- 
terpretation by theory. However, I have been asked 
by the organizers of th is conference to give a 
survey of th is field, and so you have to expect a 
change in  what i s  coming. 

F i r s t  of all, I am not direct ly in charge o f  th is 
work; the neutron-spectrometer group i s  led by 
Mr. E. R. Wiblin, and he has, as collaborators, 
Dr. E. R. Rae, Dr. E. R. Collins, Mr. J. E. Lynn, 
and Mr. J. E. Evans. 

L e t  us f i rst  look a t  the experimental setup as a 
whole. You w i l l  see on the f i rst  s l ide the linear 
accelerator with the flight path and a detector 
station for, in this case, the observation of the 
neutron-capture gamma rays. You note that the 
l inear accelerator and the time gates are controlled 
by a master oscillator, We have several f l i gh t  
paths of up to  60 m length, so that several ex- 
periments can be done at  the same time. 
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Slide 1. Schematic Diagram of Apparatus for the Study of Neutron-Capture Gammo Rays. 
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I w i l l  now give you a few detai ls of th is machine 
and begin with the linecrr electron accelerator. In 
Slide 2 we have a wave guide into which we in ject  
electrons at 50 kev energy. At the same time Q 

radar pulse supplied by a magnetron enters and 
travels down the corrugated guide. To be success- 
ful in accelerating electrons, one has to match the 
speed of the radar pulses to  the increasing velocity 
of the electrons. This i s  done by increasing the 
diameter of the corrugations and thus the speed o f  
electromagnetic pulses down the wave guide. To 
secure a high intensity, the electrons are kept on 
the axis of the accelerator by a magnetic f ie ld 
paral lel to it. The instrument a t  present in use 
has the fol lowing characteristics: 

Mean current for maximum 30 p a  

duty cycle 

Magnetron frequency 3000 Mc 

Magnetron power (in pulse) 2 Mw 

The wave guide is subdivided into two independent 
sections fed by the same magnetron. The total 
length of the accelerator i s  6 in. Any electromag- 
netic energy le f t  over at  the end of the guide length 
i s  fed back into h e  c i rcu i t  instead of being attenu- 
ated i n  a dummy load. The electron beam leaves 
the wave guide through a window and enters a 
uranium block, where the brerns-radiation i s  pro- 
duced and the neutrons are released. This target i s  
surrounded by suitable amounts of moderator. 

Electron energy (for load below) 14 Mev Turning to the detectors, we use the fol lowing 

Pulse length: choice of arrangements (Slide 3) for the determination of the 
total, capture, and scattering cross sectians. 
Here you w i l l  note that in the case of total cross Repetition rate (rnax.) 500 cps 

C u r r e n t  in pulse 30 ma sections a l l  the neutrons are absorbed by a thick 

2, 1, 0.5, 0.25 pscc 
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Slide 2. Schematic Diagram of the Acceleration 0 6  Electrons in  a Lineor Accelerator w i th  Dual Feed. 
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Slide 3. Detector Arrangement Used for Total, Capture, and Scattering Cross-Section Measurements. 

block of B'O, from which the 480-kev gamma i s  
emitted and detected with the help of several Nal  
crystals, A simi lar  setup can be used to  measure 
the gamma-ray spectrum due to capture of neutrons 
into various resonances. The 8'' i s  then replaced 
by the specimen to  be studied. This arrangement 
a l lows us to use for total  cross sections a resolu- 
t ion of about 0.004 psec/m a t  1 kev. 

I should now l i ke  to say something about the 
results, and I w i l l  refer to a study of the s i lver 
resonances which has been carried out by Rae and 
Lynn and which was reported i n  a preliminary 
communication a t  the Amsterdam Conference. 

Our aim in the past has been, not so much to 
perform a l o t  of transmission measurements, but 
to study some cases carefully and to obtain as com- 
plete a set of resonance parameters as possible. 
The aim, therefore, i s  to measure r, r,2, rr,  and g, 
the spin stat ist ical  factor. The area method was 
applied to the case of silver, though with some 
other elements the shape method has been used. 
The observations result, after correcting for 
Doppler ef fect  and thickness, in the determination 
of the fo l lowing quantities: uo17, uOcITr noscJ' for 
thin and ~ ~ 1 ' ~  for th ick samples, where the sub- 
scripts 0, &-, O ~ C  refer to the resonance total, 
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capture, or scattering cross section. These ex- 
perimental values ore connected with h e  desired 
parameters as: 

wi th 

a = 4i7~’ , 

8 =--or- for the two spin states , / + 1  I 

2 1 + l  2 1 + 1  
I = spin of target nucleus . 
The experimental results are contained on the 

le f t  side of the four above equations and over- 
determine the three parameters desired: g, I’, lTa. 
The correct value of g can be found in a neat way, 
due to Dr. Rae, as follows: Le t  us plot  T n  against 
I‘ for each of the four equations, with the appropriate 
value at  the le f t  side divided by a-g, and le t  us do 
this separately for each of the two possible values 
of g. This has been done on Slide 4 for the case 
of the 5.22-ev resonance of Aglo9. On the l e f i  you 
see the four curves for g = /4,and on the right those 1 

for g = t. The resul t  points most spectacularly to  
the value g = /4 as the correct one and to J = 1 as 
the spin of the compound nucleus. 

The results in  the case of silver have been col- 
lected in  Table 1. Out of eight resonances, s i x  
have spin I + 4, two have I - 1. It seems, i f  one 
i s  prepared to say anything from these srnoll nuin- 
bers, that h e  frequency ratio of the two spin 
states i s  ( I  + l)/I. Further, one can say that rr 
seems approximately constant and independent o f  
J (for discussion of  Brink’s theory about t h i s  see 
Dr. Lane’s talk). 

In Slide 5, one resul t  is  shown in  the high-energy 
region in the case of Na23, where the parameters 
for the 2.85-kev resonance could essentially be 
obtained from shape measurements, a s  a high 
resolution of 0.25 psec at  60 111 path was used. The 
parameters are: 

3 

1 

u o  = 370 L 5 barns, 

r = 405 t 12ev,  

P 
o = 2.75 barns, 

J - 1 .  
There seems to be a disagreement here, in  respect 
to I’, between us and he U.S.A. 

Finally, I would l ike to say something about the 
new machine we are soon setting up and what i t  
wi II do. 

5.22 eV RESONANCE IN SILVER 

r, 
in I# 

I \ /  

I 
0 0 5  1.0 

r- in eV 

2 5 -  

r, 
20. in rrh/ 

15 ’ 

/ 

Slide 4. Graphic Method of Determining the Statistical Spin Factor. 
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Table 1. Resonance Parameters for Silver 

Isotope r, (mev)* I?,, (mev)* Spin 

5.22 

16.3 

30.7 

41, 42 

45 

51.8 

56 

71 

88 

109 

107 

109 

107, 109 

107 

107 

109 

109 

109 

170 k 11 

150 
(140) 

149 t 13 

142 f 19 

-J 200 

157 5 16 

180 f 11 

190 F 6 

158 k 21 

12.1 k 0.33 

12 
(4) 

6.7 k 0.43 

5.0 f 0.40 

- 
20.8 0.94 

36.3 5 1.4 

27.8 5 0.65 

18;3 fr 1.4 

158 t 11 

138 
(136) 

142 t 13 

137 t 19 

-d 200 

136 fr 16 

144 5 11 

162 F 6 

140 F 21 

1 

0 
( 1) 

1 

1 

- 
1 

0 

1 

0 

*Mi II i-electron volts. 

As you know, once one has an instrument one 
always wants a bigger and better one. The Metro- 
pol i tan Vickers Company in Manchester have de- 
veloped high-current machines and were w i l l i ng  to  
bu i ld  a bigger accelerator for us. The new machine 
i s  expected to  del iver a t  28 Mev a current o f  about 
1 amp in the pulse; i t w i l l  produce with a small  
load 35-Mev electrons. Otherwise the specif ica- 
t ions are similar to those of the present one, though 
the pulse repeti t ion frequency has gone up to  750 
cps. The maximum target power w i l l  increase to  
42 kw. The neutron production rate o f  the present 
machine i s  about l o1*  neutrons per second (during 
pulse); the new one w i l l  be about (1 to 5) x 10l6 
neutrons per second. The x roys are produced in a 
f lowing mercury target, and the neutrons are emitted 
from a uranium block which stands behind it. The 
x-ray production has been estimated to  be 250,000 
r/min a t  1 m in the forward direction. The instru- 
ment has a large number of f l i gh t  paths and w i l l  
be used, besides for nuclear physics, for the study 
of lat t ice spectra and other problems. 

There has always been in the back o f  our minds 
the hope that we might increase the source strength 
for our time-of-flight equipment with the help o f  a 
mult ip l icat ive assembly of f i ss i le  material, a device 
christened a “booster.” It i s  now under construc- 
t ion and wil l ,  we hope, be avai lable i n  the second 
ha l f  of 1957. There i s  a water-cooled core of 
U235 with a mercury target as x-ray source and 
natural uranium as neutron source; we have reduced 

our original high mult ipl icat ion to the value o f  
about 10 to 15, which brings our source strength 
to  5 x 10l6 to  5 x 10” neutrons per second in the 
pulse. The above mult ipl icat ion has been chosen 
to  avoid the formation of a long ta i l  in the t - v s e c  
neutron burst due to  neutrons returning late to the 
core from the tamper or moderator and start ing a 
chain again. Thus we s t i l l  have a pulse length 
of 0.25 psec a t  our disposal. This is advantageous 
for the resolution, as it i s  we l l  known that i t  i s  
better to cut  the pulse length than to increase the 
length of f l i gh t  path. 

J.  L .  F O W L E R :  How do you dissipate the energy 
in the booster? 

E .  B R E T S C H E R :  Cooling with water. 
H. L. S C H U L T Z :  Might I inquire what the status 

of this new machine i s?  
E. B R E T S C H E R :  The machine i s  just now being 

erected. 
H.  L. S C H U L T Z :  Has any test been made on 

achieving 1 amp current i n  any part o f  the machine, 
say one section? 

E. 8 R E T S C H E R :  No, the firm i s  under obl igation 
to  provide an ampere, and it i s  a matter o f  col lect ing 
the electrons over a rather large angle from the 
source. They have only obtained $, but I do no t  
think there are any di f f icul t ies real ly in achieving 
this. 
N. G O L D S T E I N :  I am very much interested in 

th is sodium resonance which you showed in one of 
the slides, and I have a number of questions. One 
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Slide 5. Neutron Cross Section of Sodium from 600 ev to 15 kev. The solid curve is fitted to a Rreit-Wigner 
The deviation in t h e  wings can b e  formula with interference. 

attributed to a negative energy resonance. 

T h e  dip should occur at obout zero neutron energy. 
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i s  that, on the s l ide you showed, there appeared to 
be an asymmetric curve which hod been f i t ted to  
the shape of the observed transmission resonance. 
I was wondering what assumption had been made 
about the interference with the potential scattering. 
There seemed to be no dip shown, Do you just 
assume that there is no such interference? 

E .  B R E T Z C H E R :  I am sorry 1 do not know a t  
the moment which value they used, but they in- 
c I uded potentia 1 scattering. 

Could you say a word about 
what i s  the ult imate l imitat ion i n  the average 
number of neutrons you w i l l  get. from a machine o f  
th is  sort? Is  i t  the heating of the target, or what 
do you conceive w i l l  ul t imately l im i t  +e production 
rate? L e t  me say the reason I ask this question is, 
when you get a neutron production of th is order, 
then a device l ike th is  begins to De competitive 
wi th reactors. 

A. M .  W E I N B E R G :  

E. B R E T S C H E R :  It i s  a pulsed reactor. 
A .  M. W E I N B E R G :  What i s  the maximum duty 

cyc le  you can probably get on a machine of th is  
sort? 

&. B R E T S C H E R :  Well, I think it i s  probably a 
matter of money and the amount we want t o  invest 
t o  start with. L e t  me say i f  we could increase 
the production rate by a factor o f  ten, then the 
cooling of the target would be rather dif f icult .  
We would have to figure it out, but I believe i t  i s  
something l i ke  10 or 20 kw in  the booster. I do not  
remember exactly. 

i f  1 d id  
not make a mistake, corresponds to a reactor a t  
about 1,000 kw. 

E .  BRETSCHER:  This i s  correct. When we in- 
clude the duty cycle, that i s  1 kw mean. 

A .  M .  W E ~ N B E R G :  How much do you think you 
could increase the duty cyc le  i f  you did not have 
your mult ipl ier there at all, i f  it were not a matter 
of cool ing? I s  there something in the electronics 
of the device which makes it impossible to  go to 
to more than 0.001 duty cycle? 

A .  M .  W E l N B E R G :  1 think that 5 x 

E .  B R E T S C H E R :  I suppose the l im i t  in the 
electr ic part is, of course, the current. AS soon 
as one goes to a real ly high current one gets space 
charges, and then t h e  beam spreads. It would also 
be hard to  get a suff iciently large cathode emission 
and col lect  a l l  the electrons. 

J .  J .  M E N Y :  Our experience with  recent work 
indicates that protabiy the most real l imitat ion 
today on the duty cycle of the radio-frequency 
osci l lator is the klystron, 

E .  B R E T S C H E R :  How l imit ing i s  that? 
J.  J .  M E N Y :  About i s  approximately the 

duty cycle. The reactor people s t i l l  do not have to 
go out of business quite yet. I think I can assure 
you of that .  

E.  E R E T S C H E R :  This new machine consists o t  
s ix  sections, instead of only two as d id  the old one, 
and each i s  run by a 6-megavoit klystron. Another 
feature which i s  very interesting i s  the high con- 
version rate of the electr ical  energy into the beam, 
when you consider how much energy investment one 
has in the cyclotron with the magnetic field. In 
our machine, i f  I remember correctly, one can get 
up to  85% of the radar energy which i s  fed into the 
accelerator coining out as kinetic energy of the 
electrons, 

E .  G U T H :  How much better i s  uranium than 
beryl l ium as a target? 

E.  B R E T S C H E R :  In the 28-Mev region one gets, 
of course, nearly the whole integral over the range 
of the giant resonance in U238, and in beryl l ium 
the cross section goes down. Beryl l ium i s  good 
enough for a few mi l l ion  electron volts gamma 
energy. 

W .  M. GOOD: Is the sample size that i s  used 
here such that i t i s  practical to use separated iso- 
topes for total-cross-section measurements? 

E .  B R E T S C H E R :  The fu l l  advantage o f  this 
machine i s  best obtained with large samples. For 
small samples, we rather consider using Egelstaff’s 
superchopper. 
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CONTRIBUTIONS OF NEUTRON TIME-OF-FLIGHT EWPE 3MEblVATleaN TO L,OW-ENERGY 
NEUTRON PHYSICS 

D. -1. Hughes 
Rrookhaven National Laboratory 

D .  J .  H U G H E S :  In the low-energy region we have 
Leen accumulating data for a long enough time now 
that we certainly ought to be at  the stage where 
we can sort of look at this great accumulation and 
ask where we are going and what we are going t o  
do with i t  all. We are not real ly quite a t  that 
stage in the higher-energy region a t  present, but 
these the instruments have been getting a l o t  better, 
new techniques have been devised, and so really a 
l o t  of new results w i l l  be coming out. Also in  the 

higher-energy region tho mi llimicrosecond t iming 
techniques m e a n  that a lot  of things are iost  be- 
ginning now, so that i t  isn’ t  real ly the time to look 
at  that part of the f ie ld and ask whither are we 
drifting. But we can certainly do that wi th the 
low-energy region. 

I f  we f i rst  of a l l  look at what has been happening 
i n  th is iower-energy region froin the side of the 
instruments themselves, I think i t  i s  fair to  say 
that things have not been changing extremely 
rapidly. That is, a t  a meeting of th is type two 
years ago we probably would have been talk ing 
about resolving powers of the order of 0.06 or 
0.07 psedn i .  Well, I think the best we do now i s  
maybe better than that by two or two and one-half 
times, and that isn’t real ly a tremendous increase 
i n  resolv ing power. 

I f  we ask what instrument i s  doing the best, are 
people doing tetter, say, wi th fast  choppers, 
mechanical veloci ty selectors, or linear accel- 
erators, then I think the interesting thing i s  that i t  
i s  s t i l l  about neck and neck. I t  was that way 
about two years ago, and i t  s t i l l  seems to be about 
the same. I think the reason i s  that, whi le i t  is  
true that improvements have been made in pulsed 
accelerators and the methods of using them, i t  i s  
also true that higher fluxes have become avai lable 
over about the last two years in reactors. The 
choppers themselves haven’t improved tremendously; 
a l l  you can do i s  spin something so fast that it 
just about flies apart. Materials hoven’t become 
stronger in  the last  two years, but fluxes in reactors 
have become quite a b i t  higher, and, o f  course, th is 
flux can be used up in order to get better resolution 
simply by putting the detector farther awcry. How- 
ever, as you a l l  know, you use up a factor of 10 or 

100 in  flux awfully fast i f  you try to improve resolu- 
t ion just by pushing the detectors farther away, 

If we look a t  the detecting instruments, the ana- 
lyzing instruments, the techniques of cpnalysis, 
and so  on, there I don’t really believe that things 
have advanced extremely rapidly. Perhaps real ly 
no great advances are needed. That is, people 
now have 1000-channel timing onaIyz.ers. There 
does not seem to he any particular problem wi th  
them. It seems possible to get t h ~  data wr i t ten 
down on punch cards or typed out on long sheets 
of papper. 

The method of analyzing a l l  these data in  order 
to  get parameters he5  real ly not changed greatly. 
I f  we are speaking only of total cross sections, 
the problems are rather wel l  worked out for getting 
the parameters of resonances. 

There i s  a problem, however, thut i s  getting to 
be more and more acute - how to haridle a l l  the 
numbers. When 1000 channels are run simulta- 
neously, 24 hs a day, 7 days a week, then the 
numbers pi12 up, and I think a l l  of h e  people who 
are on the receiv ing end of th is  k ind of data have 
the same problem of deciding just how to handle 
i t  al l .  

There is  another type of analysis, r ca$ !y  almost 
another instrument problem, and that is  how to get 
information on things other than lust the total  
cross section. There, real ly valiant efforts have 
been going on for a number of  years. But i f  you 
look at  the compilations you w i l l  f ind that there 
s t i l l  are not very many results avai lable from 
measurements other than total cross sections. 

It i s  a l i t t l e  hard to say just what the reason i s  
for th is situation. Probably the fundamental reason 
i s  again that these other types of measurements, 
the partial cross sections, are just tough to do. 
Quite a few people have made measurements of 
scattered neutrons, have made measurements of 
capture gamma rays, but when i t  coines r ight  down 
to the business of getting parameters out of the 
measurements, there s t i l l  ore not very many real 
parameters reported from this kind of work. It i s  
important to push that kind of work, and I think a l l  
h e  effort that can Le put into it i s  certainly worth 
wh i le. 



I should l i ke  now to ta lk a l i t t l e  about the results 
i n  terms of how good they are or how finished they 
are, and a l i t t l e  about the relat ionship to  theory, 
and here let’s make a sp l i t  between the nonfission- 
able nuclei and the f issionable nuclei. 

First, i f  we look at  the nonfissionable nuclei, 
say at  the great l i s t s  of parameters, obviously the 
problem i s  what are people going to do with a l l  o f  
these h i  gh-resoluti on ins truments i n, say, three, 
four, or f ive years. I mean that so many parameters 
are being measured that we might just as we l l  quit. 
In a sense that is true. My guess would be that 
the main findings are known, You can almost say 
that the principal facts of the behavior of parameters 
of levels are reasonably wel l  known. The f ie ld i s  
sort of staked out. In a very negative way, i t i s  
just a matter o f  measuring some more parameters to 
f i l l  in the details. But I don’t think that i s  real ly 
the r ight  way to say it. It i s  true that the gross 
aspects of the behavior of parameters o f  levels are 
known, and you can say that the things that are 
yet  to be measured are details, but, on the other 
hand, it does not mean that they are unimportant, 
because it may be that just these detai ls are the 
things that are crucial  as far as a particular theory 
i s  concerned. 

So now let’s look at  what we know about pa- 
rameters very briefly, just to see whether these 
conclusions are true or not. For instance, we know 
pretty wel l  that the radiat ion widths ore constant 
from level to level within a single nucleus, and 
that throughout the atomic weight table the radiat ion 
widths vary rather slowly. There are some peaks 
a t  magic numbers, but they are supposed to  be here. 
Those peaks can be correlated with other dis-  
continuities, such as discontinuit ies i n  binding 
energy. The absolute magnitude o f  the radiation 
widths, however, i s  quite far from the theoretical 
estimate. When we say that radiation widths are 
about constant, then it i s  important to know how 
constant. The reason that they are constant i s  
that there are many possible f inal states for radia- 
t ion emission, but we would l i ke  to know how many 
f inal states; therefore it is important to know i f  
the radiat ion width i s  exact ly  the some from level 
to level, or does i t  vary by 576, or lo%, or 15%. 
This  fact would have a direct bearing on the num- 
ber of possible f inal  states that are available. 

Another possibi l i ty  is  s l ight  differences i n  radia- 
t ion widths from level to  level, depending on the 
spin. It i s  possible that there are real ly two groups 
of gamma-ray widths, but that they are close enough 

together so we don’t see the difference. There may 
be other differences in the radiation, not so much 
the radiat ion width, but in the detai ls of the capture 
gamma rays emitted in each level. This again i s  
a thing that takes very careful work. It i s  not just 
a measurement o f  a few more parameters. They 
have to  be measured extremely well. 

Then i f  we go to  the neutron widths, there again 
the story is the same. We can say: Well, after al l ,  
everybody knows that the neutron widths have a 
very wide range in size, and furthermore that they 
are about exponential in their size distribution, or 
maybe sort of halfway between exponential and the 
Porter-Thomas distribution. But again the same 
story i s  true. We don’t know exactly. It does seem 
important, in order to  compare with theory, to know 
just what the distributicm is. That i s  not a matter 
of just measuring twice as many levels. It means 
measuring a l o t  more levels, maybe ten times as 
many levels, and measuring them very accurately. 

I f  we go beyond the widths for a moment to the 
matter of spacing of levels, the story i s  again the 
same. Levels are spaced drnost at random. We 
are not sure whether they are exactly a t  random or 
not. 

Slide 1 i s  a reasonably recent picture of the 
dif ferential distr ibution of  the levels in some even- 
even nuclides. A random distribution, of course, 
would be exponential on this rectangular plot, and 
you can see that the distribution, within rather poor 
stat ist ics, i s  consistent wi th being exponential 
except for the smallest spacing, 

Those of us at  Brookhaven, plus Jack Harvey a t  
Oak Ridge, have done a lo t  of thinking about 
various experimental effects that could mess up the 
thing for small spacings, but we are pretty we l l  
convinced, ourselves, that experimental effects 
might bring this up somewhat, but that there remains 
a real shortage of small spacings. That is, to 
summarize the situation, you would say that for 
most of the spacings the distr ibution i s  random, 
but there does seem to  be an effect of repulsion. 
Leve ls  don’t want to be extremely close together. 

Again here it obviously takes extremely careful 
work to try to settle th is  problem. It gets more 
complicated when we don’t l im i t  ourselves to even- 
even nuclides. Things get somewhat more com- 
pl icated then. So again the situation i s  the same. 
We need more work and very careful work. 

Now we have talked about the radiation width, 
the neutron width, and spacings, and for a l l  of 
these things we have a good general picture but 
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we don’t have the last word. If we want to compare 
these results wi th theory, the most interesting 
th ing at  the moment i s  to see how these results 
compare with current nuclear models. 

Slide 2 was prepared at  Brookhaven about the 
f i rs t  of July to  be shown by Weisskopf a t  the 
Amsterdam meeting on the third of July. It repre- 
sents a l o t  of calculations and quite a few experi- 
mental points. You probably think that you have 
seen these curves before, but I would bet you 
haven’t. They are the resul ts of calculations 
carried out a t  MIT over the last ten months or so, 
in which the cloudy-crystal-ball model was modified 
by including a di f fuse edge. These are the so- 
cal led zeroenergy results, the “strength function,” 
that is, the r$/L) ratio, which gives the probabil ity 
of formation of the compound nucleus, and the 

apparent size of the nucleus t o  a slow neutron. 
In this computation, R i s  the distance out t o  the 
halfway point of the potential, and the R that was 
used i s  1.35A”3 x cm. That was h e  quan- 
t i t y  that best f itted the proton-scattering data. The 
way the computation was done was to f i x  as many 
of the parameters os possible right a t  the beginning 
so there would not be too many to play wi th later 
on. cm was fixed by the 
proton-scattering data a t  the start. 

The quantity R’ appears in the equation for the 
potential scattering, which says that the potential 
scattering i s  4 n ( R ‘ ) 2 .  Thus you can say that R ‘ i s  
the apparent s ize of the nucleus t o  a slow neutron. 
The value of [, you see, i s  now 0.08, and you 
probably remember a value of 0.03. A sloping 
boundary al lows the neutron to enter the nucleus 

So the T O  of 1.35 x 
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much better. That increases the compound-nucleus 
formation at  one of these peaks. To bring it down 
i t  is  necessary to  make the nucleus blacker again, 
thus increasing (. 

If you remember the situation a few months ago, 
the experimental points for the strength function 
a t  A - 100 were much lower than the value for the 
black nucleus, about lom4. However, out around 
atomic weights of 230 to 240 the experimental 
points were about equal to the black-nucleus pre- 
diction. It was hoped that putting in  the di f fuse 
boundary would raise the theoretical curve a t  
A = 240, but that i t  would not raise i t  very much 
at  A -- 100. Well, it produced that effect, but only 
very slightly, the major discrepancy remaining. 

As for th is wavy behavior of the apparent radius, 
R', there were only a few experimental points 
available a t  the time of the calculation that real ly 
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I 

could be trusted. So we real ly can't say much 
about this radius curve. 

What I should l ike to do now i s  to show you two 
figures containing more recent results. 

Slide 3 shows some of the more recent points on 
radi i  that seem to substantiate th is cloudy-crystal- 
ba l l  effect, but again it looks as i f  things are not 
nearly as good a s  they should be. 

On Slide 4 we have combined various results to 
get the best values throughout, and we now have 
the work for l ighter nuclei from Argonne and 
Wisconsin. There are also some more recent points 
as compared to  s l ide 2, The discrepancy, which I 
think is a real one, now looks quite definite. In 
other words, you would say that certainly for 
A > 60 the theoretical curve i s  just too high. That 
is, neutrons, when they h i t  nuclei l ike these 
(A Q loo), just don't form he compound nucleus 
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readily, The foct that sqmething i s  of f  by a b i g  
ratio, I think, i s  important, and it means that the 
model in i t s  present shape does not reproduce the 
results and needs s t i l l  further modification of some 
type. The status o f  comparison with theory i s  
similar to a l l  the other things I mentioned. You 
would certainly say that there i s  a definite “wavy” 
effect, so there i s  truth to the cloudy crystal ball, 
but even the best calculat ions don’t check the 
experimental points accurately. Now there may tX: 
some additional ef fect  not included in the calcu- 
lation. It may be that there are odd-even effects 
in the strength function. It may be that nuclei of 
the same atomic weight but of dif ferentquadrupole 
moments have different values of I’:/D, but to 
answer such questions requires much more careful 
work. 

Now let’s turn to  the fissionable materials, Here 
the situation i s  dif ferent in that we cannot state 
that for the f issionable materials things ore pretty 
we l l  sketched out and i t  i s  just o matter of f i l l i n g  

i n  the details. There are s t i l l  some very funda- 
mental things we don’t know. There are recent 
theories, for instance, that would have it that a l l  
the levels, say of U235, have the same spin, and 
the levels of the other spins just aren’t there, or 
they may be so different we don’t even recognize 
them as levels. You see, there are no problems 
I ike that for the nonfissionable materials. We 
pretty we l l  know what a level looks like, we know 
that pure radiation levels don’t interfere w i th  each 
other, we know that scattering levels do interfere 
wi th each other; but we don’t even know those 
simple things for the fissionable materials. 

I don’t know why the fissionable materials seem 
t o  be so much harder to do. Just the fact that 
f iss ion i s  there I don’t think i s  enough reoson to 
make it so tough, becouse even on the total cross 
section alone of fissionable nuclides there s t i l l  i s  
quite a bit of disagreement. That is, we real ly 
don’t know just how many levels there are i n  a 
given energy region for sure. 
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I want to i l lustrate that by ta lk ing a l i t t l e  about that out for a minute, we are soon stuck because 
what things are l ike a t  Brookhaven, where we col-  for a long time people thought these funny wiggles 
lest cross sectians. We w i l l  take U233, which i s  a t  0.2 e v  (Slide 5) didn’t mean anything. Especial ly 
a reasonably important isotope, and lots of people i f  the work had been done with c crystal spectrom- 
have worked on it. We are making a l i s t  of the eter, people would say: “It i s  a second order 
levels in U233, but can hardly get to zero beeuuse effect, and we w i l l  leave it out.” But a t  Geneva 
we ore not sure of the negative levels. But leaving the Russians pointed out quite forcefully that they 
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real ly thought there was c3 level there, and when 
you begin to put data together from various countries, 
then you begin to believe that there real ly 1s a 
resonance a t  about 0.2 ew in U”’ and so we have 
to t ry  to decide what the parameters we. 

Well, of a l l  the isotopes, you would say we ought. 
to know most about U235. It i s  the most important 
isotope, and everybody works on it quite a lot. But 

again the agreement is  not very good a t  all. There 
i s  disagreement even on the f i rs t  few levels (Slide 
6), partly again because h e r e  are one, two, or 
three negative levels. We don’t know quife what 
their parameters are. Again, i s  a small asymmetry 
a level, or i s  it an interference effect? The question 
o f  the presence or the absence of interference in 
U235 I S  a messy thing. If we assume that radiat ion 

Slide 6. Total Cross Section of U 235 . 
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widths don’t interfere and tliat f ission widths do 
in i r r ferc completely, and then compute what the 
interference ef fect  should be like, they don’t agree 
quantitatively with the experimental curve. If the 
computed interference effects are too big, t h e i  we 
can of course say: Well, maybe they partially inter- 
fere. Maybe there are f ive ax six channe!s; there- 
fore only some part of the f ission cross section 
would interfere. But, of course, then there are so 
many parameters available that almost any curve 
could be fitted by assuming a certain fraction of 
interference. 

Of course, then the dangar would be that you 
would be taking wiggles and saying that h e y  are 
real levels. By putting in  enough parameters, you 
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could explain it away CIS an interference effect. 
You would be missing a real level by cal l ing it 
interference. I t  makes i t  extremely d i f f icu l t  to  
decide even how many levels there are. 

Sl ide 7 i s  simply a plot  of the number of levels 
as a function of neutron energy. This i s  the rate 
a t  whish levels appear in l J 2 3 5 ,  starting at  zero 
energy. You see, the levels m e  not regular in  
spacing, Sa the way they appear is  w i th  a sort of 
wobble, but the general behavior of this thing i s  
linear. In other words, the level spacing is given 
by the slope of the curve, so the average level 
spacing calculated in  the reg io i  0 to 5 ev i s  the 
same Q S  ai  10 to 15 ev. ‘This seems to be important, 
especially when we recal l  how rapidly the resolv ing 

UNCLASSIFIED 
PHOTO 19127 

235 

0 = 1.3 2 6.1 ev/SPIN STATE 

5 I0 20 25 3 35 4 
E-e!! 

Slide 7. The Number of U235 Levels  < E o  as a Function of Neutron Energy. 

56 



is 



and there is  no reason there should not  tre f luctua- 
tions away from that, and so on a n d  so forth. I 
don't want to b l o b v r  that point. Docs that answer 
you: question? 

R .  E. S E G E L :  Well, fhe feeling I got from the 
data that Hughes presented was that :he agreement 
was pretty horrible. Now wau!d you say, from what 
you are trying to do, thut i t  isn't pretty horrible? 

H. F E S W B A C H :  I think i t  is pretty wonderful. 
Let's put i t another way. If w e  real ly want to do 
any clement separately, we tan get a set  of pa- 
rameters that w i l l  f i t  each element separately, and 
we can, therefore, niap the whole thing and give 
you n plot  of nuclear radius versus iltumis weight  
and versus energy, but I think it would be a waste 
of time. We have already done some calculations 
with zero energy wi th different values of 6 and 
different values of Ked, that is, of the w i d ~ h  of the 
dif fuse edge; and none of these w i l l  give this low 
region for the strength function near A = 308. The 
or17)y thing that did give the low region was the 
square well, the original calculation, I f  you want 
to, you can have Q square wel l  at A = 100 and il 
diffuse wel l  somewhere else. But  this gives you 
some idea as to why we don't wont i t  in  too much 
detail. 

F' ~ n a l l y ,  I want to wind up by asking Hughes a 
question. Is there any correlation &tween the 
neutron widths and the level spacings - h a t  i s  to  
say, i f  you f ind a region in  which the level spacing 
i s  wide, i s  the neutron widfh big - or are they 
stnt i  st i c a  I l y independent? 

D .  J .  H U G H E S :  We have looked into that question 
rother carefully by plot t ing h e  spacing a i  a par- 
t icular level against the width of that level - well, 
we have plotted the thing in olI kinds of ways 
looking for some correlation, and there i s n ' t  any 
correlation at  a l l  a s  far as we can see. 

H .  F E S H B A C H :  Well, I was just  concerned be- 
cause, in a way, i f  there were a correlation, then 
very small widths might go with very small spasings, 
for example, and that might explain some of the 
reasons for the missing levels. 

D ,  d.  HUGHES:  That is  one reason we looked 
into it, but we are quite sure h e r e  i s  no corre!a- 
tioii. 

I just want to add something to what you said, 
I didn't mean i o  imply st all that the f i t t ing had 
only to do with Slide 2 that I showe:!. I real ize it 
sounded that way. The philosophy that you men- 
t imed of not  trying to f i t  things in great deta i l  W Q S  

certuinly borne out by Weisskopf at  h c  Amsterdam 
meeting. It WQS quite interesting, because Porter 
had been try ing hard to get everyh ing to fit. 
Weisskopf spread the philosophy very strongly a t  
Amsterdam h u t  i t  is  really not sensible to compute 
and compute und put in  more parameters. It i s  
much better to thirik about the fundamntals of 
what is  going on in  the nucleus and to try to get a 
good foundation for the whole thing. 

E.  P. W!G"NER: We have tried to give another 
explanation, and i t  i s  that the sum of the widths o f  
a l l  the levels between two single-particle levels 
i s  equal to the width of a single-particle level. 
L e t  me soy this ngain because the sentence was 
long and complicated: L e t  us consider an approxi- 
matiors in  which a single-particle picture i s  valid, 
In the single-particle picture h e r e  are very few 
levels, very far f r o m  each other, and these levels 
arc extremely wide Lecouse hey are single-particle 
levels. They are just unbelievably wide. In the 
actual nucleus we do not have these levels, but 
they are replaced by just hundreds and hundreds of  
levels very closely spaced. The sum of the neutron 
widths of these levels i s  the same as +b+ O-iginaE 
width of  this level. 

A. W A T T E N B E R G :  I w3uld l i ke ta ask the 
theoreticians what may be Q very naive question 
but which bears on th is spacing in  detail. That is, 
are a l l  levels p i n g  to be repulsed from one another, 
or can you have levels attracted so that they 
coalesce? 
E. P. W J G N E K :  Well, I don't know. According 

to theory, the levels which hove different j ' s  don't 
influence each other a t  all, and this, I think, i s  
generally accepted. I think it should be equally 
generally accepted drat levels w i th  the same 4 
repel each other. I w i l l  talk about this later, and 
I w i l l  go into th is in some detail. 
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RESULTS AND THEORY O F  RESONANCE ABSORPTION 
E. P. Wigner 

Princeton University 

E .  P. W / G N E R :  The detailed and elaborate nature 
o f  the experimental results presented here i s  most 
gratifying. It i s  my impression that the agreement 
of theory with experiment i s  now perhaps less 
close than i t  appeared before. Th is  gives me re- 
newed confidence that th is w i l l  remain for some 
time an interesting subject. 

It was, originally, my intention to review both 
the formal and the more problematic parts of the 
subject. I found, however, that the second part 
could be treated only i n  a very perfunctory fashion 
i f  any attention i s  given to the first. The detailed 
results which were presented today on resonance 
absorption make i t  desirable to  review the formal 
theory, and my address w i l l  be largely confined to 
t h i s  subiect. 

The formal theory of resonance i s  by now quite 
old; it i s  largely the work of L. Eisenbud. H i s  
original objective was the calculation o f  the col-  
l i s ion  matrix. However, i t  was much easier to 
calculate something else, now cal led the derivative 
matrix. If you look at  the various channels em- 
erging from the black box cal led the nucleus, you 
can much more easi ly establish a connection be- 
tween the value o f  the wave function i n  a channel 
and the derivatives of the wave function in  a l l  the 
channels than between the amplitudes of the in- 
coming and outgoing waves. Of course, the physi- 
cal si tuation i s  that you have in  one channel an 
incoming wave and in  a l l  other channels outgoing 
waves. What you real ly want to know i s  the in- 
tens i tyo f  the outgoing waves i f  the intensity o f  the 
incoming wave i n  one particular channel, usual ly 
i n  the neutron channel, i s  unity. However, the ex- 
pression for th is  i s  complicated, and the expression 
for the connection between the value o f  the wave 
function and the derivative of the wave function i s  
simple: 

In  Eq. 1, the sum i s  to be extended over the 
inf in i te number o f  levels, s, with energies Es. 
The energy of the system i s  E. The subscripts A, 

refer to the channels. The squares of the y’s are 
cal led the reduced widths; y , ~  i s  the value at  the 

channel radius of channel X of  the eigenfunction of 
the Hamiltonian whose eigenvalue i s  Es. Th is  
eigenfunction i s  normalized and satisf ies certain 
boundary conditions a t  the channel radii, but i t w i l l  
not be necessary to discuss these in detail. The 
quantit ies u~ and dp are the value of the wave 
function in channel X and i t s  derivative i n  channel 
I.(, respectively. 

There are two observations which present them- 
selves i n  connection with Eq. 1. First, th is equa- 
t ion contains an in f in i te  number o f  parameters, 
and i t  would appear that almost every experimental 
resul t  can be represented by it. I f  th is were ac- 
tual ly the case, the formula would be entirely use- 
less. The second observation i s  that Eq. 1 does 
not even g ive us what we want. It gives us some- 
thing that we don’t want, namely, the value of the 
wave function; but we want the outgoing wave. It 
i s  true, however, that i f  we know the value of the 
wave function and the derivative of the wave func- 
tion, since we can continue with the wave function 
outside the nucleus, i t  i s  in principle possible to 
calculate everything. Th is  “in principle’’ is, o f  
course, the “catch,” because i f  something can be 
calculated in pr inciple i t may yet be very far from 
being calculated. 

I n  practice one uses approximations instead of 
the in f in i te  series (Eq. 1). I should mention in 
passing that i t i s  not true at  a l l  that any function 
can be approximated by the in f in i te  series i n  Eq. 1. 

The f i rst  point which I wish to make refers to 
these approximations. It i s  customary to use as 
an approximation a single term of Eq. 1. I should 
l i ke  to persuade you that th is  i s  not a good idea. 
It i s  not a good idea because it obscures the fact 
that the expression connecting the value of the 
wave function wi th the derivative o f  the wave func- 
t ion somewhere i n  the channel depends on the point  
where you consider the value and the derivative o f  
the wave function. This  point i s  cal led the bound- 
ury of the internal region. In this regard, the 
derivative matrix i s  quite different from the col- 
l i s ion  matrix, which gives the amplitude of the 
outgoing wave in terms o f  the amplitude o f  the 
incoming wave. The amplitude o f  the outgoing 
wave i s  the same no matter where you take it. 
Once the wave has started to go out o f  the b lack 
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box, i t w i l l  continue to go out, and i t s  amplitude 
w i l l  not change along the channel. However, the 
value of the wave function and the derivative of 
the wave function are not of th is nature. It seems 
to be desirable to use such an approximation for 
Eq. 1 which w i l l  have the same analytic form no 
matter where we place the boundary of  the internal 
region (i.e., no matter at  which point we express 
the value of the wave function i n  terms of i t s  
derivative), at least i f  the solutions o f  the wave 
equation can be considered to be energy independent 
wi th in the region where we are incl ined to place 
this boundary. The analyt ic form o f  the R matrix 
w i l l  then remain the same within the energy region 
considered, no matter where we place the bound- 
ary - again within the region considered. 

An approximation to Eq. 1 which satisf ies th is  
condition is, for instance, 

which i s  obtained from Eq. 1 by keeping only one 
term (except for replacing i t s  index s by 0) and 
replacing al  I others by an energy-independent 
term. The approximation, Eq. 1 a, wi II be good in 
the neighborhood o f  EO, but th is neighborhood wi I I 
be wider than i f  one neglected the s d 0 terms o f  
Eq. 1 entirely, rather than replacing them by an 
energy-independent term. 

The fact that the analyt ical form o f  &e connec- 
t ion l a  i s  indeed independent o f  the choice of the 
boundary o f  the internal region can be seen most 
eas i l y  be calculating, by means o f  Eq. la, a 
quanti ty which i s  independent o f  such a choice. 
Such a quantity is, for instance, the matrix Q 
which expresses the coeff icients g, of the irregular 
solut ion G i n  channel p in terms o f  the coeff icients 
f, of the regular solutions F,: 

P 

Under the assumption made in Eq. la, the (2 
the form: 

have 
l*u 

where q i s  symmetric, q = q,,, just as r = 
t i s  symmetric. Since regular and irregular solu- 
t ions remain regular and irregular, respectively, 
a l l  over the channel outside the region o f  inter- 

P, PJ P” 

?, 

action, the (I,, are independent of  the choice o f  
the boundary of the internal region. Th is  becomes 
evident also i f  one expresses the col l is ion matrix 
S i n  terms of Q: 

a formula which i s  given here only for the sake of 
reference. 

The connection between the quantities i n  Eqs. 2a 
and l a  is: 

- F,aPT = 0 , 

17’ There are as many linear equations for the 7 

t271, . . . as there are such quantities, since Eq. 3 
i s  va l id  for every channel pe The F ,  GI F‘, G’are 
the values and the radial derivatives of the regular 
and irregular solutions i n  the channel indicated by 
their index, taken at  the boundary of the internal 
region. One sees that the r w i l l  depend on this 
boundary even though the q do not. On the other 
hand, the t w i l l  be energy independent i f  th is  holds 
both for the q and the quanti t ies F ,  G, F‘, G’. 
The expressions for the y are: 

while 

(3 b) 

and the same remarks apply wi th respect to the 
dependence ob the y o u  and Eo on the posit ion of 
the internal region’s boundary and on energy E as 
were made in connection with the r. It may be re- 
marked, again solely for the sake o f  reference, that 
the preceding equations fol low from: 

(4) Q = (F - P’R) (G’R - ‘3)-’ , 

where F, G, F‘, G’ are commuting matrices ( in  our 
case diagonal matrices wi th diagonal elements 
FAL, GP, etc.) which satisfy the equation: 

(4 a) F’G - FG’ = 1 . 
Then i f .  

(4b)  R = t 4- (Eo - E ) - - ’  ( y o  x yo)  I 
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where r i s  a (real) symmetric matrix, Q becomes: The absolute square of the expression 6u, i f  mult i-  
p l ied  by n/ki ,  gives the cross section for the 
reaction p -+ u, and the absolute square o f  (5) Q = 4 + (E - E)-' (Y x Y )  , 

where (the y2 are not the reduced widths, the y i  (1 - S p p ) ,  i f  mult ipl ied by 71./k;t gives the scat- 
are): tering cross section for the part ic le p I n  the 

former case, one obtains the usual formula. The 
(54 q P ( F  - F'r) (G'r - GI-' , part ial width for the emission o f  part ic le v is: 

and (I i s  symmetric. Conversely, i f  Q has the form 
given by Eq. 5, R w i l l  have the form o f  Eq.46, with 
r, y,,and E ,  being given by the las t  three equa- 
tions. Hence, R for one set of boundaries of the 
internal region can be expressed i n  terms of  K for 
another set of boundaries, and i t  w i l l  remain of 
the form of Eq. 4 b  with energy-independent r, yo,  

started are energy independent and as long os  the 
The 

veri f icat ion of Eqs. 5 i s  lengthy but simple. It i s  
given in  the Appendix. 

Another approximation to Eq. 1, the form of which 
i s  independent of the choice of the boundary o f  the 
internal region, has the form given by Eq. l a  with 
the further stipulation, however, that r also com- 
mute with F, G, F', G', that is, that i t  be a diagonal 
matrix in  our case. Then Eq. 3 or Eq. 5a shows 
that q w i l l  be a diagonal matrix also. The great 
advantage of th is  approximation i s  that Eqs. 3 can 
be solved a t  once: 

s,", 
L: 

(Gv - G>,J2 +(Fy - F;r ,J2  

The expression for the scattering cross section is, 
on the other hand, 

E, as long as the r, yo, Eo o f  the R from which one 

same holds for the two sets of F, G, F', G'. 

r r 1  
(7a) "pp I-- X 

k; 1 + 4,, 2 

so that Q and the cross sections can be obtained 
very easily. In particular, the col l is ion matrix and 
the cross sections are given by the following 
for mu I as : 

where 

P p = ,  y P  . . 
- '"P 

In  th is expression, € '  differs from the E given i n  
Eq. 5c by a level shi f t  A = EyS qu/( 1 i- 3 ~ )  which 
i s  usually unimportant; r i s  the sum of  the part ial  
widths F,. If one neglects a l l  q, expression 7a 
goes over into the analogue of the reaction cross 
section, that is, it neglects what i s  cal led the 
potential scattering. I f  only one channel i s  open, 
F = ITp, and the second term in  the numerator 
vanishes. The corresponding expression WQS 

given, independently, i n  several papers. In  the 
general case, Eq. 7a was given by Brockhouse, 
except that he writes q2 r2 for the second term in 

considers (slow neutron scattering and hence 
rP << I'). The expression 7a for the scattering 
already shows that the corresponding cross section 
cannot become zero as long as there are other 
channels open, that is, as long as  r - 1', f 0. 

It i s  somewhat perturbing that a l l  these formulas 
are so complicated. In particular, the q and y i n  
Eq. 7a are yet to be expressed by  means of Eqs. 5 a  
to 5 c  in terms of the energy-independent r, y o .  
This  i s  a t r iv ia l  matter i f  the F, G, stc., are energy 
independent. In th is  case t h e  q and y w i i l  be also 
energy independent. Th is  w i l l  be the situation i f  

the numerator. This i s  PP permissible i n  the case Re 



the energy region in which the brmulas are to be 
applied i s  small as compared with the total energy. 
The most important case i n  which th is  does not 
apply i s  that of slow neutrons. Then F = const. x 
k-"2 sin kr, G = const. x k - ' 1 2  cos kr, and the 
corresponding q, given by Eq. 6, i s  proportional t o  
K whi le y i s  proportional to k'12. This  also means 
that the argument given above for the form of Eq. l a  
being independent o f  the tnternal region's boundary 
does not apply. However, th is remains true also in 
th is case. It i s  also perturbing that the computa- 
t ions which lead from Eg. l a  to  the cross sections 
are so lengthy, even in  the simplest case of a 
diagonal rx  

The great drawbwk of the approximation l a  with 
diagonal r (that is, ?hp = r u 6 x P ) ,  which we are 
now considering, and from which the preceding ex- 
pressions for the cross sections follow, i s  that it 
i s  more d i f f i cu l t  to just i fy a priori  than the more 
general assumption that t i s  an arbitrary (symmetric) 
energy- i ndependen t matrix. A necessary condition 
for the diagonal nature of  T i s  that the contribution 
o f  the resonance closest to E ,  be negligible. Th i s  
contribution w i l l  be, i n  general, o f  the same order 
of magnitude as the contribution of  the resonance 
at E ,  midway between two l ines. Hence, the con- 
tribution of the resonance closest to Eo wi l l  give a 
negl igible contribution to the off-diagonal elements 
of r i f  the reaction cross section due to the reso- 
nance at  E,, as calculated with the usual reso- 
nance formula, i s  negl ig ib le midway between two 
lines. Whether or not th i s  i s  the case depends 
on the size of the cross section which one i s  
w i l l i ng  to  consider to be negligible. 

CL. 

Even i f  h e  contribution o f  the resonance closest 
to E i s  negl ig ib le in Eq. 1, the aggregate effect of 
a l l  distant resonances may be appreciable. How- 
ever, there i s  i n  th is  regard an important difference 
between the diagonal elements of r and the non- 
diagonal elements: the contribution of a l l  the 
high-energy resonances has the same (positive) 
sign for the diagonal elements, but can be posi t ive 
as well as negative for the nondiagonul elements. 
Ph is  was recognized already by R. G. Thomas and 
i s  the most reasonable just i f icat ion of  the approxi- 
mation l a  with a diagonal r i p  = r u G x p .  In addi- 
tion, th is  i s  the simplest approximation for Eq. 1 
the form o f  which i s  independent o f  the choice o f  
the internal region's boundary in the sense indi- 
cated. 

The randomness of the signs of the y , ~  corres- 
pands, physically, to the absence of direct inter- 
ar t ion processes, such as stripping. These would 
be described, in the language o f  the derivative- 
matrix theory, in a very cumbersome way, as re- 
sult ing from the combined ef fect  o f  high-energy 
resonances. They do not have resonance behavior, 
and indeed the nondiagonal nature of r entai ls a 
nondiagonal nature o f  q, that is, an appreciable 
reaction cross section al so between resonances. 

I h e  diagram for the scattering cross section o f  
S Z 2  (Slide I )  i s  on i l lustrat ion o f  the val id i ty o f  the 
approximation l a ,  Since there i s  only one channel 
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Sl ide  1. Comparison of the Exper imntol  and the 
Theoretical Tota l  Cross Section of Sulfur. 

tree in th is  case, r i s  natural ly diagonal. The cross 
section i s  given theoretical ly by the we1 I-known 
expression: 

47r[(a - I) ( E  - E o )  + y;1* 

( E  - E , ) ~  -+ k2L(u - r) ( E  - E ~ )  + y3' 
(8) D( E )  = __- 

It represents the measurements quite well. The 
point whish I wish to make is, however, the fol- 
lowing. In Eq. 8, a i s  the radius of the boundary 
of the internal region, that is, the radius o f  the 
point et which Eq. 1 compares the value and 
derivative o f  the wave function; I i s  the constant 
i n  Eg. In. I t s  indices are omitted since there i s  
only one channel open, In the expression for the 
cross section (Eq. $1, only the difference a - r 
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occurs: th is  expression is independent of the 
radius of the channel, since the increase of r with 
channel radius just compensates the increase of a. 
On the other hand, y i s  in th is  CQSe (ku << 1) 
pract ical ly independent of a. The expression 
(1 .- 7, which occurs i n  Eq. 8, i s  not the radius but 
the difference between the nuclear radius and the 
contribution o f  a l l  the other levels. It i s  true that 
the number of constants in Eq. 8 i s  not very small: 
Eo,  yo, ci - r. Essential ly, the Eo in Eq. 8 i s  the 
energy of maximum cross section, the y i  i s  f ixed 
by the width at ha l f  maximum, and a - 7 i s  f ixed by 
the posit ion at which the cross section dips to 
zero. The rest  of the curve f i t s  very nicely. In 
particular, the cross section f i t s  even a t  the lowest 
energy rmarkab l  y we! 1 .  

Recently the scattering of absorbing resonances 
has been measured by Tit tman and Sheer and by 
Brockhouse. Th is  i s  given, theoretically, by  
Eq. 7u. Since, in the case o f  neutrons, q and 
T’, = 2y2 are both proportional to k, th is  con be P 
written, i f  one omits terms which are proportional 
to k, 

2 

PP 

A s  was mentioned before, th is  i s  Brockhouse’ 
formula. The agreement wi th the experimental 
results i s  again so good that one cannot see the 
difference between the experimental points and the 
theoretical curve (Slide 2). Again, the signif icance 
of the agreement i s  somewhat l imi ted by the fact 
that the theoretical expression 8a contains several 
parameters. Two of these were known before from 
the meosurement of the absorption cross section. 
D. J. HUGHES: In the actual case that you com- 

puted, how do a and P compare in order o f  magni- 
tude, and i s  either one about the same as the 
nuclear radius? 
E. P. WIGNER:  In the case o f  sulfur, you see 

that u and T have no separate signif icance what- 
ever. I can choose CL vir tual ly anywhere, and 
( u  - r) i s  not equal to  the nuclear radius, but i t  i s  
considerably smaller in the case o f  S32. This  i s  
undoubtedly due to the fact that there happen to be 
more resonances at  higher energies than 120 kev  
than a t  lower energies which contribute posi t ively 
to r. A s  a result, a - T i s  not much more than ha l f  
of the nuclear radius. The case of cadmium i s  

different: a - r i s  very nearly equal to the nuclear 
radi us. 

One thing to be noticed i s  that if, in addition to 
scattering, there  i s  absorption or some other reoc- 
tion, then the scattering cross section can no 
longer go to zero. 1n the numerator of expression 
8n there is an ndded term o f  the form 

where V E S  the totnl width. 
In the case of cudmiurn, for which a comparison 

was made, the quanti ty - 2 k y i , ,  WQS le f t  out from 
the original farmula. Th is  cannot be correct, be- 
cause th is  term must be zero for pure scattering 
(r‘ = 2K.y iJ .  I r a  cadmium this i s  not important, 
because the neutron width i s  much smaller than 

the -2ky,, * must be present. I t  would seem that 
wi th the accuracy now nvai lnble i t  should be pos- 
s ib le to dist inguish the ef fect  of th is  second term 
in  the U238 resonances, for example. 

The next thing to be considered is the analysis, 
not of the resonances, but of the region between 
resonances. Between resonances, as far CIS I 
know, there i s  only one very nice and beautiful 
measurement by Boll inger ct al. The agreement in 
th i s  ease i s  also very good. There i s  not too much 
to be said about that. I am sure you have seen the 
comparison and theory either by Boll inger et al. 
or by Krotkov, and they show essential ly the same 
thing (Slides 3 and 4). 

We have learned today that i n  many cases i t  i s  
possible to measure not only the total absorption 
but the absorption into a def in i te channel. Th i s  
i s  done by measuring the emission o f  Q part ic le or 
gamma ray in the course of the reaction, rather than 
the attenuation of the incident beam. Th is  makes 
it possible to observe something which Dr. Hughes 
has often commented upon: namely, the interfer- 
ence of different resonances with each other be- 
tween the two resonances, and th is  i s  quite an 
amusing thing. 

In the case of  elast ic scattering, X = p, i n  the 
expression Z y S ~ y S J ( E s  - E )  of Eq. 1 a l l  the 
numerators are positive, and thus the sum has the 
appearance i l lustrated i n  Sl ide 5. On the other 
hand, for a part icular k ind  o f  absorption, for X Jp, 
the numerators y,Ay,, may be posi t ive or negative, 
and so the numerators may have different signs at 
two successive resonances. i n  th is  case, the 

the total width, so that I ’  - 2 k y O F 3  2 I’; in general 
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curve has the appearance i l lustrated in  Slide 6. If 
y,xyStL has the same sign at two adjacent reso- 
nances, the curve  i s  very similar to Slidc 5. In th is 
case there i s  a cancellotian of terms, and the ab- 
sorption cross section drops to a very small value, 
of the order r4/D4. On he ather hand, between 
two resonances for whicS y , ~ y , ,  have opposite 

signs there i s  no cancellation, and one obtains a 
milch lorgor cross section, wI’2/D2, between 
resonnnces. This  has been pointed out already by 
T. ‘rei chmon. 

This suggests an interzsting dist iqct ion between 
successive levels with respect to &.sorption which 
does not exist  wi th respect ta  scottering. I t  i s  an 
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effect which may be worth whi le to  observe. Ac- 
cording to what we bel ieve (and th is  now brings us 
to the less formal part o f  the comparison between 
experiment and theory), the number of  cases in 
which the minimum i s  deep and the number of cases 
in which the minimum i s  not deep should be about 
equal. 
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E s - E  

What I have covered so far are the very formal 
parts o f  the theory, and I think they are the parts of 
the theory wi th which everybody would agree. They 
are based on fundamental concepts o f  quantum 
mechanics, and experimentally, at  least in the 
nonfissionable elements, I don't know o f  any 
serious contradiction. In the case of  the f ission- 
able elements, as Dr. Hughes to ld  us, the situation 
i s  much less favorable. He proposed explanations 
for this, and quite l i ke ly  the explanations which he 
gave are the correct ones. 

The rather consistently high values o f  a appear 
to me the most puzzl ing feature. As long as we 
treat 0 1 1  channels in the same way, it w i l l  remain 
d i f f i cu l t  to understand that some channels - the 
f ission channels - carry between resonances a 
greater fraction of a l l  part icles than a t  resonances. 
In fact, the rat ios of the reaction cross sections at  
the resonances are equal to the rat ios o f  the part ial  
widths, which are given by Eq. 7, and, i f  one as- 
sumes complete randomness o f  die signs o f  the 
y , ~ ,  exactly the same expression describes the 
ratio o f  the reaction cross sections between reso- 
nances. It i s  possible, o f  course, to assume that 
the signs of the y are not random, for instance that 
the signs of the y which correspond to f ission 
alternate. At the low-energy resonances th is  would 
be a very a r t i f i c ia l  assumption. The existence of a 
direct process leading to f ission - in  other words, 
a nondiagonal TX i n  Eq. 1 n - may appear less art i-  
f ic ia l .  A consequence of this assumption would be 
that the minimum of  the fission-to-capture rat io 
would not coincide exactly wi th the center o f  the 
resonance line: the interference between resonance 
and direct processes would lead to a shif t  similar 
to the shi f t  i n  the maxima o f  the scattering and 
capture cross sections wi th respect to each other. 
We have heard about indications o f  such a shift. 

Unfortunately, in the case of f iss ion the rat io of 
the level width to the level spacing i s  much higher 
than in the nonfissionable case. Th is  makes the 
interference effect o f  successive levels, to which 
Dr. Hughes has already alluded, much more com- 
plicated, and we begin to reach the situation where 
Eq. 1 i s  so general that i t  can describe almost 
every experimental situation. In other words, si- 
though Eq. 1 may s t i l l  be correct, i t  begins to be- 
come useless. A formula can become valueless for 
two reasons: that i t  i s  invalid, or that i t  does not 
te l l  us anything. I am afraid the latter case applies 
here. 

P 
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I come now to the next point  o f  the comparison o f  
experiment and theory, whieh i s  much less formal. 
The volue o f  an expression such as Eg. 1 l ies to a 
large degree in the fact that one can estimate the 
density of the resonance levels and the reduced 
widths reasonably well, and that one can moke 
approximations taking into account only one term, 
replacing the rest wi th a constant, and similar 
approximations. It i s ,  therefore, very important to 
know the stat ist ics of the level densit ies and the 
stat ist ics o f  the seduced widths. The stat ist ics 
of the reduced width, often al luded to already 
today, have been experimentally ascertained by 
Hughes and Harvey and their collaborators, and 
then theoretical ly interpreted by Scott and by 
Porter and Thomas. 

All o f  us theoreticians should feel l i t t l e  em- 
barrassed. We know the theoretical interpretation 
of the reduced width y: i t  i s  the value o f  a wave 
function at  the boundary, and we should have been 
able to guess what the distr ibution o f  such a 
quantity is. However, none of  us were courageous 
enough to  do that. Although we knew that the 
y , ~  were just as l i ke l y  to be posi t ive as negative, 
none of us dared even to think that their distr ibu- 
t ion i s  simply Gaussian, which i s  v i r tual ly the 
simplest distr ibution in which the posi t ive and 
the negative values have the same weight. We a l l  
thought that the distr ibution has two maxima, one 
a t  posi t ive y, the other a t  the opposite negative 
value. Perhaps 1 am now too courageous when I try 
to guess the distr ibution of the distances between 
successive levels. I should re-emphasize that 
levels that have different values are not con- 
nected a t  a i \  wi th each other. They are entirely 
independent. So far experimental data ore avai l -  
able only on even-even elements, and Dr. Hughes 
has projected a curve showing the probabil i ty o f  a 
spacing as a function o f  the spacing i tself .  The 
datq wi th which I am famil iar (Slide 7) come from 
Th232 and U238. Many more data w i l l  become 
avai lable as we shall learn more and more to dis- 
t inguish levels, that is, to ascertain their j values. 

Theoretical ly the situation i s  quite simple i f  one 
attacks i t  i n  a simple-minded fashion. The ques- 
t ion i s  simply what are the distances of  the 
characteristic values o f  a symmetric matrix wi th 
random coeff icients? We know that the chance that 
two such energy levels coincide i s  inf in i te ly un- 
l ikely.  We can consider a two-dimensional matrix, 

in which c a s e _ J h z - l j - s t E e  between the two levels 
i s  d G a z 2 ) 2  + 4 a i2 .  This  distance can be 
zero on ly  if u ,  = a Z 2  and a,2 1= 0. The difference 
between the two energy values i s  the distance o f  
a point from the origin, the two coordinates of 
which are a, - a22 and a ,zo  The probabil i ty that 
this  distance be S is, for small values o f  S, always 
proportional to S i tself ,  because the volume element 
of the plane in  polar Coordinates contains the 
radius as a factor. 

Now Dr. Hughes, and several speakers before 
him, mentioned that one would expect an expo- 
nential distr ibution for the probabil i ty o f  a certain 
spacing as a function of the spacing. The reason- 
ing which leads to th is  expectation i s  as foIlows. 
I f  we have a level  at  a certain point, then the 
probabi l i ty  of f inding another level a distance S 
from i t  is independent o f  S and given by p d S ,  where 
p i s  the mean level density. Therefore, the prob- 
ab i l i t y  for finding the next adjacent level  at dis- 
tance S, in dS, i s  e-PS p d S .  I think that th is i s  
the basis for expecting an exponential distr ibution 
o f  the level spacing. However, the argument i s  
erroneous, because the probabil i ty that there shal I 
be a level at a distance S from a given level i s  not 
independent o f  th is  distance; for small values of 
S i t  i s  proportional to 5. I f  th is  same law i s  as- 
sumed for  large .'j also, the probabil i ty of f inding 
the next level at  a distance S becomes proportionol 
to SdS. Hence th is  simplest assumption w i l l  g ive 

the probabil i ty 1/2~p2e-(1'417TP " SdS for a spac- 
ing between S and S + dS. 

2 2  

Slide 7. Distribution ~f L e v e l  Spacings. 
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I t  must be admitted that Dr. Hughes’ curve did the position of the f iducial  level in  the product 
not look very much l i ke  th is  expression. Perhaps 
the assumption that the probabil ity i s  proportional 
to S also for large S is incorrect. 

Weisskopf’s formula for the level density has 
been discussed recently, particularly carefully, by 
T. D. Newton at  Chalk River. As i s  wel l  known, 
Weisskopf’s formula gives the level density os  
function of the excitation energy. The question 
naturally coines up, from what level do we calcu- 
late the excitation energy? Originally, th is was 
thought to be the lowest energy level, but Bethe 
and Hurwitz pointed out that one obtains more 
satisfactory resul ts i f  one replaces the normal 
state by some fiducial state. This  fiducial state 
eliminates the even-odd and magic-number fluctua- 
tions. I f  i t  coincides w i th  the normal state for 
odd-A nuclei, i t  l ies  an amount 6 above i t  for even- 
even nuclei, where 6 i s  the pairing energy. It l ies  
at  -6 for odd-odd nuclei. The interpretation o f  
Bethe and Hurwitz has been accepted also by 
Newton i n  h i s  very careful study. 

It seems to me, nevertheless, that the expesi- 
mental data do not entirely support th is  interpreta- 
tion. I am referring i n  particular to the level- 
density determinations at the excitation provided 
by the addition of a s low neutron, that is, to the 
level density measured in  slow-neutron experi- 
ments. The excitation energies calculated on the 
bases of  the original and the modified assumption 
are sumniari zed below for even-even, even-odd, 
odd-even, and odd-odd target nuclei (the second 
adiective refers b the neutron number). The 
quantity B i s  expected to have the same value for 
a l l  four types of  nuclei. According to the original 
formulation, the level density should run parallel 
to the binding energy, that is, the second column. 

Excitation 
Type Of Binding Fiducial  Energy Leve l  
Target 

Nucleus Hu,witz)  (Experimental) 

Density Energy L e v e l  (Bethe ond 

e-e ~ - - 6  0 S S 

e-o B f 6 6 n I 

o-e B - 6 -6 n I 

0-0 B -1- 6 0 I ? 

According to the more recent interpretation, it 
should run parallel to the difference between the 
second and third columns, the th i rd  column giving 

nucleus. The product nucleus i s  e-o, e-e, 0-0, and 
o-e for the four successive rows. The excitation 
energy should be, according to the more modern 
interpretation, small, normal, or large, as indicated 
in  the fourth column. 

Experimentally, the level density i s  lowest for 
even-even nuclei, and th is  i s  i n  agreement wi th 
both interpretations. It i s  largest for the o-e class, 
which is, o f  course, strongly a t  variance with the 
original interpretation, but i n  agreement wi th the 
ideas of Bethe and Hurwitz. I t  i s ,  however, dis- 
t inc t ly  lower for the even-odd than for the odd-even 
class, which i s  i n  agreement wi th neither inter- 
pretation. The level densities for odd-add target 
nuclei are not available. 

The picture i s  very different i f  one compares 
inagic or magic +1  wi th  average nuclei. The 
comparison w i l l  not be given i n  detail, but i t  should 
be remarked that th is comparison bears out the 
original interpretation of thequantity which appears 
i n  Weisskopf’s formula as the excitation energy of  
the product nucleus. 

I t  was my intention to comment more in detail on 
the giant-resonance interpretation of the cloudy- 
crystal-ball model. It i s  perturbing that th is in- 
terpretation has not been, so far, more successful, 
and that one hardly can have the impression that 
the experimental information strongly supports the 
giant-resonance model. This i s  quite perturbing, 
because., C I S  far as I know, nobody has proposed 
any other interpretation of  the cloudy-crystal-ball 
mode!, and certainly the idea that neutrons are 

absorbed” i s  not something that has a very direct 
relation w i th  the usual concepts that we use i n  
quantum-mechani cal theory. 

I just want to see i f  I can get 
you to te l l  us something more. In  particular, you 
made the comment earlier today that you would 
show us there should be no correlation between the 
width and level-spacing fluctuations, and that you 
would talk about th is later. T h i s  i s  an appropriate 
t i  me. 

E .  P. WbGNER: The giant-resonance interpreta- 
t ion considers, as a f i rst  approximation, an in- 
dividual-particle picture in  which there are very 
few levels of nonzero width, but these arc very 
wide. When interaction i s  taken into account, 
then the very wide level wi l l ,  so to speak, d i s -  
tribute i t s  width among a l l  the many other nearby 
levels. How i t  distributes i t  w i l l  depend on 
accidental facts and accidental things. One level 

a t  

H. F E S H B A C H :  
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w i l l  receive much, another IptrIe, aqd so on. The  
thing that one can be quite s u r e  of i s  that, i f  you 
have or ig inal ly a width of 100, a i l  the nearby levels 
together w i l l  have a total wi&h of 900. Thrs wi l l  
be di stsibuied, however, w i th  large fluctwations, 
since the original level throws out i t s  w;dth at 

random. 
A. M .  LANE: should like Rn ask i f  you think 

the distr ibution of the  level spacing i s  G corre\ated 
distr ibution or a noncorreEotad one. 1 think I am 
using the r ight term here. She correlation that B 
have i n  mind i s  the following: I f  you are given two 
levels, 1 and 2, i s  the spacing between 2 and 3 
affected by  the spacing between 1 and 2, or are 
these both chosen out of  !he set  of  samples cor- 
responding to the distr ibution that you get at  
random? Are they both chosen at random, or is 
there a correlation between adjacent spacings? 

E .  P. W i C N E R :  There i s  one i n  the only case 
in which the mathematicians have calculated a 
formula. Let me give that formula. The mathe- 
maticians have considered the case o f  a real 
symmetric N-dimensional matrix in  which every 
matrix element has a Gaussian distribution. Then 
the probabil i ty for the characterist ic values A,, 
A,, . . . I is: 

under the fol lowing assumptions: 

commute with each other; furthermore, 
( a )  The matrices F, F’, G, G’are symmetric and 

(82) F’G - FG‘ = cl 

i s  a constant matrix which commutes with every 
other matrix, in particular wi th R. 

( I r )  The matrix R i s  symmetric (equal to i t s  trans- 
pose). However, i f  F,  F’ are 
replaced by I, I’ and G, G‘ are replaced by -E,  

the result ing expression becomes the col- 
l i s ion  matrix i f  

In the text, c = 1. 

In th is  case, 

( A 2 4  I’E - iE” = 2il , 

$0 that the fol lowing calculat ion permits one to 
obtain not only Q but also the col l is ion matrix. 

(c) The last  assumption is: 

(A4) R - T + a Y o  X Y O r  

where T i s  a symmetric matrix, yo  a vector, and u a 

The product contains all Ar(N - 1)/2 differences 
between the A. To calcu/ate the probabil i ty o f  a 
spacing o f  two adjacent levels requires an integra- 
t ion over ai! the other levels, wi th the space be- 
tween the two considered levels excluded from the 
region of  integration, and as far as I know th is  has 
not been done. But it i s  pretty evident, I believe, 
that there are further correlations in th is  case a t  
least, and I would think that i s  general, 

E. Gurm May I ask what the reference for t h i s  
i s ?  

E .  B .  W I G N E R :  This  i s  cal led the Wishart dis- 
t r i  bution. 

APPENDJX 

This  Appendix will  contain the calculat ion o f  the 
expression for the matrices F, F‘, G, G‘l R,  and 

(A I )  Q = ( F  - F’R)(G’R - G)-’ , 

number. The elements of the matrix y o  x y o  are the 
products y o ~ y o p  of the components of the vector yo* 

There are four simple rules of calculat ion wi th 
project ion operators o f  the form y o  x yo:  

In these equations, ‘ y o  i s  the vector obtained by 
applying the matrix r to y o .  The second equation 
assumes that r is symmetric (otherwise its trans- 
pose appears on the r ight side). The product 
( y o * y )  is the scalar product o f  the vectors yo and 
y. The rules A5 can be veri f ied by direct colculo- 
tion. 
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L e t  us verify f irst that Q i s  symmetric. Th is  
statement i s  independent o f  the assumption ( c )  

except for the symmetric nature o f  R. The condi- 
t ion of symmetry i s  that Q be equal to i t s  trans- 
pose. Since a l l  matrices in  the expression AI for 
Q are symmetric, th is  amounts to: 

(A4)  

( F  - F’R) (G’R - G I -  = (RG’ - GI- ( F  - RP’) . 
If th is  expression i s  mult ip l ied with R G ’ -  G on 
the left, G’R - G on the right, one obtains: 

( A 4 4  
(RG’-  G ) ( F  - P’K) .-- ( F  - RF’) (G’R - G) , 
or 

(A4b) R(G’F - F’G) = (FG’  - &F’)R , 
which i s  an ident i ty because of Eq. A2. 

A4. We set 
We now proceed to calculate &, using the form 

so that Eq. A1 i s  equivalent to: 

(A8) ( q + by x y) (G’r + uG ’yo x yo - G) 

= F - F’r - aF’yO x y o  . 
B y  means of the rules A5, th is  gives: 

Equating the matrices which are not x products 
gives: 

Th is  equation can h e  correct only i f  the vectors 
after the x are, apart from Q constant, equal, We 
set, in  fact: 

(A94 yo = ( G  - rG’)y . 
Equation A10, and hence also Eq. A8, w i l l  then be 
satisfied i d  the vectors to the left of the x on both 
sides are also equal. Th is  equality must be es- 
sentially a consequence of Eqs. A9 and A9a, since 
only the nurnher b remains at our disposal. The 
equation in question reads, i f  Eq. A9a i s  used to 
express yo:  

(AI 1) [ a ( q G ’ - ~ -  t i ’) ( G  - rG’) -+ ~b(y-Gj/~)Iy = by . 

Th is  equation w i l l  be va l id  i f  the matrix equation 

holds. It w i l l  be possible to sat isfy th i s  wi th a 
suitable choice of  h i f  the matrix on the l e f t  side i s  
a mult ip le of  the uni t  matrix. This, however, i s  a 
consequence of Eq, A9 and the fact that the F, 6, 
etc,, commute: 

(qG’+ F ’ ) ( G  - rG’) 

= (F - F’r) (G‘r - G)-’ G I G  .- rG’) + F’G - F’TG’ 

= ( F  .- F’r) (G’r -- G)-I (G  - G’r) G ’ +  F‘G - F’rG’ 

T -(F - F’r) G’+ F’G - F ’ rG ’s  F‘G - FG’= . 
The last  step i s  a consequence o f  Eq. A2. As a 
result, Eg. A l l  a and a l l  previous equations w i l l  be 
satisfied for: 

(A9b) 
ac fZC b .= “____I - 

I 

1 - u(y.G’yo) 1 - a [ ( G  - rG’)-’ yo-G’yo] * 

Equations A9 are equivalent to Eqs. 5 of the text, 
except that c = 1 in that case, 



NUCLEON DENSITIES IN A DIFFUSE-BOUNDARY INDEPENDENT-PARTICLE MODEL 

A. E. S. Green 
Florida State University 

A. E .  5. GREEN:  We have been laboring wi th a 
particular type of diffuse-boundary model for some 
time. It i s  a model chosen because we can handle 
the wave functions analyt ical ly. Dr. Kuick Lee, 
Mr. R. J. Berkley, and I have f inal ly worked out 
the wave functions and the total densities of the 
protons and neutrons in typical spherical nuclei. 
These may have some relevance to some o f  the 
earlier discussions at th is conference. 

The wel ls  chosen are 40 Mev deep and have an 
exponential decay constant of 1 fermi. That would 
be equivalent to a 0.9 to 0.1 distance o f  about 
2.2 fermis. The inner uniform region has a radius 
l .32A"3 - 0.8. Th is  particular adjustment o f  the 
neutron well  was chosen i n  an effort to get the last  
neutron bound from about 10 to 6 Mev as one in-  
creases the mass number, and also to ensure that 
the 3s neutron resonance occurs at mass number 
A f ~ f  55 and the 4s resonance at  A = 170. We have 
worked with th is simpli f ied panoramic wel l  in the 
hope o f  getting a broad picture of nuclear densi- 
ties. I might say that we have compared this with 
a well  used by Beyster, Walt, and Salmi in a study 
based purely on neutron-scattering data. ?he wells 
are found to be quite compatible in  most respects. 

We let  the protons see the neutron well, the 
coulomb repulsion of the other protons, and in oddi- 
tion a potential anomaly, an extra attraction that i s  
needed to hold the protons at approximately their 
proper binding energy. Al l  the proton densities 
have then been calculated in S I X  nuclei, and these 
are shown on Slide 1. 

These are the sums o f  the proton densities in  a l l  
the individual ly occupied states in nuclei with 
mass number 25, 50, 100, 150, 208, and 250. The 
proton numbers are chosen appropriately to give a 
beta-stable nucleus. The dotted curves represent 
the proton densities interpolated from the Stanford 
experiment. It should be apparent that the theore- 
t i ca l l y  and experimentally inferred densities bu i ld  
up in  a remarkably similar manner in  a l l  gross 
aspects. While in  some instances the agreement 
looks pretty bad, part icularly in  the central densi- 
ties, i t would take only a relat ively small adiust- 
ment in  tbe radius, about 2 or 3%, to greatly Im- 
prove these agreements. Thus the predicted curves 

would be d i f f i cu l t  to discriminate against on the 
basis of  the Stanford experiments. 

On Slide 2 the total neutron and proton densities 
are summed up for these s i x  cases, and are com- 
pared with the form function used for thepotentials. 
We see here that our  potential radius i s  s igni f i -  
cantly larger in  each case. Furthermore, the 
densities definitely have a f ine structure, L e t  us 
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Slide 1. Proton Density Distributions far Six Different  
Nuclei. 
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consider what would be expected i f  you were to 
pursue a self-consistent-field calculation i n  the 
following way. L e t  us start wi th our potential 
function, and then find a density function by 
getting a l l  the individual part ic le densities. Then 
le t  us take a direct connection between density and 
potential : 

which i s  a mesonic generalization of  Poisson's 
equation. I f  from the density curve we derive a 
potential, that potential would def in i te ly have a 
fine structure which varies from case to case. Thus 
i n  a self-consistent-field calculation you would 
expect local irregularities, local  departures from 
any results predicted from a smooth family o f  
potentials. 

I have calculated the differences between the 
potential radii and the density-squared radii i f  you 

assume Eq, 1 as the connection between density 
and potential. I might say that i t  appears in- 
direct ly from the work of Talman that i f  one fol- 
lowed this connection completely the nucleus would 
collapse. If, however, you assumed that th is  con- 
nection i s  good i n  so far as surface considerations 
are concerned, you are led to expect: 

Well, we have a set o f  total density curves that 
we get as a result of t h i s  phenomenological model. 
We cannot say that these densities agree wi th  the 
experiment, but we can say that the proton densi- 
t ies do agree pretty well. We also have a set of 
potential curves which seem good from the stand- 
point o f  part ic le binding energy and neutron scat- 
tering. We have taken those curves and numerically 
determined the density radi i  and the potential radii. 
We have found that the differences are indeed of 
the same order of magnitude as  expected from Eq. 2,  
In detail, the differences are somewhat smaller in  
l ight  nuclei, but in  heavy nuclei they approach the 
number 11.9. I think a good direction to laok in 
further work wi th self-consi stent-field calculations 
would be to f ind a modification of Eq. 1 which 
would give us, instead of  Eq. 2, predictions o f  
differences more i n  agreement wi th our phenomeno- 
logical  potentials and densities. 

E .  P .  W I C M E R :  It i s  necessary, i n  addition to  
this equation which you have, to  write another 
equation giving the density i n  terms of the poten- 
t ia l .  What did you use for that? 

A ,  E .  5. G R E E N :  We solved Schroedinger's equa- 
tion, and got the wave functions for every state. 
Then we f i l l ed  up the states, obtaining a l l  the 
individual densities and f ina l ly  the sums of the 
individual parti c I e den si ties. 

E. P .  W I G N E R :  I thought you did that for th is  
original potential ~ 

A .  E. S. G R E E N :  Yes. 
E. P .  WICNEf?: When you calculated th is  one 

wi th  what you cal led Talman's equation, what did 
you do then? 

We didn't complete the cycle. 
We started out wi th  a potential, or a family of 
potentials, and we got the densities from Schroe- 
dinger's equation. All we real ly show i s  that the 
family o f  potentials i s  in reasonable conformity 
wi th  the experiments which measured the poten- 
tials, and that the densities which we got, and 

A.  E. 5. G R E E N :  
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part icularly the proton densities, are i n  reasonable 
conformity wi th the density measurements. So we 
real ly haven't used th is  exp l i c i t l y  to complete the 
self-consi stent-f ield calculation. 

E .  P .  WIGNER: What i s  that second equation? 

A. E. S. G R E E N :  This  equation i s  based on an 
arbitrary potential function, for essential ly I can 
derive Eq. 2 from Eq. 1 directly, 

I s  that independent of the form 
o f  V? 

A. E. 5. G R E E N :  I t  i s  independent o f  the form of 
V as long as i t  dies out fast enough at inf ini ty. 
The derivation involves some simple manipulations 
including integrations by parts. 

E. G U T H :  What i s  the d i f f i cu l ty  of trying to com- 
plete your Schroedinger's equation? 

H. F E S H B A C H :  

A. E. 5. G R E E N :  We would need cs general code 
for solving Schroedinger's equation. After we get a 
density and from i t  a potential, we would have to  
solve Schroedinger's equation again. I think, 
however, from the work of Tolmon one knows what 
i s  going to happen. The nucleus w i l l  probably 
shrink and in successive steps collapse. 

E .  P .  WI6NER: It i s  true, too, that after a couple 
o f  cycles the two agree quite well, and do give a 
width of  th is intermediate region (or what you cal l  
the region where the density isn't full, that twi l ight  
region), which i s  about as long as the real one, 
which was quite surprising, because most o f  us 
expected it to be much larger. 

A.  E. S. G R E E N :  so you have to introduce some- 
thing that i s  going to stop thaf collapse, and we 
are working on doing something of th is sort. 
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INELASTIC SCATTERING OF FAST NEUTRONS IN RHODIUM AND NIOBIUM 
M. A. Rothman 

BartoI Research Foundation 

M.  A .  R O T H M A N :  At the Bartol Foundation we 
have been interested in  the use of gamma rays from 
inelastic neutron scattering to determine the posi- 
t ion of energy levels of medium-weight nuclei, 
Accurate determination of both the gamma-ray 
energies and the thresholds for excitat ion of these 
gamma rays should give an unambiguous location 
of these levels. Two elements which we have 
studied are rhodium and niobium. Both Rh’03 and 
Nb93 are o f  100% isotopic abundance. 

The level scheme of rhodium up to 640 kev has 
been determined recently at the Bart01 Foundation 
by using radioactive isotopes which decay to 
Rh103. In the case of niobium, no levels have 
been known except the metastable state at 29 kev 
with a half  l i f e  of 3.65 years. The scattering 
samples were i n  the form of thin squares. The 
rhodium weighed 55 g; the niobium weighed 127 g. 

To obtain the greatest y ie ld  of gamma rays, we 
investigated the method suggested recently by 
Guernsey and Wattenberg o f  MIT. The setup is 
shown in  Slide 1. Th i s  shows the business end o f  
the Van de Graaff generator. Neutrons ate produced 
i n  the th in l i thium target. The Hal crystal i s  
directly in  the neutron beam and i s  made very small 
to  minimize background due to neutron scattering 

and capture in  the iodine. Gamma-ray spectra are 
taken with the scatterer inside the lead cap, r ight 
up against the crystal can. Background i s  taken 
with the scatterer outside the lead cap. We have 
found that we can work with gamma-ray energies up 
to  1 Mev by choosing the size o f  the crystal ap- 
propriate to the energy range we are interested in. 
For rhodium, we used a crystal 3 mm thick. For 
niobium, a 1-cm crystal was used. 

Slide 2 shows a typical pair of spectra using the 
rhodium. The 200-kev peak i s  from neutron scatter- 
ing i n  iodine. The 300- and 3 6 1 k e v  peaks are from 
the rhodium. 

Slide 4 
shows the excitat ion curves for the two gamma 
rays. The threshold for the 300-kev gamma ray i s  
quite close to 300 kev. The threshold for the 
365-kev gamma ray seems high, but the peak was 
not well  resolved, and th is  could not be considered 
a good threshold determination. 

Slide 5 shows the level scheme as determined by 
Saraf from the decay of Ru103  and Pd”’. Th is  
shows levels at 300 kev and 365 kev. Using the 
spins assigned in  th is  scheme, we made a theoretical 
calculat ion of the neutron scattering cross section, 
using a square potential of 42-Mev depth and 0.2 

Slide 3 shows the subtracted spectrum. 
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Slide 1. Apparatus for Inelastic Neutron Scattering Experiment. 
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Slide 2. Pulse-Height Spectrum of Gamma Rays  from Inelast ic  Neutron Scattering i n  Rhodium 

imaginary fraction. The shapes of the experimental 
and calculated curves do not agree very well. The 
experimental curves r i se  much more steeply than 
the theoretical curves. However, the rat io of the 
cross sections for the two gamma rays agrees well  
wi th the calculated ratio. Th is  would be most 
sensit ive to the spin assignment. 

Slide 6 shows the spectrum obtained from niobium. 
Th is  shows two gamma rays, whose energies have 
been more recently determined 0s 736 f 8 and 957 

+ 10 kev. Slide 7 shows the excitat ion curves for 
the two gamma rays. The thresholds have been re- 
determined since preparation of these slides, using 
thinner targets, with the fol lowing results: 

Threshold energy (kev) 772 rta 987 k 10 
Level  anergy (kev) 764 t a  977 i 10 
Gamma-ruy energy (kev) 736 f 8 957 t 10 
Difference (kev) 2a f i i  20 t 14 
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Slide 3. Pulse-Height Spectrum of Garnme Rays from Inelastic Neutron Scattering in Rhodium. Background 

subtracted.  

The level energy i s  calculated by means of the 
equation: 

Level  energy = - Q  = Threshold energy x 

(1 - A) 
These r e s u l t s  indicate that the gamma says ob- 

served ate the result of transitions to the 29-kev 
metastable state rather than to the ground state. 

The cross section for production of these gamma 
~ Q Y S  has been measured by comparison with the 
known cross section for iron. The cross section 
for the f i rs t  gamma ray p e s  up to a maximum of 
about li barn. 

The magnitude of this cross section, together 
wi th the known spins of the ground and metastable 
states, fa i r ly  wel l  defines what the spins of the 
higher states must be. The ground state i s  known 
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to  hove a spin of Y2+, whi le  the metastable state 
has a spin of Y2-. If the transition from the higher 
state to the metastable state i s  preferred to the 
ground-state transition, then the higher state can 
have a spin no greater than Y2-. This  gives an 
electric-quadrupole transit ion to the metastable 
state and a magnetic-quadrupole transit ion to the 
ground state. 

At  the same time, the slope of the excitat ion 
curve requires that the spin of the excited state 
be no farther away from the ground state than 2 
angular momentum units. A theoretical calculation 
of the cross section using a spin of 7;- for the 

788 

50 8 

480 

308 

200 

I O 0  

764-kev state gives B CUFW whose height i s  about 
of the measured excitat ion curve in the region 

within 100 kev of the threshold. Changing the 
parameters of the potential we l l  does not alter th is  
rat io by more than a factor of two. However, 
changing the spin of the excited state to Y2 pro- 
duces at least a factor of ten reduction i n  the 
calculated cross section, so that we conclude the 
correct spin must be at  least 9.. 

Since we have already said that the spin can be 
no greater than F2-, this must be the most probable 
value for the spin and parity of the 764-kev state. 
Since the 97’7-kev level has approximately the same 
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Slide 6. Pulse-Height Spectrum of Gamma Rays from Inelast ic  Neutron Scattering i n  Niobium. 
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cross section, we conclude that it has the same 
spin value. 

The measured cross section i s  s t i I I  high com- 
pared to theory, so that the situation with regard to 
th i s  i s  s t i l l  ambiguous. 

R. 8. D A Y :  Is the low-energy state too highly 
converted for you to see gamma rays from it? 

M. A. ROTHMAN: It i s  very highly converted, 
yes. 

E .  BRETSCHER: Did you not measure exactly 
how the excitat ion r ises beyond threshold? 

M .  A .  ROTHMAN:  Yes, we have tr ied to get 
points as close together as our resolution would 
allow. The slope of the experimental curve ap- 
pears to r i se  f i ve  or s ix  times faster than the 
curve calculated on the basis of the ?2- spin. 

H. F E S H B A C H :  I have a comment to make about 
the application of the cloudy crystal ball. The 
cloudy crystal bal l  wi th the square wel l  does not 
g ive the proper Iast ic cross section, as we 
stated in  the original publication. TQ those people 
who would l i ke  to makecalculat ionson this, I would 
recommend using an incorrect model, the old black 
nucleus model. That always gives the r ight answers. 
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INELASTIC SCATTERING FR M TANTALUM, TUNGSTE 
J. S. Lev in  and L. Cranberg 

Los Alamos Scienti f ic Laboratory 

L.  C R A M B E R G :  The technique of measuring in- 
e last ic neutron scattering by t ime-of-f l ight i s  
straightforward. One makes monoenergetic neutrons 
with an accelerator i n  bursts of CI few mil l imicro- 
seconds' duration several mi l l ion times a second. 
These neutrons are then scattered, and one stands 
off a t  a distance between 1 and 2 m and observes 
the spectrum of arr ival times of the rieutroris in 
a proton recoi l  detector. 

Slide 1 shows the general feetuies of the ex- 
perimental arrangement. The pulsing of the charged- 
part icle beam is accomplished by applying a sweep 
voltage to  a pair of electrostat ic deflector plates 

a t  an appropriate frequency, so that the beam is 
stopped on the diaphragm except for an interval 
of Q few millirnicroseconds twice per r-f cycle. 
Neutrons are then made in the target by one of 
two rrnc+ions. For lower-energy neutrons we use 
the reaction T(p,n)Mc3. This  i s  for neutrons of 
energy of a couple of Mev. For neutrons having 
higher energies, 5 or 6 MeV, we USE the D(d,n)He3 
reaction. Neutrons are produced in  the gas torget 
shown hers. We use the iisutrons in the forward 
direction, since the y ie ld  i s  high there. The 
neutrons are scattered and observed in a detector, 
which i s  a plast ic scint i l lator. 
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The detector has to  be carefully shielded from 
the direct f lux from the target, because tha t f lux  
i s  several hundred times greater than t h e  flux 
from the scatterer, which one is  interested in 
detecting. Th is  whole apparatus i s  mounted on 
a turntable which pivots about the scatterer, so 
that one can measure the scattered neutrons as 
a function of angle. 

Our earl iest studies with th is system were de- 
voted to the inelast ical ly Scattered neutrons which 
are associated with the excitat ion of single levels 
in the residual nucleus. These g ive well-resolved 
neutron groups. We have previously made a report 
on this. I should l i ke  to describe today some of 
the results which we obtained recently on heavy 
elements. By “heavy” I mean elements l i ke  gold, 
tantalum, and tungsten. 

For these nuclides, because of the high level 
density and our f in i te resolution, we do not resolve 
neutron groups in the spectrum of inelast ical ly 
scattered neutrons, but we see essential ly a con- 
tinuum. The interest that these spectra have is  
that they al low a test of the predictions of nuclear 
evaporation models. The predictions are that the 
inelast ical ly scattered neutrons w i l l  be isotropic 
and that their energy distr ibution w i l l  be Maxwellian 
wi th characteristic nuclear temperatures. 

Anticipating that one does get a Maxwellion 
distribution, one then envisages a program which 
would aim at elaborating the systematics of the 
dependence of nuclear temperature on scatterer 
mass and neutron energy. Th is  is, indeed, a very 
ambitious program, on which we have made only 
a very modest beginning with the preliminary 
results on which I wont to  report now. 

Our f i r s t  observations have been on tantalum, 
tungsten, and gold, for each of three neutron 
energies and for each of three angles. The energies 
we used were 2.5, 3.4, and 6.3 MeV, The ensemble 
of three elements at  each of three angles and 
each of three energies gives a family of 27 curves. 

MEMBER: What angles were they? 
L. C R A N B E R G :  Thirty, 90, and 150 deg. In- 

cidentally, I have a l l  nine curves for gold with 
me. If anyone i s  interested in  seeing them, I 
shall be glad to show them privately. I shall 
show sl ides only o f  the three curves at  90 deg 
for gold. 

First l e t  me say what the results were on the 
angular distributions. Within experimental error, 

which i s  stat ist ical and between 5 and lo%, we 
observed isotropy. This simple statement has 
to be qualified. At the time these measurements 
were made, we were not able to see neutrons 
having energies less than 400 or 500 kev. On 
the other hand, our  resolution puts an upper l i m i t  
on the energy o f  neutrons which can be resolved 
from elast ic scattering. Thus the statement that 
the neutrons are isotropically scattered applies 
to those which lose about 1 Mev or 2 Mev and 
have at  least 400 kev left. The number of  in- 
elost ical ly Scattered neutrons in  the region cor- 
responding to a small energy loss i s  very small, 
Those with large loss are more numerous. It i s  
estimated that in  these measurements one can 
see a b u t  50% of the inelastical ly scattered neutrons 
in  the least favorable case o f  low bombarding 
en ergy . 

Now with regard to the energy distribution of  
these inel ast ical I y scattered neutron s, the question 
i s  whether or not the distr ibution i s  Maxwellian. 
Slide 2 shows the result on gold for a primary- 
neutron energy o f  2.45 MeV. The data are plotted 
in such a way as to give a straight l ine  i f  they 
conform to a Maxwellian distribution. The high 
points to the l e f t  are just the gamma rays from 
the next duty cyc le  and are to be ignored, We 
hove tr ied to f i t  the intermediate range of neutrons 
with a straight l ine  corresponding to o nuclear 
temperature of about 0.3 MeV. The discrepancy 
from a Maxwellian f i t  i s  real a t  2.45 MeV, por- 
ticulary for neutrons which have lost  l i t t l e  energy. 
These neutrons correspond to the excitat ion of 
the very lowest-lying states of the target nucleus, 
Th is  is perhaps not surprising, 

Slide 3 shows the spectrum for 3.4-Mev neutrons 
and again 9 a d e g  scattering angle. The straight 
l ine  corresponds to a temperature o f  0.45 MeV. 
Obviously, the agreement i s  considerably better. 
Since this SI ide was made, these high-energy 
points have been dropped i n  the process of making 
the correction for the ta i l ing  of the elastic peak. 

Slide 4 shows the results at  the highest energy, 
6.34 MeV. Again to the le f t  we have the gamma 
ray from the succeeding cycle, and the fit t o  the 
temperature 0.65 Mev i s  reasonably good as long 
as the neutrons have los t  a couple of Mev o f  
energy. 
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Sl ide  2. Energy Spectrum of 2.45-Mev Neutrons  Inelastically Scattered at  90 Deg in  Gold.  

1 shows a summary of the temperatures a t  the highest energy a t  30 deg. The theory wi th 
obtained at each of these three energies for the 
three elements. In the case o f  the lowest energy, 
the f i t  for gold, as you saw, i s  quite poor, and 
it i s  not  much better in  the case of tantalum und 
tungsten. So one might say that we only have a 
basis for saying something about the temperature 
systematics for the two higher enhrgies. The 
one point  on silver represents just a single run 

which these results inv i te  comparison i s  based 
on t h e  degenerate-gas model of the nucleus as 
given by Weisskopf and others, which predicts 
thot these temperatures should go as the square 
root of the excitation energy. In the case of gold 
th is prediction does describe the picture fa i r ly 
well, but  not so wel l  in the case of tantolum and 
tungsten. 
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For si lver the temperature should be higher 
than for the heavier nuclides, and it i s  not. But 
not much weight can be attached to this single 
datum point yet. 

Our plans for the future are to continue these 
measurements and to extend them to a wider range 
of mass numbers and neutron energy. There i s  

Table 1. Nuclear Temperature from inelastic 

Neutron Scuttering 
--- 

Primary- 
Neutron Nuclear Temperature (Mev) 

Energy Gold Tanta!um Tungsten Silver 
- 

(MeV) 

much that we can do so fur as mass number is 
concerned, but not so much that we can do so far 
as energy i s  concerned. The underlying reason 
for the energy l imitat ion i s  a point worth bringing 
to the attention of the experimenters here. To 
obfain higher-energy neutrons we have to use the 
Q(d,n)He3 reaction at higher deuteron energies, 
and we have b u n d ,  cantrary to earlier reports, 
that the deuteron breaks up at  the appropriate 
threshold, Thus, when one tr ies to make 8-Mev 
neutrons, th is breakup reaction begins to give 
severe competition to the reaction D(dp)He3,  
and, since the breakup i s  a three-body process, 
there i s  present Q continuum of low-energy neutrons 
which makes it very di f f icul t  to do inelast ic- - --- 
scattering work. 
H. C O L D S T E I N :  I should l i ke  to make an ob- 2.45 0.30 0.32 0.36 

3.40 0.45 0.39 0.36 servation about the spectrum which you observed 
ut the lowest incident-neutron energy, 2.5 MeV, 
with i ts discrepancy from the Maxwellian, There 

6.34 0.65 0.50 0.44 0.59 
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Slide 3. Energy Spectrum of 3.395-Mev Neutrons Inelastically Scattered at 90 Deg in Gold. 
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i s  by now a fai r ly old Ansatz of  Weisskopf's 
suggesting, empirical Iy, that the low-excitation 
portion of the Ieve!-density formuia might be 
corrected by saying thut the level density, a t  
low excitat ion energies, does not r ise exponentially 
as one would expect, but i s  relat ively constant 
up to on energy which depends upon the particular 
nucleus involved. The effect of th is ATZSCZ~Z is 
to give just th is  kind of deviation which you have 
observed, th is increase toward the low excitation- 
energy (high neutron-energy) end, 

P .  A .  E G E L S T A F F :  I noticed in the table you 
just showed that at the 6.35-Mev incident energy 
the temperature decreased in  the order of gold, 
taraftlum, and tungsten, This seeins to be possibly 
a signif icant decrease. I should l i ke  to  ask your 

first, whether you think the! derrecce i s  s i p  
nificant, and whether you would l i ke  to comment 
on the difference in  temperature between the 
tantalum and tungsten results, remenhering that 
both are just a b u t  an equal number of nucleons. 

L., C R A N B E R G :  No, I am ofraid I have no 
comment to make. I feel that the picture o s  w e  
have developed it thus far i s  too fragmentary for 
me to make any kind of signif icant comment about 
it. 

B. A .  E C E L S T A F S :  Do you feel that th is 
difference i s  really signif icant? 

L. CRANBERC:  We assign an uncertainty of 
about 10% to  there  temperatures, and the dif- 
ference between 0.4 and 0.5 i s  not definitely 
outside our  uncertainty. 



H. H. L A N D O N :  I wanted to ask what i s  the 
lowest energy group that you might see in  tan- 
talum; that is, how close to the, e lost ic peak 
could you go at  the energies at  which you worked? 
t. C R A N B E R G :  The l im i ts  are given r ight 

here. That is, the neutron has to lose 1 Mev at  
the two lower energies and 2 Mev at  the highest 
energy. In other words, we are not seeing neutrons 
corresponding to excitat ion of the first 1 to  2 Mev 
in the residual nucleus. These l imi ts increase 
monotonically with the primary-neutron energy 
and could be greatly reduced by suff iciently re- 
ducing the primary-neutron energy. (Note added 
1/17/57: We can resolve the 45-kev level in 
U238 at 550 kev primary-neutron energy.) 

H .  G O L D S T E I N :  What about the temperatures 
which Graves and Rosen got at 14 MeV? 

L. C R A N B E R G :  I am glad you raised that 
question because it focuses on another problem 
in developing the systematics of these neutron 
spectra - namely, the competition wi th inelastic 
scattering that arises when one i s  above the 
threshold for the (n,2n) process. The threshold 
of the (72,2n) process in  most nuclei i s  at  about 

9 MeV. I think only recently hove sphere mul- 
t ip l icat ion type measurements been made at  14 Mev 
which indicate the importance of th is (71,2n) process. 
The indications now are that the y ie ld  of neutrons 
from (n,2n) is cornparable to the y ie ld  from (n,n") 
at 14 MeV. To unravel the spectra due to each 
process i s  dif f icult .  This job i s  under way with 
some theoretical help, and I believe that Graves 
and Rosen hope to be able to infer something 
about the spectra due to each of the two processes. 

With respect to that last  issue, 
I would imagine h a t  i f  the (n,2n) reaction WQS 

not properly taken into account the Graves and 
Rosen temperatures should be lower than yours. 
Is that the case? 

L. C R A N B E R G :  They are not lower; they are 
comparable to ours or higher. 

H. FESWBACH: Not relat ive to the square root 
of the energy? 

L .  CRANBERG: Extrapolated on a square root 
basis, their results are lower, as you suggest 
they should be. Another thing that i s  in  agree- 
ment i s  that they have observed isotropy for a l l  
but a small fraction of the neutrons. 

H. F E S N B A C H :  
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equipment shown here, one can measure either 
the pulse-height spectrum in coincidence with 
part of the t ime spectrum or v ice  versa. 

A typical  t ime spectrum i s  shown in Slide 2. 
The sharp peaks at  channels 22 and 78 resul t  from 
the arr ival  at  the detector of 0.92-Mev gamma rays 
produced by inelastic scattering in a sample of 
Zr94. The broader peaks a t  channels 10 and 63 
resul t  from the interaction of scattered neutrons 
with the Na l  crystal.  If one now adjusts two 
single-channel analyzers to cover the gamma-ray 
peaks shown in Slide 2 and gates the pulse-height 
analyzer w i th  them, one obtains the pulse-height 
distr ibution shown in Slide 3. The sol id c i rc les 
here show the spectrum obtained with the Zr94 
scatterer i n  place, while the open squares show 
the distr ibution wi th the scatterer removed. From 
the good agreement of the two curves above 90 v, 
it i s  evident that th is  method i s  a good way of 
taking the background into account. 

Slide 4 shows the pulse-height spectrum obtained 
in the same manner for f'tl9'. The peak a t  55 v 
i s  the photopeak o f  a 0.62-Mev gamma ray from 
the second excited state o f  Pt194, whi le the broad 
peak at  35 v results from two gamma rays - a 

0.29-Mev transit ion from the second to the f i rst  
exci ted state and a 0.33-Mev transit ion from the 
f i rs t  excited state. 

Although it has not been possible to  eliminate 
the neutron-induced background completely, a large 
improvement in the signal-to-background rat io has 
been made. Th is  rat io i s  at least an order of 
magnitude better than was previously the case, 
the amount of improvement depending on the neutron 
energy. Furthermore, the sensi t iv i ty of measure- 
ments has been increased to the point where one 
can now obtain satisfactory data with scattering 
samples of  a few grams, whereas it was formerly 
possible t o  observe only the strongest gamma rays 
from such small samples. T o  date, the techniquehas 
been used mainly to investigate the level schemes 
of separated isotopes, and absolute cross sections 
for (n,n'y) reactions have not been measured. How- 
ever, i t  should also be possible to obtain the 
cross sections. The easiest way to  do th is  would 
be to compare the gamma-ray y ie ld  w i th  that from 
a l ine whose cross section i s  known and then to  
make a correction for the variation of detector 
sensi t iv i ty wi th energy. 
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TIME-OF-FLIGHT NEUTRON SCATTERING WlTH THE BROOKHAVEN 
NaTIiQNALeABQRABORYSMALL CYCLOTRON 

C. 0. Muehlhause 
Brookhaven Nationa I Laboratory 

C .  8.  M U E H L H A U S E :  This  w i l l  be a report on 
two technical improvements in the ineiastic-neutron- 
scattering work a t  the BNL small cyclotron. 

Our machine produces about 2.8-Mev protons a t  
50-mpsec intervals i n  2-mpsec bunches. Th is  i s  

accomplished by taking advantage of the phase 
bunching in fixed-frequency cyclotron operation. 
Neutron bunches of about 2.0 Mev are produced in 

..... .- 

j 

I 
I 1 
i 
1 

I 
i 
I 

I 

the forward direction by using a zirconium-tritium 
target. 

Slide 1 i l lustrates the f i rst  of the technical im- 
provements I wish to discuss, Shown here i s  a 
monitoring system which the author believes i s  
most appropriate for a system operating wi th a 
pulsed beam. The monitor operates as follows: A 
plast ic scint i l lator receives about lo5 events per 
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Slide 1. Block Diagram of Time-of-Flight Equipment and Monitoring System at the BNL 18-inch Cyclotron. 
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second, which are divided into two electronic legs. 
One (phase-insensitive) simply amplifies and passes 
the pulses through an integral discriminator. The 
other (phase-sensitive) requires a delayed coinci- 
dence with respect to  the rf. The delay i s  set for 
maximum intensity, and the time channel i s  made 
about 2 mpsec wide. Th is  requirement results in 
an output fromthis leg of about 3 x l o4  counts/sec. 
The principal function of the remaining monitor 
electronics i s  to measure the rat io of the two 
counting rates described and to reject data from the 
detector system i f  this rat io deviates from i ts  
normal value (30%) by 1 or 2%. 

The counting-rate rat io referred to  i s  measured by 
al lowing the phase-insensitive rate to generate 
100 v in an integrating circuit .  A t  the same time 
the phase-sensitive rate i s  generating a voltage in 
another integrating circuit .  When the phase- 
insensit ive integrator reaches 100 v, the phase- 
sensit ive integrator i s  stopped, and i ts voltage 
(normally 30 v) activates a voltmeter. The volt- 
meter indicates the rat io by reading the 30 v on a 
100-v scale. Two contacts are placed close to and 
an either side of the indicating pointer of the 
voltmeter. I f  this potential dif fers suff iciently 
from 30 v,a contact to a relay i s  made which blanks 
out the data to  the 100-channel recorder. Under 
these conditions the rat io i s  tested every 0.1 sec. 

The rat io referred to  w i l l  change as a result of 
either a change in proton energy or a change in  
proton phase relat ive to the rf. The monitor thus 
rejects transients in the generator which occur in 
0.1 sec or longer, and the 100-channel recorder 
accumulates only proper data. 

The second technical improvement which I wish 
to  discuss has to  do with a new time-to-pulse- 
height converter circuit .  This was developed by 
R. Chase o f  BNL and operates as follows: A tank 
c i rcui t  tuned to  a frequency which i s  1% different 
from the rf  i s  placed in  the plate of a fast-acting 
tube. A detector pulse cuts the tube of f  and rings 
the tank c i rcui t  for 5 or 10 psec. The tank fre- 
quency i s  made to  beat against the r f  o f  the machine 
in a proper mixing ci rcui t  to generate a beat note 
of 200-kc frequency. In this system phase angles 
are preserved, so that the passage of the beat note 
through nu l l  i s  an expanded time measure of the 
original time delay between the r f  and the detector 
pulse. Having thus expanded the millimicrosecond 
interval to  the microsecond scale, it i s  an easy 
matter t o  convert time into pulse height by a variety 
of means. 

Slide 2 shows the performance of this c i rcui t  to  a 
random source, The author believes i t  to  be su- 
perior to  a l l  other such results. Only 2% of the 
total time (out o f  50 mpsec) i s  lost, and the distr i-  
bution appears very flat. 
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Slide 2. Response of the Ringing-Circuit Time-to-Pulse-Height Converter to a Random Source. 
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BACKeANGL E ELASTIC SCATTERING WITH 14-Mev NEUTRONS 
C. Wong J. D. Anderson C. C. Gardner M. P. Nakada 

University of California Radiation Laboratory, 
L ivermore 

M .  P .  NAKADA: s. Fernbach and F. Biorklund 
have been making optical-model calculat ions on 
the angular distributions of the elast ic scattering 
of neutrons at  7 and 14 MeV. By using the fol lowing 
po ten ti al , 

uo/ [ I  + exp(R - ~ , ) / a l  + 
+ iVoexp[ - (K - R,)*/b2] , 

where 

ilo = 44 MeV, 

R,  = 1.27A”3 fermis, 

n = 0.65 fermi, 

V, = 9.5 MeV, 

b = 0.98 fermi, 

they have had considerable success at  f i t t ing  
exist ing experimental results a t  7 and 14 MeV, as 
ccln be seen in Slides 1 and 2 (experimental points 
at 7 Mev by Walt and Beyster, LASL; those at 15 
Mev by W. Cross, Chalk River). The interesting 
thing about their calculations is that, although they 
have added an additional parameter to the potential, 
they were able to f i t  a l l  the data with no further 
changes in  these parameters. This i s  in  contrast 
to di f f icul t ies that they and others have hod in  
trying to make f i t s  with the Saxon-type potential, 
where many changes i n  parameters are necessary. 
In addition, they calculated total and nonelastic 
cross sections for neutrons from 6 to 50 Mev with 
the same potential and parameters, and found good 
agreement. One observation that they made was 
that, although different potentials f i t  forward-angle 
results at 14 Mev equally well, there were large 
variations in the predictions for back-angle scat- 
tering, where no experimental results existed. 
Further, the B jorkl und-Fern bach potential predicted 
rather large dips in the cross section (e.g., the dip 
near 155 deg for iron). 

We undertook t h i s  experiment to see i f  we could 
clear the picture by getting results at back angles. 
In particular, we were interested in seeing i f  the 
predicted dip at 155 deg in  iron real ly existed. 

High background and low counting rates are two 
di f f icul t ies encountered in  this experiment. The 
pulsed and bunched beam that has been developed 
at Livermore and the r ing geometry gave us enough 
counting rate. The high background was eliminated 
by means of the time separating the signal from the 
background. Slide 3 shows the geometry used. The 
2-m-dia r ing was centered on the tritium target at  
90 deg to the deuteron-beam direction. A plast ic 
detector was moved along the beam l ine  to change 
angles. A 30-cm copper attenuator was placed 
between the target and the detector; by minimizing 
the length of this we were able to get to 160 deg. 

Time-of-fl ight techniques similar to those de- 
scribed here by Cranberg, but with 11.5- and 12-Mev 
biases on the slow channel of the detector, were 
used to select the elast ic neutrons. Slide 4 shows 
typical experimentai results. Time after production 
of  neutrons increases to the left; each channel is  
1.5 m p e c  wide. The early large peak i s  due to 
neutrons that traverse the copper or are scattered 
a t  small angles in air. The next peak i s  due to 
gamma rays produced by neutrons in the iron ring. 
The third peak i s  due to the elast ical ly scattered 
neutrons. The crosses are background. The cross- 
section results are shown on Slide 5. The points 
from 130 to 160 deg were obtained by the above 
method; the angular resolution i s  rt2 deg. The 
points from 30 to 140 deg were obtained as a by- 
product of t ime-of-fl ight inelast ic measurements 
at  Livermore by the same group. The points from 
0 to  60 deg are due io  El l i o t  at NRL. 

We did not see the predicted dip a t  155 deg. How- 
ever, further calculations by Biorklund and Fernboch 
using a Thomas spin-orbit term in addition to their 
potential have given much better agreement. 
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Slide 1. Elast ic  Scattering of 7.Mev Neutrons by  Zirconium. 

98 



C 
0 

0 

8 

m 

2 
c 

\ 
b 
C 

0 
L 

m 

0 

e cn 

C 

c 
0 

n 
*) 

2 
0 

- 
0 

C 

.C 

c 

!!! 
e 

0 

c 
)r .- 

+ €xparimsn?o/ points - Theoretical 

UNCLASSl FI ED 
PHOTO 19039 

100 120 140 160 180 

Scattering Angle  ( d e g r e e s )  

Slide 2. Elastic Scattering of 15-Mev Neutrons by  Bismuth. 
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ELASTlC $ ~ A ~ ~ ~ ~  
R. V. Smith 

Westinghouse Research Laboratory 

R. V. S M ~ T H :  The f i rs t  part of  th is  report w i l l  
deal wi th the apparatus used a t  Westinghouse for 
neutron inelast ic scattering from a primary energy 
of 4.3 Mev, whi le  the second part w i l l  contain a 
summary of results obtained and a cornparison with 
similar data obtained elsewhere. 

The deuteron 
beam from the Westinghou se electrostat ic generator 
i s  chopped- into 1- to 11.5-mpsec pulses every 80 
mpsec, producing bursts of neutrons from a deuterium 
gas target. At the scatterer posit ion in the forward 
direction, these primary neutrons have an energy 
o f  4.3 1 0.1 Mev. To detect scattered neutrons, a 
plast ic scint i l lat ion detector i s  placed inside n 
rather large and cumbersome collimator at 90 deg 
and 1 m from the scatterer. 

Slide 2, i l lustrat ing the t iming arrangement, has 
very few boxes containing great quantities of 

Slide 1 shows the geometry used. 

electronics. The start pulse, rather than coming 
from the r-f deflect ion voltage, is taken f rom a 6328 
~ ~ ~ ~ ~ ~ ~ u ~ ~ ~ F ~ ~ ~ ~  &aced :nside the deuterium gas 
target. The resu1itnnt pasi t ive "starter" pulse i s  
inseated into a single signal  cable togethw with o 
negative pulse from the neutron detector, The two 
p u l s e s  are amplif ied by a single distributed ompli- 
fier, dssplayed on o cathode-ray tube, and photo- 
graphed continuously wi th a moving-fi im camera. 
This recording S ~ S ~ ~ K I  can rneosure the time differ- 
cnce between the two photomultiplier pulses wi th c1 

resoiution width a t  half maximum of 0.8 rnpsec, as 
checked by v a r i w s  methods over periods of time 
exceeding one year, 

Slide 3 shows a typical result for zirconium. The 
number of traces observed i s  plotted against f l ight  
time from scatterer to detector. The space between 
20 and 30 rnpsec corresponds t o  overlapping of the 
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Slide 2. Typical Cabling Diagram, 

two pulses and, by choice of cable lengths, has 
been placed in an uninteresting region. The 
spectrum shows an elast ic and two inelastic neutron 
groups in addit ion to the strong peak due to de- 
excitat ion gamma rays. The observed resolution in 
the elast ic peak i s  3.5 mpsec, and that in the 
gamma-ray peak somewhat better. 

The dashed background curve i s  almost time 
independent and can come from air and room scat- 
tering, collirilutor penetration, or from about 99% o f  
the deuteron beam which i s  accelerated but never 
used, The Batter predominates in these experi- 
ments, but air scattering seems to be not far below. 
The over-all bockground i s  large enough so that 
nny signif icant decrease o f  signal level in the 
interest of resolution would make the inelastic 
groups indi st in gu i shab le. 

UNCLASSI FlEO 
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Slide 4 is a similar p lot  for carbon, which i s  
known to have no levels i n  th is  energy region. The 
lack of both inelastic neutron groups and dc- 
excitut ion goninia rays i s  taken as evidence that 
none of the groups observed for other elements i s  
in struiiienta I. 

Table 1 is  a Compilation of factors comprising the 
over-all time resolut ion for scattered-neutron 
energies of 2 and 4 Mev. The f i rst  f ive factors can 
be reduced only by a reduction of intensity which 
i s  more than linear i n  many cuses. It i s  possible 
to rearrange the various factors, but intensity and 
rat io to background place a lower l im i t  on their 
Combination. The contribution due to  the photo- 
mult ipl iers has been reduced to 2 mpsec by using 
only a 1-in.-dia scint i l lator on the 2-in.-dia 6342 
photocathode. 
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our interest i s  i n  the heavier elements, indicates 
that there i s  also much to be done with relat ively 
poor energy resolution. 

In connection with the question of improving the 
method, in  particular of compromising the resolution 
and intensity problems, I should l i ke  to mention the 
advent of a technical development which should be 
interesting to people in  th is f i e ld  who have just 
had a chance to explore i t  a l i t t le, and that i s  the 
C 7170 RCA photomultiplier. Th is  photomultiplier, 
wfiich apparently i s  avai lable only in  handmade 
units for experimental purposes, has a 5-in. photo- 
cathode anda very special electron-optical focusing 
system which assures uniformity of col lect ion of 
photoelectrons from the photocathode within 2 
mpsec, and our preliminary tests on this tube 
confirm the manufacturer’s claims for it. 

Table  1. Contributions to Time Resolution 

Time Spread ( m p e c )  

Source Scattered-Neutron Energy 

4 Mev 2 Mev 

Beam Pulse 

Source Energy Spread 

Path in Source 

Path in Scatterer 

Path in Detector 

Photomultiplier Spread 

Recording 

Total 

1 .o 
0.9 

1.2 

0.5 

0.9 

2.0 

0.8 
- 

3.0 

1 .o 
3.2 

1.2 

1 .o 
1.3 

2.0 

0.8 

5.5 

- 

Table  2. Level Energies (MLv) 

Element Present 2.5 Mev Photoplate Gamma Rays 

AI 

Cr 

F e  

co 

Ni 

Zr 

Pb 

6i 

- 
1 .o 
2.3 
3.0 

1.4 
2.5 
2.9 

0.9 
2.2 
2.7 
3.0 

1.2 

1.8 
- 
- 

1.4 
2.2 
2.7 
3.2 

- 
1.5 
2.2 
2.8 (?) 

- 
- 

1.7 - 
0.9 (?) 
1.8 
- 

- 
1.03 

1.49 

0.86 

1.20 
1.51 
1.75 

1.4 

0.94 - 

0.84 
1.44 
1.74 

0.93 
1.65 

0.9 

2.1 
2.8 

1.4 
2.3 
2.9 

0.8 
2.0 
2:6 
3.0 

1.2 

I 

- 
- 
- 

1.4 
2.2 
2.6 - 

- 
- 

2.2 
2.8 (?) 

- 
- 
P 

2.6 

0.9 
- 
- 

0.85 
1.02 
2.24 
3.10 

1.43 

0.85 
2.07 
2.58 
2.90 

1.15 
1.49 
1.7 
2.5 

1.33-1.49 
2.16 
2.66 - 
0.92 
1.5 
2.20 - 
0.80 
1.34 
1.73 
2.66 

0.92 
1.62 
2.60 
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COMMENTS ON NEUTRON SCATTERING 
H. Feshbach 

Ma s sach u se tts In s t i tu te o f  Technology 

H. F E S N B A C H :  I would l ike to discuss tonight 
what sorts of things about the interaction of neutrons 
with nuclei we may expect to  learn from the experi- 
ments and analyses reported today and what the 
future trends might be. I shal l  restr ict the dis- 
cussion to the average total cross section and the 
overage inelastic cross section, where by “average” 
we mean that many levels in the compound nucleus 
contribute to the process. The cross sections no 
longer show a f ine structure, only what we hove 
termed a gross structure. 

From the average total cross section and the 
associated angular distributions, certain parameters 
describing the neutron-nucleus potential have been 
elicited. The Parameters describing the interaction 
include V,, the depth of the real part of the po- 
tential; LV,, the depth of the imaginary part; the 
nuclear radius, R ;  and the diffuseness of the edge, 
a. Final ly, in many calculations, the relat ive 
radial distr ibution of the imaginary and real parts 
of the potential has been modified. For exomple, 
several groups have put the obsorption o t  the 
nuclear surfoce when hi gher-energy neutron data 
(e.g., -14 MeV) are being examined. 

Now, one has to  be rather careful not t o  exaggerate 
the signif icance of these results. Just to indicate 
what I mean, l e t  me mention a few o f  the possible 
phenomena which have been omitted in a l l  these 
analyses. First, a l l  the above parameters are 
expected to vory wi th the velocity of the neutrons. 
Secondly, a part icular type of velocity-dependent 
potential, the spin-orbit force, i s  known to  be 
present from polarization experiments. Third, there 
i s  a possibi l i ty  of forces which depend on the spin 
of the nucleus and the spin of the neutron, that is, 
spin-spin forces. Fourth, many of the nuclei are 
not spheres but spheroids, and we know from the 
calculat ionsof Margolis and Troubetzkoy that a t  low 
energies th is gives r ise to  important effects, and 
we may expect that th is w i l l  not be restr icted to the 
low-energy domain only. Final ly, we may expect 
fluctuations from element to element. 

At  the 
very best, only the averoge of the usual parameters, 
V , ,  [V,, etc., over many elements i s  meaningful. 
Deviations in o particular element from a best f i t  

We see thot we have many effects here. 

wi th these parometers might be o meosure of the 
omitted effects. Ideally, of course, i t  would be 
best i f  a theory of nuclear structure would provide 
the form, i f  not the parameters, of the potential. 
This is, however, not os  yet  available. 

The “average” theory, as given by these po- 
rameters, does not suff ice to predict either the in- 
elast ic neutron cross section or the related com- 
pound elast ic cross section. To this, one must add 
s t i l l  another set of assumptions, which go under the 
name of “stat ist ical” model. You ore a l l  familior 
with the model so that I w i l l  refrain from describing 
it. It suffices to  say that, once the approximation 
i s  mode, completely definite results ore obtainable 
for inelast ic cross sections for both the total in- 
elast ic cross section and the angular distribution. 
For  example, it asserts thot the angular distr ibution 
i s  symmetric about 90 deg on$ that at  suff iciently 
high incident-neutron energy the low-energy emergent 
neutrons are isotropic. The experiments o f  Cranberg 
and Lev in  beor direct ly on this result and show that 
it holds very wel l  indeed. Another prediction, which 
i s  s t i l l  to be verified, i s  thot these emergent neu- 
trons wi lI be unpolarized, 

However, a t  the higher energies, where i t  f i rst  
was discovered, it was found that another sort of 
thing wos happening, i n  which the incident neutron, 
instead o f  interacting wi th the target nucleus as o 
whole, interacted essential ly with a nucleon in a 
nucleus. By this I mean that the neutron comes in, 
and as it goes thraugh, it sees the nucleus Q S  a 
whole, but every once in  o whi le i t gets very close 
to another nucleon, and then there i s  a direct 
interaction between the two. In th is we have several 
things. The so-called surface interaction i s  prob- 
ably the most important thing, part icularly a t  higher 
energies. Then there i s  the possibi l i ty  that it 
might happen inside the nucleus, which i s  more 
possible a t  the lower energies where the nucleus i s  
less opaque. Final ly, there, of course, are other 
col lect ive things, l i ke  the rotational exsitotion. 
A l l  o f  these are grouped together in the direct 
interaction. 

I feel that one of the more important tasks of the 
immediate future i s  the discovery of a unif ied 
description o f  the direct interaction and the 
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compound-nuclear process. This might look some- 
what as follows. The wave function for the system, 
neutron plus nucleus, i s  of the Corm: 

Y = 2 c p $ p  , 

where $ i s  a wave function describing a particular 
possible reaction, that is, asymptotically $bil, 
breaks up into the wave function for the residual 
nucleus and for the emergent nucleon (or possibly 
nucleons), We obtain the “stat ist ical”  hypothesis 
i f  we assert that the phases of the coeff icients 
C are random. On the other hand, we obtain 
direct interaction processes i f  the phases are 
perfectly correlated. The actual truth might very 
wel l  l i e  somewhere in between, or might possibly 
vary continuously from random correlation of the 
phases to  perfect correlation as we change the 
energy, the level or group of levels being examined, 
etc. The apparatus required to  describe th is  
picture and i ts appl icat ion to experimental results 
still needs working out, but i t  seems to me that, 
as time goes on, we shall f ind ourselves looking 
for the law describing the correlation i n  the phases, 

In th is  context, it should be remarked that the 
stat ist ical  assumption, l ike Christianity, has never 
been real ly tried, so that the f i rst  task i s  to see 
what the stat ist ical assumption te l l s  us. Here we 
need to  compute not only averages but fluctuations 
away from the averages. It i s  conceivable that some 
of the effects that have been interpreted O S  coming 
from direct interaction might just be fluctuations, 
which one can now predict from the Porter-Thomas 

P 

P 

results. For example, fluctuations w i l l  give r ise 
to  deviation from symmetry about 90 deg in  fhe 
angular distribution; they w i l l  give r ise to fluctu- 
ations i n  the total inelast ic cross section, particu- 
lar ly in the neighborhood of the threshold; polar- 
izat ion may fluctuate away f rom zero; etc. 

In this connection, i t  is interesting to  note that 
in the past even the averuges have been calculated 
incorrectly. For example, the average value over 
a distr ibution in level widths o f  

i s  not 

The correction factor to  the last  can indeed be 
considerable, going to 1 only when the number of 
outgoing channels i s  very large. For example, i f  
there are N outgoing channels, each with the same 
average width, then from the Porter-Thomas 
distribution: 
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1. I N T R O D U C T I O N  

This  paper i s  concerned with the characteristic 
distr ibutions o f  level spacings, D ,  neutron widths, 
rn, radiat ion widths, Fr, and f ission widths, rF, 
of nuclear resonance levels. The next three 
sections w i l l  deal wi th the mean values o f  these 
quantities, that is, the f i rst  moments of their dis- 
tr i bu ti on s : 

Yo) - 
x = Jo x p ( x )  dx . 

The “frequency function” of a given quantity x w i l l  
be written p ( x ) ,  so that p ( x )  d x  i s  the probability 
of f inding a value i n  the range ( x ,  x i- dx).  The 
correspond i ng “d i s  tr i bu ti on function,” 

w i l l  be writ ten P ( x ) .  
The last  three sections w i l l  be concerned with 

other features of the distributions, especial ly the 
second moment: 

which i s  related to the variance by the definit ion o f  
variance: 

I_ 

V a r x  = ( x  -712 r: ( x 2 )  - (3’ . 
Although there i s  perhaps l i t t l e  of  profound theo- 

ret ical  interest in the study of distr ibution laws of 
widths and spacings, it i s  exceedingly important 
to  know what these distr ibutions are. For instance, 
on the practical level, the temperature coeff icient 
of reactivi ty of fast  reactors due to  Doppler 
broadening i s  determined by the distributions.’ On 
the more academic level, in cosmology, the de- 
pendence of fast  capture cross sections on the 
distr ibution of rn affects the production rate of  
CfZs4 (which i s  a v i ta l  isotope in the new theory 
o f  certain galactic phenomena). 

2 

’G. Goertrel, Proc.  Intern. Con/. P e a c e l u l  Uses 
A t o m i c  Energy, Geneva. 1955 5, 472 (Pub. 1956); A. M. 
Lane, J. E. Lynn, and J. S. Story, An Est tmat zon  o/ 
the Do pler E fect zn Fast Neutron Reactors, AERE- 
T/M-13+ (July (956). 
2G. R. Burbidge et  a]., Phys. Rev. 103, 1145 (1956). 

2. T H E O R E T I C A L  VIEWS ON M E A N  V A L U E S  

2.1. Level Spacings 

Newton3 has recently revised the earlier work o f  
Bethe,4 of B l o ~ h , ~  and of Long and L e  Couteur6 
on the problem of predict ing mean level spacings 
as a function o f  nuclear excitat ion energy, E”, and 
mass number, A. The object  of th is revision was to 
try to take account of shel l  effects in order to  ex- 
plain the well-known anomalies in level spacings 
near closed shel ls (e.g., i n  PbZo7 at E * 7 MeV, 
the value o f  D i s  * lo3 or so above normal). Newton 
agrees with the form o f  the expressions given by 
the previous authors, that is, something essential ly 
of the type: 

where D o  and a do not depend on F” but do depend 
on A .  

Bethe and Hurwitz7 suggested some years ago 
that the excitat ion energy E* in this formula ought 
to be measured not from the ground state but rather 
from some other “base l ine” such as is provided by 
the semiempirical mass formula. They expressed 
the hope that this simple adjustment would take 
account of shel l  effects (and perhaps other effects 
as well). The basis of this idea i s  the observation 
that the shel l  structure of the nucleus causes the 
posit ion of the nuclear ground state to  fluctuate 
anomalously with A ,  so that th is state i s  unsuitable 
as a base l ine for measuring stat ist ical  properties 
of the whole nucleus. If the ground-state binding 
were the only thing affected by shel l  structure, the 
Bethe-Hurwitz suggestion would Le very reasonable. 
However, Newton has found that, in applications, 
the simple adiustment of E” does not give agree- 
ment wi th experiment (aithough the effects are in 
the r ight direction). Furthermore he contends that 

3T. D. Newton, Can. J :  Phys.  34, 804 (1956). 
4H. A. Bethe, R e v s .  Mod. Phys .  9 ,  69 (1937). 
5C3. Bloch, P h y s .  Rev. 93, 1094 (1954). 
6J. M. 6. Long and K. J. Le Couteur, Proc. P ~ J ~ s .  

7H. Hurwitz, Jr., and H. A. Bethe, P h y s .  Rev, 81, 
.roc. (London) 67A, 586 (1954). 

898 (1951), 
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this i s  because no t  only E* but also the constant a 
i s  affected by shell structure. In particular, near 
major closed shel ls the value of a w i l l  be smaller 
than normal. This results from the fact that a i s  a 
measure of the density of single nucleon states 
above the highest occupied state. For very large 
systems (which have been assumed in previous 
evaluations of a) this density varies smoothly and 
monotonically with A .  For f in i te systems, however, 
the density has minima at  maior she! closures. 

As far as the ,I dependence of D i s  concerned 
(1 being the spin), Newton predicts, l ike h e  
previous authors, that: 

(,I -!- 1/2)  
00 - (21 + I ) - ’  exp [,I. 

The value of the “cutoff,” , Icr i+.  cv (20~)”~, has 
been estimated by various authors. According to 
Long and LeCouteur, i t i s  about 6 or 7 for A * 240. 

2.2. Neutron Widths 
Predictions about the mean values of neutron 

widths, I’n, are obtained by combining the above 
predictions o f  6 with predictions -- about the so- 
cal led “strength function,” rn/D. These latter 
predictions come from various theories of nuclear 
reactions, such as the “strong absorption” theory’ 
and the “cloudy-crystal-ball” -- - t h e ~ r y . ~  

The extent to which rn/D depends on ,I i s  not 
specified by the present theories without further 
assumptions. However, one can confidently say 
that such a dependence i s  expected to be mi ld and 
to  be conditioned by the nuclear spin-orbit force. 
(For example, consider target spin I = 0 and orbital 
angular momentum 1. The compound states have 
spins 1 7 2 k ’/2. The single-part icle states of 
angular momentum 1 w i l l  be sp l i t  by 0 spin-orbit 
force into two states with J = I i ’/2, so that, a t  a 
given energy, states ofA7e-two spins have some- 
what different values of rn/l).) 

- 

2.3. Fission Widths 
The theory of f ission width is, in the f i rst  in- 

stance, a simple c lassical  one due to Bohr and 

Wheeler” and makes the prediction: 

rF N - 7- c_ 
2i7 - 

D 

where N i s  the number of ”open” f ission channels. 
Th is  relation is a consequence of the fact that the 
configuration of nucleons finds i t se l f  i n  a l l  allowed 
configurations once every period T 2&/5. In- 
cluded in h e s e  configurations are the N fission- 
saddle-point configurations, so: rF -.-. 2-r&/ND. 
Using the relat ion rF = %/ITF, the above expression 
for rF/D follows. 

Before applying the formula for rF/Dn one must 
note ha t ,  because of quantum-mechanical barrier 
penetration, N i s  not really an integer equal to 
the number of “open” channels. Rather it i s  
C P c ,  where the sum i s  over all  channels, c, and 

Pc is  the penetration factor fQr channel C. (N.B. 
For an energy just at  the top o f  the f ission potential 
barrier, Pc ’/, The factor Pc only approaches 
unity - -  at  energies several Mev higher.) 

r,/D i s  predicted to depend on ,I, because h e  
effect ive number of open f ission channels N ( =  Z P c )  

depends on I ,  especial ly for energies near the 
f ission threshold. l 1  This threshold wi It, in general, 
be associated with just one channel and ,I value, 
and so, for a certain energy interval above the 
threshold, states o f  one ,I value have appreciable 
f ission widths while other states have not. 

_ _ -  

C 

C 

2.4. Radiation Widths 

There has been no serious attempt to  make ab- 
solute predictions of the value of as a function 
o f  E* and A. However, ~ Rrink12 has tried to pre- 
diet the value of rr for any given nucleus by re- 
lat ing it to the photonuclear absorption cross sec- 
tion, or, for thct nucleus. As  is well  known, th is 
cross section, h e n  plotted against gamma-ray 
energy (which equals E”), has the form of a reso- 
nance peak of width -4 Mev centered at  values 
of E varying from -20 Mev in l ight  nuclei to -12 
Mev in heavy ones, If E l  excitat ion i s  assumed to 

I_ 

*He Feshbach, D. C. Peoslee, and V. F.  Weisskopf, 

9H. Feshbuch, C. E. Porter, and V. F. Weisskopf, 

’ON. Bohr and J. A. Wheeler, Phys .  Rev.  M, 426 (1939). 
l 1  A. Bohr, Proc. Intern. Con/. Peacelul Uses Atomic 

”0. M. Brink (Thesis, Oxford University, 1955). 

P h y s .  Rev. 71, 145(1947). 

Phys .  Rev. 96, 448 (1954). 
Energy ,  Geneva, 1955 2, 151 (Pub. 1956). 
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be the predominant mechanism for gamma-ray ab- 
sorption, the cross section o y ( E * )  i s  proportional 

to 

I ‘ yp  (O;E* )  

I 

D(E*l 

where lr (O;E*) i s  the mean part ial  radiation 
width f o / j 1  transitions between the ground state 
and the various excited states near energy E*. 

To predict the total radiation width X‘,(E*) of 
resonance levels a t  E*, one must add a l l  the part ial  
widths l r y p  @*;E’ )  to al I the lower states E < The 
particular width to the ground state can be found 
from oy ( E * )  as just described, but the other widths 
can only be found after making some assumptions. 
Brink assumes that the plot  of mean-square E l  
matrix elements taken between any excited state 
a t  E ’ a n d  a l l  other states i s  just the same as for 
the ground state (E’= 0) except that i t  is  displaced 
upwards by amount E‘, With h i s  assumption, the 
total radiation width can be evaluated from: 

ry ( E * )  = 2 ryO (E*; E ‘) 
h 

_I_ 

provided that some level spacingD(E’) i s  specified. 
In practice there are two main sources o f  un- 

certainty in carrying aut th is evaluation. The f i rs t  
i s  the specification of D(E‘). The second arises 
from the fact that u, (E*)  i s  not known i n  the region 
from E* = 0 to E* B ,  the neutron binding energy. 
Thus one must take the curve of u,(E*) observed 
for higher energies and extrapolate i t to the lower 
range. (Brink does this with the a id  of h e  classi- 
cal  formula for E l  absorption by a l iquid drop.) 

Brink has &o produced a theory of the J de- 
pendence of r . This theory i s  based on some 
assumptions. &fortunately, i t  seems d i f f i cu l t  to 
just i fy these assumptions. The vi ta i  hypothesis 
of this theory for our purposes i s  that: 

( E * ] ;  E’] ’) 

WE*]) 

i s  independent o f  j and J’. This hypothesis imme- 
diately enables one to deduce the 1 dependence of 

- 
I’, provided that the J dependence of D(E”J) i s  
given. can easi ly check the fol lowing results: 

1. If D o )  _I_ a(2J + I ) - ‘ ,  I?, i s  the same for a l l  1. 
2. I f  D ( J )  i s  independent o f  I ,  I’, is the same 

for a l l  J except for ] equal to ’/2 and 0, w h e n F  
equals % and ?$ of the value for other J .  

We w i l l  not enter here into a discussion that 
Brink gives of the just i f icat ion of the above hy- 
pothesis. However, there are two remarks on the 
hypoihesis i tself :  

1. The ana lopus  hypothesis for neutron widths 
i s  that the strength function i s  independent of J and 
]‘, where ]‘ i s  to be interpreted as channel spin. 
As we have seen, this i s  not str ict ly true for 
neutron s. 

2. Using the fact that the width for a transition 
] -> 1‘ i s  related to the width for the inverse transi- 
t ion J ’ +  1 by the factor (21 t 1)/(2j’ i- l),  one 
finds on applying the hypothesis in  the l i m i t  E ’ 3  E* 
that i t  implies: o(J) = (21 + I ) - ’ .  If this were true, 
i t would mean that i t  i s  inconsistent to hypothesize 
any other dependence of D ( J )  on after using the 
hypothesis. In order to avoid this di f f icul ty (which 
would invalidate Brink’s conclusions for the case: 
D ( J )  independent of 1 )  one must assume that the 
hypothesis cannot be applied in the l im i t  E’+ E*, 
Such an assumption has no evident basis. 

- 

I_ 

3. INFORMATION O N  MEAN V A L U E S  FROM 
RE SON AN C E S L E  V E L  S; COM PA R ISON 

WJTH THEORY 

This  topic has been discussed in many papers, 
both published and contributed at  this conference. 
Therefore the fol lowing w i l l  be the briefest outl ine 
of the present situation. 

3.1. Level Spocings 

Newton3 has compared h i s  theoretical formula 
for mean level spacings with observation and con- 
cludes that there i s  always agreement to  within a 
factor of three. This appears extremely good. It 
must, however, be borne in mind that there i s  some 
arbitrariness in choosing the effective values of a 
thot take account of shel l  effects. Th is  certainly 
makes the f i t t ing  easier, but Newton’s results are 
impressive neverthe less. 

In h is  comparison, Newton has not considered 
level spacing as a function of spin 1, but only of 
excitat ion energy and mass number. The reason i s  
that there are s t i l l  almost no data on the J values 
of resonance levels. 
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3.2. Neutron Widths theory12 f i t s  the general trend of these numbers 

The theory makes predictions a b u t  the values o f  
the rat io T,/U. As is weILkfio2n, the large number 
of experimental values o f  I ’ ~ / D  for different nuclei 
are a l l  o f  the order of [ w h e r e q i s  normalized 
to  1 ev), and h i s  agrees with the expected thco- 
ret ical magnitude.>% far as the derai led values 
and variations of r;/D with A are concerned, the 
cloudy-crystal-ball model of Feshbach, Porter, and 
’Neisskopf9 seems to  describe the main features 
(such as the peaks a t  A -55 and - 160 in  0 plot  of 
l7$/0 against A ) .  On the other hand, the finer 
features (such as the depthof the minimum at A - 9 0 )  
are not well  f i t ted by the model. However, there 
are various refinements that are being bui l t  into 
the model that may bring about more coinplcte 
agreement. For instance, (1) %e potential-we1 I 
shape may be varied from the square shape, (2) the 
nuclear shape moy be varied from the spherical 
shape. 

- 

-- 

3,s. Fission Widths 
The only nuclei where experimental _I volues of 

r,/u are established are U235, for which rF = 50 t 
- 15 mev (milli-electron volts), and Pu239, for which 
l’F = 46 t 12 mev. The theoretical values for 

I.’,/% namely, ($ Pc)/27r, cannot be predicted, 
unfortunately, O ~ C Q U S ~  of lack of independent 
knowledge of the f iss ion thresholds and of the 
penetration factors, P c .  We w i l l  see in Section 6.3 
that the factors Pc are determined to some extent 
by the observed distr ibution laws o f  f ission widths. 
Nevertheless, l 3  in the absence of actual knowledge 
of the f ission thresholds, there always seeins to be 
suff icient freedom in choosing the Pc to enable 
one to f i t  the observed mean values, Of course, 
the fact that the observed levels are composed o f  
two sets o f  levels with different J values and 
different f ission characteristics should be token 
into account. This provides even more freedom in 
the fitting. 

-- 

__ 

3.4. Radiation Widths 
Values of mean total radiation widths of leve!s 

have been established in a nurnbr  o f  nuclei. The 
values appear to have a s y s t e s t i c  dependence 
on mass nuiiiber, fa l l ing From F, 150 tnev a i  

A Brink’s 100 to 1‘, - 30 inev at A cu 240, 

wi th A but overestimates them by a factor o f  about 
three. Considering the uncertainties in the theory, 
th is agreement i s  more h a n  c o g  be expected. 

As far as h e  J dependence of rr i s  concerned, 
experimentally h e r e  appears to be none. In par- 
ticular, tliero i s  the observation h a t  levels of 
spin J = 0 and 1 have about the same width. Ac- 
cording to Brink’s theory, this has implications 
for the 1 dependence of the level density and de- 
cides in favor of “.!I(]) - (21 + l ) - ” ’  as opposed to 
“ D ( J )  independent of J.“ However, QS mentioned 
in Section 2,4, there are certain objections to  the 
theory that must be removed before one can apply 
i t wi th  full confidence, 

4. OTHER M E T H O D S  FOR O S T A f N I N G  
I N F Q R M A B I Q N  ON MEAN VALUES 

Although the measurement of individual reso- 
nances i s  evidently h e  most direct method for 
deriving ri~ean values, there are other methods that 
also y ie ld  information on these values. I w i l l  
br ief ly mention three such methods, 

4.1.  Measurement of Average Total G o s s  
Sections in the kev 

The exact theoretical expression for the total 
s-wave average cross section i s  (assuming for 
simpl ic i ty that ! = 0 for the target nucleus): 

1, 2 c pxcos  p )  + (pycosp - s inp l2  
... 

(1 P d 2  4- ( p d 2  
_ _ _  

where px stands for 7irn/2D and py represents the 
deviation of the interresonance (background) phase 
6 from the hasd-sphese phase 6 = --p. To be more 
precise, p y  i s  such that: 

1 6 = -p -c tan- (py)  , 

In practice, a t  low energies, where p << 1, we can 
approximate the above expression by the f i rst  few 
terms in  a series development in powers of p: 

I f  this series i s  cut a t  the term in p 2 ,  then we have 
an expression for utot os a function o f  energy: 

A 

- 
- 
utot  = __I_ + B  I 

( E )  ’2 13J. A. Wheeler, th i s  conference. 
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where order; then 

- 
Clearly, the slope A of the plot of atot against 

gives a value for X .  The value o f  the inter- 
cept H can then be made to  y ie ld a value for y. 
Special attention should be given to  the form of H ,  
because Feshbach, Porter, and Weisskopf’ quote 
a formula for u+ot with die term x 2  absent (their 
slope is the same as the above A ,  but their inter- 
cept is  4n(a - a’)2,  where a’= ay). Lynnl‘ l  has 
examined with numerical examples the consequences 
of ignoring the term x 2  on the extracted value of y 
and has found them to be often quite serious. 
Clearly the omission of the x 2  term i s  more serious 
near A -55 and -, 160 than near A * 120 and -240, 
because the value of x i s  larger in the former 
cases.’ 
against E - ” 2  that have been reported are such 
that the intercept B i s  very uncertain (although the 
slope A i s  usually wel l  determined). Therefore the 
correction i s  not of much practical importance a t  
present, but i t  may be of future importance. 

Lynn14 has a lso examined the effects of ~ W O V S  

contributions to gto+ and has found that they be- 
come signif icant when the higher terms ( in p3, etc.) 
of the s-wave c m t r i  bution become significant. 

- 

Most of the experimental plots of 

- 

4.2. Measurement of Transmission as Q Function 
of Target Thickness in the Lev Region 

For neutrons of some range of energies that in- 
cludes many resonances, one can write the trans% 
mission T = e - N f o t o f  of a sample of  thickness t and 
N nuclei per square centimeter as: 

T = To(l  + a )  , 

w h e r e L o  is  the usual transmission factor T o  = 

e’Ntutot,  and a i s  a correction term: 

Provided that the exponent i s  usually small, we 
can expand the exponential to the term in second 

I4A. 

15R. G. Thomas, phys ,  Rev.  98, 77 (1955). 

M. Lane and J. E. Lynn, to be published as 
AERE report. 

(Nt)  2 
a=--- Var ufo+ +higher  terms . 2! 

Thomas16 has shown that, for s-waves, the follow- 
i ng re 1 at i  on h o Id s: 

where is  the compound elast ic cross section 
of Feshbach, Porter, and Weisskopf. I f  e last ic 
scattering i s  the only possible process (no capture 
or inelast ic scattering), then ye equals uc, the 
cross section for compound-nucleus formation. At 
low energies: 

- 

- 2n2 1-n 
Qc =7g y- +- higher terms . 

Thus we have: 

so that, in principle, B measurement of a con be 
made to yield a value of r’u/Lle However, the 
applicabi l i ty of this method i s  evidently limited. 
The energies used must be such that capture, 
inelast ic scattering, and p-wave effects are un- 
important. Furthermore, no Doppler broadening i s  
allowed. 

4.3. Measurrtment of Average Capture Cross 
Sections in the E > 1 kev Region 

For s-wuves on an I = 0 target, the average 
capture cross section in the absence of inelast ic 
scattering is:  

where the last  factor, SI i s  usually of order unity 
and takes into account the effect o f  f luctuations in 
1’- on the averaging. Clearly, from this formula, - -  .. 
measurementof  D w i l l  give a relation between ...- n y  
D, T u ,  and rr. 

16R. G. Thomas, unpublished. 
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At higher energies up to -1 Mev, the capture 
cross section i s  a sum of contributions from the 
various part ial  waves.” At  these higher energies, 
the neutron widthdominates the radiation width, 
Th is  nieans that rn cancels i tsel f  in the above 
equation, with the result that uny gives a value 
for r /D. Lane and Lynn” have f i t ted the ob- 
serveJcaptwre cross sections i n  Th232 - and __ U238 
and f ind that the value h e y  obtain for r,/D agrees 
wel l  with, the direct ly observed value from thermal 
resonances. (N.B. One must be careful to take 
proper account o f  inelast ic neutron competition in 
this type o f  work.) 

- 
-- 

5, T H E O R E T I C A L  VIEWS ON 
DISTRBBUTIBN LAWS 

5.1. Gearera! obse~vations 

Porter and Thomas” have formulated a theory of 
the distr ibution laws for neutron, radiation, and 
f ission widths. The essential starting point for 
the consideration of a l l  three types of width is the 
same, namely, the assumption that the values of 
individiial nuclear matrix e lements  have a Gaussian 
(normal) distribution centered on the value zero, 
that is, they have the frequency function: 

X 

- 
where 1x1 i s  thg mean value of 1x1. Now, i f  we 
have v sets of quantities (xl) ... ( x J ,  each one 
of which has the same frequency function (with the 
snnze mean value) ,  then it can be shown that the 
frequency function for the quantity X = x i  + x 2  + ... + x :  is: 

2 

dX 

X 
- p , ( X )  dX = - 

- 
with a,= ( v / Z ) X .  

freedom.” Part i  cu Iar examples are: 

This distr ibution for X is cal led 
the chi-square distr ibution with v degrees of I d  

- 
-x/2x d x  

- . 1 
- v = 1: 

2(.)1/2 ( X / 2 2 ) ’ / 2  X 

”A. M. Lone  and J. ‘E. Lynn, Proc. Phys .  SOC. 

’*C. E. Porter and R. G. Thomas, P h y s .  Rev. 104, 
(London),  to be published. 

483 (1956). 

X 

Since observed widths are made up of sums of 
squares of wattrix elements, it i s  clear that th is  
chi-square family of distributions is especial ly 
convenient as a framework for discussion of the 
distr ibution B ~ w s  of observed widths. In general, 
however, we do not expect distr ibutions to coincide 
with members of the chi-square fumily, because 
the mean values of various matrix elements con- 
tr ibuting to a width may dif fer (see, e.g., the case 
of f ission belsw). 

Before discussing the predictions for the various 
types of width, we note that p , ( X )  dX has the 
property that: Var X = ( W v )  X 2 .  Clearly Var X + 0 
as v 4 co, as i s  expected, 

5.2. The Level Spacings 

The only suggestion (with any theoretical founda- 
tion) on the distr ibution law of level spacings has 
been made by W i g t ~ e r . ~ ~  Although, in principle, 
the problem for deducing the law is wel l  defined, 
i t  is  d i f f i cu l t  to solve such a problem because of  
mathematical dif f icult ies. The problem can be 
stated thus: On the independent-particle model 
with no interpart icle forces, he positions of states 
are expected to be distributed at  random. In the 
presence of forces, however, states are expected 
to repel each other to some extent, To estimate 
the repulsion, one must estimate the distr ibution of 
differences in eigenvalues o f  a large matrix with 
randomly spaced diagonal elements in the presence 
of nondiagonal elements with a normal distr ibution 
(and random signs). Wigner expects that the solu- 
t ion to th is problem has the form: 

2 
p ( D )  dD = 2b(bD) e - ( b D )  dD , 

where b = n’/2/25. 
bution is: 

The variance of this distr i-  

U2 2 0.27E‘ . 
19E. P. Wigner, th i s  conference .  
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The neutron width for CI given channel ( i *eGl  given 
residual state, I value, sand channel spin) is simply 
the  square of a matrix element (the so-called 

amplitude”)). Therefore we expect 
neutron widths to be distributed as: . 
I #  

the “Porter-  nemas d i s f t  i hki ticsri,” ’ 8 ~ k e  c~ i stri-  
bution law for neutron widths summed aver channe8 
spin in cases where here are two channel spins 
w i l l  be: 

- dX 
P2(X) dX = ,-x/x __ I - 

X 

assuming the mean widths to be the same for the 
two channel spins. For s-wave neutrons, of course, 
each width corresponds to a single channel spin, 
so one predicts a “Y = 1 type distr ibution” for the 
widths of s-wave neutron resonances of given 
j value. 

5.4. Fississl Widths 
As discussed in Section 2.3, one expects the 

total f ission width of a resonance to be composed 
of a sum of part ial  f iss ion widths, one for each 
f ission channel: r - XI‘,.. Thus one expects 

F -  c the appropriate distr ibution law for the observed 
total widths to be that of Q sum of quantities each 
one of which has a Y = 1 type distribution, a h i s  
distr ibution law w i l l  not be exactly a member o f  
the chi-square family, i n  general, because the mean 
values of the various part ial  widths are 
different13 (each i s  p r ~ ~ o ~ ~ ~ ~ n a ~  to  the penetration 
factor, Pc, for the appropriate channel). Never- 
theless it i s  instruct ive to  make best f i t s  to the 
data in terms of the chi-square family. The optimal 
value o f  Y (which need not be integral) i s  then 
referred to as the “effective number of opera f ission 
channels.’* 

- 

As in the case of f iss ion widths, the problem 
here i s  to specify he distr ibution law for a quan- 
t i t y  I’, which i s  the s u m  of a number of quantities, 
the part ial  widths rYp, each one of which has a 
v = 1 type distribution. The mean values of the 
various part ia l  widths are different (each i s  pro- 

portional to the phase-space factor E;)# and so 
the result ing distr ibution w i l l  not be c1 “pure” 
member of the chi-square family. A decided sirnpli- 
f ieation arises in  the case of r (as opposed to 
the case o f  r,) as e, resul t  of the very large number 
of part ial  widths ITyfj tha? contribute to The 
number i s  so large that one can safely use asymp- 
tot ic cons id era ti an^,'^ which predict that the ry 
w i l l  h a y e 2  normal d i s t r i bu t i~n  with mean vaDue 
r, = 2T‘ .. i f  we assume for he moment that a l l  p Y P  
part ial widths QFZ: independent, the variance w i l l  
be : 

Y 

Vur r, = Z V a r  lryp . 
P 

Assuming ;.feat each part ial  width has 
distr ibution then gives: 

a u =  1 type 

2 2: (Tp)2 
P Var r, 

- =  

It i s  possible ta make a numerical estimate of th is 
las t  quantity i f  one assumes a def in i te level- 
spacing law, Assuming a law of the form D(E*f - 
e - E * / T  , Porter and Thomas find: 

where y i s  the incomplete gamma function; a =  B / T ,  
where H i s  the neutron binding energy; and n i s  the 
total  number of part ial widths. If, as Porter and 
Thomas suggest, the various part ial  widths are not 
a l l  independent, the above analysis i s  unchanged 
except that n is to be interpreted as the ef fect ive 
number of independent widths. 

6.1 e Genera! Remarks m Pract ical  Di f f icul t ies 

Al l  the remarks in h i s  section are based on the 
paper by Porter and Thomas, where a more adequate 
account can be found. In principle, a l l  that has to 
be done is  t o  measure a large number of widths in 
any given nucleus and then plot a histogram to 
discover he distr ibution law. The practical snags 
with this program are the following:” 
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1. In many cases targets are not monoisotopic, 
so that a mixture of a t  least two sets o f  widths i s  
measured e 

2. For cases with target spin I & 0, a mixture i s  
measured of two sets of widths corresponding to 
the two sequences of resonance levels wi th J = 

3. Each extracted width has a certain error on i t  
due to experimental resolution and pertsaps to some 
effects of level interference, etc. 

4. There i s  a bias in he samples of widths, 
because the experiments tend to miss the very 
stnull ones. 

5. Even i f  d i f f icul t ies 1 to 4 are ren-rowd (i.e., 
one measures a single set o f  widths exactly), the 
number of widths i s  always limited‘ (usually <2Q), 
so h a t  the experimental distr ibution i s  corre- 
spondingly indeterminate. 

For definiteness, let  us discuss these di f f icul t ies 
wi th reference to  neutron widths: 

1. The mean neutron widths in various isotopes 
w i l l  differ, in genercl, ref lect ing the difference i~ 
level spacings and binding energies (since q / D  
should be the same for a l l  isotopes). This i s  
unfortunate, because it leads to distortion in the 
distr ibution o f  widths. Therefore, one must discard 
such mixed samples unless one is sure that the 
mean values are the same. 

2. When spins J of  resonances are not measured, 
real ly only the combination (2J t- 1)  r,(J) i s  
measured a t  each resonance. I f  it i s  assumed thut 
I?,(]) - D ( J )  and that D ( 1 )  0: (21 t l)-’, then the 
mean value of (21 + 1) T,(J) is  the same for both 
sequences, so h a t  the observed distr ibution i s  
no t  distorted, 

3. The presence o f  errors in an observed set of 
widths evidently leads to uncertainty in the ex- 
perimental distr ibution law. The precise amcunt of 
the uncertainty can be estimated either by numerical 
meens (by selecting various samples allowed by 
the errors and examining the change in distribwtion) 
or analyt ical ly as described by Porter and Thomas. 
5. Forgetting about di f f icul ty 4 for h e  moment, 

le t  us suppose that we want to find the correct 
v value for a set of observed widths, If the set 
i s  limited, i t is impossible to determine the correct 
value. The best that one can do i s  to  determine 
the “most l i ke ly ”  value and a corresponding range 
o f  “reasonable” values of v. There i s  a standard 
method for doing this. If the set of widths i s  

I t ’/2. 

I?, . . . I?,+, one considers the so-called “ l ikel ihood 
function”: 

U 

~ ( v )  = i1 p , ( r i )  . 
i= 1 

One can remove h e  l imitat ion that v i s  integral 
and regard L as a continuous function of v. The 
form of L ( v )  i s  normally a peak centered a t  some 
value I/ = v o  with width (\us The “most  l ikely”  
value of v i s  vo, and v,, k Av is  the range of 

reas ona b 1 e’ va I ue s. 
4. Having described the likelihood-function 

method, the means of taking account of di f f icul ty 4 
can be specified. This i s  simply done by always 
replacing p v ( T i )  by the product E ( l Y i )  p,(Ti), where 
E(ri) is  the “efficiency function, defined as the 
probability that a level of width Ti w i l l  be ob- 
served * 

II 

I 1  

6.2, Neutron W i d h  
If one considers sets of widths in vwious ele- 

ments separately, the above method gives very poor 
estimates o f  v, because of the fewness of the 
number of widths in individual elements (usually 
the number i s  less than ten and often i s  only two 
or three). Therefore one tries to combine sets of 
widths from various isotopes. Evidently one cannot 
just add a l l  sets together, because each set has 
i t s  own special mean value. There ore t ~ o  ways 
in which to proceed: 

PoTter-Thomas Method, l 8  which empha- 
sizes the few nuclei with large sets (>5). This 
method implies div id ing each w i d h  by i t s  sample 
average and then combining a l l  sets. This intro- 
duces an error (and uncertainty in the Lest  v value) 
ar is ing from he fact that the sample average may 
depart from the true mean. However, this un- 
certainty can be estimated, and it turns out to be 
small i f  h e  sets used are restricted to those >5 
or so. Proceeding in this way, Porter and Thomas 
analyze 148 values and conclude that the best 
v value is 1.02, with B range of reasonable values 
o f  t0.065. This is in excel lent agreement wi th 
the expected result, v = 1. 

2 .  The Lynn which emphasizes the 
large number of nuclei with small sets (<S). A 
disadvantage o f  the Porter-Thomas method i s  that 
i t  cannot make fu l l  use of the large number o f  
widths that occur in such smalli s e t s  that no re- 
l iable sample average can be established. Lynn 

1. The 
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has suggested that one can use this type o f  data 
by combining widths i n  pairs in each nucleus and 
forming quantities, 

One can now apply the l ikelihood-function analysis 
to  the set of X from a l l  nuciei (N.B. The values 
of X are restricted to the range 1 _< - X -< -. 2). Lynn 
has applied this method and has fourad results i n  
agreement with the Porter-Thomas method but  with 
a larger uncertainty (u = 1.5 ? 0.5) due to taking a 
sample of only 60 widths. 

Porter and Thomas apply the l ikelihood-function 
analysis to 15 f ission widths in  k1235 and find: 
u = 2.3 ? 1.1. Unfortunately, h e  data do not dis- 
t inguish levels of the two values, and so, i f  the 
two distributions of f ission widths are different, 
th is value of Y represents a rather involved average 
value from the two sequences. has 
suggested a certain combination of independent 
f ission channels that, in the case of U235, w i l l  
simultaneously f i t  the observed distr ibution law 
and the mean f ission width. Farley has measured 
25 f ission widths in  and concludes that 
v = 2 is  a good fit, but he has not made CI proper 
stat i s  t ica I ana I y s i s. 

6.4. Radiation Widths 

There are not many nuclei where more than one 
or two radiation widths have been measured. Two 
exceptional cases are T a l 8 ’  and UZ3*, where six 
widths are quoted. These hove been analyzed by 
Porter and Thomas.’* In the case of T a l 8 ’  the 
errors on the s i x  values are such that a l l  the values 
overlap so that no satisfactory analysis can be 
made. The set of values for U 2 3 8  i s  better, and 
Porter and Thomas conclude that the effect ive 
number of independent channels, n, l ies in  the 
range 50 < ri < 300. They find that th is can be 
stated wi th  “95% confidence.” The effect ive 
number of channels i s  considerably less than the 
total number of levels between the ground state 
and the excited state corresponding to  the neutron 
binding plus kinetic energy. 

Quite large samples of spacings are available in 
some nuclei, but, in spite of this, there i s  serious 
uncertainty in the distr ibution law. This i s  due to 
three main CCiUSeS: 

1. A very small level spacing between two reso- 
nances implies that the two resonances may not 
be resolved separately, and so ma11 spacings are 
missed. 

2. Very weak levels are missed. This biases 
the sample towards higher values in a twofold 
manner, because i t  implies tliat two small spacings 
are counted as  one larger one, 

3. Often spacings of more than m e  sequence of 
levels are involved (due to a mixture of isotopes or 
of J values), If, however, one can estimate the 
ratio of the mean values tar the various sequences, 
there i s  no real problem here. For instance, con- 
sider the case of an odd target nucseus, which w i l l  

Quite generally, if  one has two independent se- 
quences of events with spacing frequency functions 
pl (D)  and p,(D), the frequency function of the 
superposed sequence is :  14 

give two sequences of resonance levels (1 = I 5 1 4). 

I f  the two sequences are independent, i t  i s  clear 
that the superposed sequence w i I I  be such that 
there i s  appreciable probabil ity of f inding small 
spacings, although this may not be true of the 
separate sequences. This implies that more small 
spacings are predicted in  an odd nucleus than in  
an even one. To mention examples: Clearly the 
superposition of two random v = 2 sequences w i t h  
equal meons leads to  a result ing random sequence. 
The superposition of two u = 4 sequences with 
equal means leads to a result ing frequency function 
w i th  only a small d ip a t  zero spacing (instead of 
the zero values of the separate frequency functions). 
Proper Comparison D f  the distributions observed 
with even and odd target nuclei should give a 
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useful guide as to the extent to which small spacings 
are missed experimentally. 

The present general situation i s  that most analy- 
ses agree that there i s  a mild repulsion between 
observed levels which can be roughly represented 
by v = 4 or v = 6 type distr ibutions or a distr ibution 
of the type suggested by Wigner.19 The fact that 
these dif ferent distributions give equally good 
accounts of the data demonstrates that there i s  
room for considerable improvement in the data. 

7. O T H E R  METHODS F O R  O5TAINBNG 
INFhlRMATlON ON DlSTRlBUTlON LAWS 

Just as wi th the mean values, there are ather 
methods for obtaining information on distr ibution 
laws, apart from direct  measurement of resonances. 
Two of these are derived, in fact, from methods 
already mentioned in  connection with mean values 
in Section 4. 

’7.1. ~ e a ~ ~ ~ e ~ e ~ t  of Average? Cupture 
Cross Sgctions 

In Section 4.3, i t  was assumed h a t  one knew 
tlic distr ibution law for rn. This meant that the 
S factor in he formula for can be evaluated 
as a function of rn/ry8 with the result that the 
measured T gives a relat ion between Fn, 1’ 
and f i e  Clearly one can reverse the ulgument. 8; 
assuming values of 1ln, I ’  and D taken from 
resonance data, the valwes o r 2  w i l l  indicate the 
nature of the distr ibution of ITn cnder  the assump- 
tion h o t  rr is  constant). By on extension of the 
same ideas, mean f ission cross sections in he kev 
regicm can be made to y ie ld  information on the 
distributions of and rF. 

- -- 
I- 

n y  
-~ 

easrssement sf Transmission as a Function 
of Sample T h i c k n e s ~ ’ ~  

As indicated in Section 4.2, this kind of meas- 
urement gives a value of<. Ifthe incident 
energy i s  low enough for r y  and to be com- 
parable, i t  is  not correct to equate 7 to <, as 
was done in Section 4.2, Instead, oCe depends on 
the distr ibution of rn through the evaluation of 

-ce 

7.3. hQSuR?iTIent of Fluctuations in the key Region 

This method has considerably more interest and 
It i s  based an the promise than the previous two. 

observation by Egelstaff2’ that reproducible varia- 
tions occur in total (and f ission) cross sections in 
the energy region where the resolution width may 
span several resonances. Evidently these varia- 
tions are due to the fluctuations i n  level spacing 
and neutron (and f ission) widths, so that it should 
be possible to extract useful information from the 
variations concerning the distr ibution laws for 
D, Fn,and rF. The best way to proceed seems to 
be to divide the energy range of measurement into 
equal intervals W which must be such that W > A, 
where A i s  die largest experimental resolution 
width. (It fol lows that, on the average, there are 
several levels in each interval W.) One can now 
integrate2’ the cross section in each interval W 
and construct a distr ibution function for the inte- 
grated cross sections S w o d E .  Now one must solve 
the theoretical problem o f  predict ing the distribu- 
t ion of J w u d E  for various assumed distributions o f  
spacings and widths. Stripped of i t s  physical 
content, the problem can be expressed in a purely 
mathematical way as follows: Given a sequence 
of events with frequency function p n  ( D )  for ,the 
spacings; also given that n “score, s, i s  asso- 
ciated with each event, and a frequency function 
ps(s) for the scores; what i s  the frequency function 
p ( S , W )  for f inding a total score 5 in an interval W ?  

I 8  

The solut ion to th is problem14 is that 

S 
P ( S , W )  = j- P(S‘,W) dS’ 

0 

i s  the Laplace transform with respect to u and u 

of the function: 

where @(u)  and Y ( u )  are the Laplace transforms of 
p D  and p , ,  respectively. Using the fact that the 
Laplace transform of p , ( x )  i s  (a + I ) -~ ’~,  where 
a =  27y/v, one can straightforwardly compute p(S ,W)  
for various chi-square distributions for p D  and p , .  

Often i t  i s  unnecessary to go through the labor 
of evaluating p ( S , W )  in h i s  way. This w i l l  be so 
i f  W i s  chosen large enough so that many levels 
fa l l  inside W on the average (say W > 10 E ) .  In 

2oP. A. Egelstaff, this conference. 

211n the case of total cross sections, one must  sub- 
tract the potential-scattering cross section. 
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CROSS SECTIONS 
P. A. Egelstaff 

Atomic Energy Research Establishment, Harwel I 

P. A. E G E L S T A F F :  In the work I am going to  
review, we consider the region between 500 ev and 
something l i ke  10 kev and plot  the total cross 
section us  a function. o f  time of f l ight. The inter- 
cept wi th thc cross-section axis i s  related to the 
nuclear radius in a s l ight ly complicated fashion, 
and the slope of the best l ine through the paints i s  
proportional to sO,/D.  

In any experimental observations of th is  type you 
not ice that the points fluctuate quite widely about 
the best line. I t  i s  usually clear that th is  fluctua- 
t ion i s  away outside o f  the counting stat ist ics esnd 
that there i s  some information on resonance levels 
held i n  it. I want to consider how to get at  th is 
information. At  the present time we have to com- 
bine th i s  new information with that from individual 
resonance analysis to get the complete results that 
we want. gut, one advantage i s  that one can con- 
sider very large samples sf resonances, and 
another i s  that there i s  0 unique analyt ical solum 
t ion to  th is  problem. 

We w i l l  wr i te the product o f  total cross section 
minus the intercept on the cross-section axis times 
(time o f  f I ight)" l  as the quantity a. The average 
value of u i n  the energy range W we cal l  
Each represents a sample. We QFB going to 
discuss the distribution o f  those samples. (Note: 
In f inding the values o f  u a  variety of corrections 
and precautions must be taken which we do not 
have space to deal wi th here. Further, the distr i -  
bution 04 < o > ~  has to be corrected for the fluctua- 
t ions due to counting statistics.) 

and the distr ibutions i n  I T i n  and D was shown by 
Lane to be: 

The relat ion between the distr ibution o f  

~ n r  < Q > ~  <D> Var lln Var D 
r;-- 

( 1 ) <a>; w [<rQ>2 + e-] - 
Th is  formula i s  va l id  only i f  you have such a large 
number of  levels in the interval W that the distr i -  
bution of <u>~, i s  a Gaussian distribution. Er- 
perimentally this i s  found to be true. 

Equation 1 appl ies only to  the case where you 
have a zero-spin target. For nonzero spin we as- 
sume that  the level density i s  proportional to  

(21 i- l ) - ' .  In th is  ca5e Eq. 1 holds both for 
target nuclei of zero spin rend for target nuclei of 
nonzero spin. Fop. other relat ionships i t  would not 
hold, Thus by using h i s  mathad you have an 
indirect, but very simple, technique of checking the 
relat ionship between spin and level spacing. For 
the rcst  of my talk I w i l l  assume that Eq. 1 i s  
val id for a11 target nuclei. I f  you hove a mixture 
of isotopes, it i s  necessary to use a suitably 
weighted aveaege level spocing. I f  ai i s  the 
abundance o f  the ith isotape, then the weighted 
overage is z ~ T D ~ .  

i 
Table 1 shows the various elements we have 

studied in the total cross section: plutonium, 
platinum, and a series o f  rare-ecrrth elements. The 
major isotopes are l is ted in column 2. The spins 
are l is ted i n  column 3. The value of the average 
spacing as observed for the whole element i s  in 
column 4, and the weighted value of the level 
spacing i s  written in column 5. In order to obtain 
th is  number you have to make quite an arbitrary 
assumption. I have nssumed that a l l  even-odd 
isotopes in the same element have the same value 
of D and that a l l  even-even isotopes have f ive 
times that value af D. This  gives you some idea 
of the factor involved. 

The lost  column shows +IC  ̂ v;lu,e of. 

Vas <a>,L, w 

i h e  errors, on the whole, are large, &out 50%, 
because at  the present moment we have not suf- 
f i c ien t ly  good data io  get accurate values. I f  we 
use Professor Wignes's distr ibution for D and the 
Porter-Thomas distr ibution for rn i n  Eq. 1, we 
find E = 2.27, Th is  number should b e  the same 
for a l l  target nuclei. It represents the shape  of the 
various distributions. SC, the numbers in column 6 
o f  Table 1 should a l l  be the same arid should 
average 2.27. Within the errors they are perhaps 
just about the same. The average is 1.7. I don't 
feel that th is i s  signif icantly different from the 
theoretical predictions. 

Now I should l i ke  bo go on to  the f iss ion cross 
section of U2". The f ission cross section i s  
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T a b l e  1. Total-Cross-Section R e s u l t s  

Assumed Value Calculated 
Value Maior of <D> Value of 

2 of 

i E 
Element I sotopes for Element Zai D i  Spin 

(ev) (4 

P u  239 ’/2 1.8 

1s 
0 

0 

Pt 194 

195 

196 

198 

To 

Yb 

DY 

Gd 

Eu 

Sm 

181 ‘/2 
171 

172 

173 

174 

176 

:] 0 

0 

0 

161 

162 

163 

164 

0 

155 

156 

157 

158 

160 0 

151 

153 

147 -1 

1.5 

2 

0.5 

1.8 

0 

0 

148 

149 

150 

152 

154 

29 

7 

3 

4.5 

3.8 

1.6 +o.a 

1.5 C0.8 

3.5 C 2  

1.5 k0.8 

2.5 k 1.5 

0.8 50.4 

1.0 f0.4 

1.9 C0.9 

ao “1 Pr 141 3 
- 
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proportional to r n / D  = FF/F, so that we must add 
the quantity 

<D> Var (1yF/p) 
(3) 

W WFm2 
to the right-hand side of Eq. 1. Th is  assumes that 
the ratio of f ission to total widths i s  the same for 
both spin states. 

In the case of the U235 I have used the data ob- 
tained by Gaerttner and Yeater at KAPL. These 
are extremely detai led and good data, I have de- 
termined the product 

-. 

Var < D > ~  

* w  
< u>i 

for about f i ve  different values of  u!. The result i s  
shown in  Slide 1. 

The quantity plotted should be constant. As 
you w i l l  see, i t  i s  not. This i s  a t  present the big 
puzzle in th is  work. For comparison, we have 
shown also on Slide 1 the total-cross-section data 
in the case of europium. There are three values o f  
(Var <D>~/<O>?).  W for three values o f  W, and 
you can see they fal l  on a straight line. One point 
of interest i s  perhaps that the theoretical value for 
the produst i s  obtained for \V > 100 ey. The values 
for W < 100 ev are lower than one would theoreti- 
ca l l y  think at  the present time. 

I want to suggest that we should consider for n 
moment whether the result shown in  Sl ide 1 repre- 
sents some new Feature in slow-neutron cross- 
section data, perhaps only for the f ission nuclei, 
which has not hitherto been obtained. It might, for 
example, represent an increase of fluctuation wi th 
increasing neutron energy, because for the larger 
values o f  W we include a wider range o f  results. 

UNCLASSIFIED 
PHOTO 19153 

+ I 

t t I 

I 
c I 1 

18 
Var < o ? ~  

Slide 1. Dependence of the Funs:tion W. on the Energy 11’. 
<a>: 
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However, it does not appear that th is  i s  the whole 
an s wer. 

The alternative, which perhaps from the point of 
view of these data i s  more reasonable, i s  that on 
top of the fluctuation which one should have there 
i s  a long-range fluctuation. Th is  might be due to  
some type of correlation between rn and D. I f  
that interpretation is correct, we should then f ind 
that we get one value for small W increasing to a 
f inal constant value for large W. That i s  consistent 
with the data of Slide 1, although the errors are 
very large. 
H. H. L A N D O N :  May I ask again whether the 

Doppler effect has been taken into account ex- 
p l i c i t l y?  For the cases where the total width i s  
dominated by the neutron width, the Doppler effect 
i s  not so large. Thus the large resonances are not 
affected much by the Doppler width, whereas the 
smaller and narrower ones are being broadened. 
P. A .  E G E L S T A F F :  No, th is effect has not been 

taken into account expl ic i t ly .  I don't think it 
affects the argument used here, part icularly f o r  
U235, where you have a very small neutron width. 
The argument used is that the area o f  a resonance 
for the thin-sample case i s  independent of Doppler 
width. 

I just wonder how sensit ive a l l  
of these culculations are to the assumption of 
compound-nucleus formation, let 's say, as com- 
pared with some of the things going by direct 
interaction. 

I don't real ly know how to 
answer the question in  detail. I would only l i k e  to 
point out that one i s  not real ly assuming anything 
about any particular nuclear model here. One i s  
merely saying that we have a lot  of resonances 
with a certain distribution, and Eq. 1 fol lows 
straightaway from that statement. 

C.  0. M U E H L H A U S E :  I am thinking a l i t t l e  
along the l ine  that Herman Feshbach i s  thinking, 
perhaps. At the higher energies, would it be 
interesting to compare the fluctuation phenomenon 
of the cross section, let's say of the total cross 
section, with just  the inelast ic cross section? For 
example, where the energy i s  greatest, would i t  
not mean, then, that the fluctuation in the in-  
elast ic part would gradually wa*sh out as the 
process went over to a direct interaction? 

P .  A .  E G E L S T A F F :  Well, 1 think th is  i s  pos- 
sible. My point i s  that at the present state we 
have considered only the situation at low energies. 

H. F E S f f B A C H :  

P. A. E G E L S T A F F :  

As far as I know there aren't experimental data on 
fluctuations a t  higher energies that make it worth 
whi le  doing such work. 

I would just l i ke  to ask about the 
spin dependence o f  the f ission widths i n  U23s. In 
your treatment you have assumed that the mean 
rat ios of f ission to total widths for the two se- 
quences are the same. l f  the mean f ission width i s  
different for the two spin sequences, the rat ios 
w i l l  be different. Thus i n  principle you have a 
method for seeing what is the mean f ission width. 

Yes, that i s  a good point. 
I f  we could get over th is  d i f f i cu l ty  about the de- 
pendence o f  the variation of on w, then we 
could use that method. 

E .  P .  WIGNER:  The way I understood your 
theory, i t  assumes only that the quantit ies which 
you plotted are stat ist ical ly independent. 

A .  M. L A N E :  

f. A .  E G E L S T A F F :  

P. A .  E G E L S T A F F :  Yes. 
E. P. WICNER:  Now really, as far as 1 can 

understand, no other assumption enters s igni f i -  
cantly. In view of the di f f icul ty which you en- 
countered, one does wonder, however, whether th is 
assumption of  stat ist ical independence i s  valid. 
I am reminded, in  th is connection, o f  the question 
as to whether the variations of successive level 
distances are stat ist ical ly independent, and they 
are probably not. One wonders, then, could the 
paradox which you f ind be explained by that second 
term on the right-hand side of Eq. 1, or i s  i t  too 
large for that? 
f. A .  E G E L S T A F F :  I think it i s  too large for 

that. I mean, the value of the second term i s  small 
compared to the first. However, some types of 
correlation may f i t  the data. 

I might mention another thing, that even with t h e  
smallest value of W for U235, i d  yow assume that 
( D )  i s  0.65 ev from the Brookhaven measure- 

ments, then there are something l i ke  12 levels in- 
cluded in each sample. For the higher volves, 
many hundreds of levels are included. Thus oi 

correlation must exist  over a range larger than 
12 levels, and peter out for much larger ranges. 
E. P. WIGNER:  Then the conchsion, i f  one 

takes your data at  face value, i s  that the 17,'s are 
not stat ist ical ly independent. 
P, A .  E G E L S T A F F :  yes, unless there is some- 

thing rather odd about the f ission process, so that 
you do have something else going on. 

H. F E S H B A C H :  Is the remark correct that the 
method g ives you constant results f o r  the case o f  



europium, and i t  therefore seems to work for 
europium but not for U235? 

P .  A. E G E L S T A F F :  Yes. But i f  in U235 I had 
only gotten a few points, I would probably have 
said we had a constant. It i s  only because I got a 
big range o f  points that the effect shows up. In 
europium we are able to get three points, and you 
can see that you could draw a l i ne  through the 
points with a l i t t l e  slope. Sa, when we say that i t  
works for europium, it ought to  be sl ight ly qual i-  
fied, perhaps. 

C. E .  M A N D E V I L L E :  Aren't those europium 
values rather unreasonable, or are they that un- 
certain? 
P. A. E G E L S T A F F :  That i s  a point. A5 I 

pointed out, the actual numbers I l is ted in the las t  
column o f  Table 1 do iump about a bit. The errors 
are large, but the europium value i s  1.0 -t 0.4. 
Just taking it at  i t s  face value, that number does 
seem unreasonably small, I agree, and it suggests 
that the distr ibutions are not as wide os hitherto 
assumed. 

I think there i s  a very great deal more to be done 
on th is  type of work. 
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DISCUSSION ON CROSS-SECTION MEASUREMENTS IN THE kev REGION 

P 

R. E .  COTE (Argonne N o t i o n a l  Labora tory ) :  The 
usefulness of the fast chopper i s  confined to the 
lower part o f  the k i lovo l t  region, so I w i l l  talk 
about that part below 100 kev. The reason for th is  
i s  that the resolution width increases as E . 
We can compete wi th Van de Graaff work over most 
of the region below 25 kev. 

During the last  f ive years, however, the resolut ion 
of choppers has improved, I think by a rather large 
factor, from about 1 ,usec/m to about 0.04 psec/m; 
shortly 0.01 psec/m w i l l  be available. Besides 
resolution, there have been two prol lems which 
have further l imi ted the usefulness of the exist ing 
choppers in the k i lovo l t  region. 

One o f  these is concerned with the structure of 
rotors, the other i s  a detection problem. Some of 
the materials which have the required strength 
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properties have neutron resonances which introduce 
structure into the open beurn shape in  the k i lovo l t  
region, thus making it d i f f i cu l t  to interpret the 
structure due to the sample. More recent designas 
do not have this disadvantage, however. 

The detection problem is this: BF, counters 
have been used extensively by the chopper groups. 
The eff iciency of these counters is about '1% a t  
10 kev, while being nearly 100% at 1 ev. At 
Argonne we have used a l iquid scint i l lat ion de- 
tector, developed by Muehlhause and Thomas, 
which has an eff iciency of about 30% at 10 kev 
(Slide 1)" It has been convenient for us to work 
in the k i lovo l t  region, while h i s  has not been the  
case for other groups. A glance a t  BNL-32.5 shows 
that about four-fifths of the data in the k i lovo l t  
region produced by choppers were taken a t  Argonne, 
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This has been due largely to th is detection ad- 
van fage, 

Along with improvements in time-of-flight systems 
came improved techniques aimed a t  obtaining reso- 
nance parameters, so that major emphasis lay on 
work in the low electron-volt region, vhere th is 
analysis could be applied, and the k i lovo l t  region 
WQS le f t  largely alone. The resolution avai lable 
at  present s t i l l  does not permit one to obtain 
resonance parameters for many resonances in the 
kev region. The resonances in manganese and 
sodium are just about the only ones. However, 
the resolution o f  choppers has improved enough so 
that one can see much structure in such elements 
as arsenic and scandium, where just a few years 
ago their cross sections were represented by 
straight l ines in the k i lovol t  region. 

Interest in the "c lo i idy-~rystaI-bal ly '  model o f  
the nucleus led to  studks of the variation of the 

strength function," I?:/D, with mass. The 
Brookhaven fast-chopper group compiled data which 
showed that one of the predicted maxima did exist. 
A t  Argonne we studied the elements which lay i n  
the mass region in which another maximum was 
predicted. This meant that elements of mass near 
50 had to  be studied. The levels of such nuclei  
are widely spaced, so that most of the resonance 
structure l ies  in the k i lovo l t  region. It i s  for this 
recison that one block of kev-region data obtained 
by choppers is for elements in th is mass region. 

The other mass region in which choppers have 
contributed is that of the very heavy nuclei, such 
as uranium and plutonium. Data obtained on these 
elements are of the type discussed this morning, 
i n  which one observes only fluctuations i n  cross 
section due to  the stat ist ical  distr ibutions o f  level 
spacings and widths. Since, as we heard yesterday, 
there ex is t  d i f f icul t ies in the interpretation of some 
things in the electron-volt  region, a bit of attention 
has been turned to the k i lovo l t  region for th is 
k ind  of work. Values of the strength function have 
been obtained from kilovolt-region data for ihese 
heavy elements. 

Due to the fact that samples as small as 5 mg 
may be used with choppers, isotopic identi f icat ion 
of  k i lovol t  resonances has been made in  several 
elements through the use of separated isotopes. 
In addition, otherwise unresolved spectra can be 
resolved through the use o f  the separated isotopes, 
i n  some instances. The kilovolt-region resonance 
structure of chromium is  an example of this. 

t t  

$0 far I have referred only to total-cross-section 
work. The only partial-cross-section measurements 
that have been made are those on the f ission cross 
section. At  Argonne we have measured h e  f ission 
cross section of Pu239 up to about 35 kev. These 
data were taken with poorer resolution than total- 
cross-section data because of intensity problems. 

W .  W .  HAVENS, J R .  (Colurnbio U n i v e r s i t y ) :  The 
self-detection technique we presently use at  Nevis 
i s  only applicable to the ineasurement of resonances 
and cannot be used to measure average cross sec- 
t ions i n  the k i lovo l t  region. The data on U238 and 
tantalum which I showed yesterday i l lustrate how 
this method can be applied to the kev region. 
Tantalum has an average level spacing of 4.8 ev 
and U238 an average level spacing uf 18 ev. These 
data show that we can clearly resolve levels 1.3 
ev apart at  225 ev and less than 10 ev apart at 
600 ev. Th is  gives an experimental resolution of 
about 0.01 psec/m. Thus at 1 kev we should be 
able to resalve levels separated by 10 ev, and a t  
10 kev we should h uble to resolve levels sepa- 
rated by 300 ev. I t  should be possible to improve 
the resolution by a factor of ten, which would mean 
the resolution of levels separated by 3 ev at 1 kev 
and by 100 ev at  10 kev. Other methods seem to 
be better above 10 kev. We intend to study the 
resmance structure of al I the elements avai lable 
up to an energy where levels are just separable. 
The maximum energy studied wiil ,  of  course, depend 
on the level spacing of the element. 

J .  H .  G l 5 B O N S  (Oak R i d g e  h'ationar/ L a b o r a t o r y ) :  

As YOU muy know, we are using a pulsed-Van de 
Graaff mi I I irnicrosecond time-of-fl i ght technique, 
involving a very short f l ight  path and high repetition 
rate. For cross-section measurements in the kev 
region, we use the l i thium (p,.) reaction near 
threshold, in which two neutron energy bands are 
produced. The lower energy band of neutrons i s  
employed without inoderation as the primary source 
of neutrons for transmission studies by time-of- 
f l ight  in the conventional sense. In a moment I 
w i l l  show what our resolution i s  in mil l imicro- 
seconds per meter now, and perhaps loter on we can 
indicate some hopes for the future, 

The f i rs t  sl ide shows the well-known lithium ( p , n )  
reaction as a function of energy above threshold. 
One con see that for a given proton energy there 
are two neutron energy groups. 
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Slide 1. Neutron Energies from a T h i n  Lithium Target as a Function of  the Difference Between the Bombarding 

Energy and the Threshold Energy for Various Angles of Emission i n  the Laboratory. 

We have measured on a very modest program, 
coincident wi th development work, a few total cross 
sections to see what we might be able to do in the 
range from 5 to  30 kev. 

Sl ide 2 i l lustrates how one runs into a new prob- 
lem o f  Van de Graaff control. For instance, this 
is the spectrum found above the 90-deg threshold, 
where the low-energy neutron groups have dis- 
appeared and we simply see the high-energy groups. 

Th is  affords a very nice way of f inding out what 
magnitude of background i s  present. One lowers 
the proton energy to give neutrons of the desired 
energy range. For instance, i f  we want neutrons a t  
about 5 kev, we go to about 19 kev above threshold. 
However, a sh i f t  of 1 kev o f  proton energy a t  1.9 
Mev w i l l  change the spectrum by a large amount. 
Thus we have to use an in-out type of measurement, 
where we rotate in to out about every 2 min in order 
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Slide 3 shows 

lowly changing spectrum shifts due 
weral causes. 
the bismuth cross section we meas- 

ured about a year ago to  see how we compared with 
Henry Newson's work at  Duke. There i s  good 
agreement up to 35 kev. The resolution a t  low 
energies, as evidenced by the resonance a t  2 kev, 
was improved considerably over the Duke work. 

Sl ide 4 i s  a look a t  lead. The Advisory Committee 
wanted us to  take a look at  this because a t  Duke 
were seen what appeared to be small variations 
i n  the cross section in the low k i lovo l t  range. 
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The sample was quite thick, as you see, and, 
indeed, there do appear to be some very funny 
variations in the cross section. Our having better 
resolut ion didn't seem to do much to the widths of 
these variations, 

Slide 5 looks l i ke  somebody took a shotgun and 
fired a t  the page. This was due to some instru- 
mental dif f iculty. Note that the yttrium sample 
was quite thin. The low-energy points are pre- 
liminary data which were taken with very poor 
stat ist ics and thus are dotted. We did a rough 
area analysis of the 8.5-kev resonance, and the 
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o0r2 i s  about 7 x lo5 barns x ev2, which m, cans 
i t  has a total width on the order of 100 ev for g = !/ 2 
OF 50 ev for g 7 t. Ihe  resonance at  11.2 kev 
has u width of ihe order of 70 ev. The 11.2-kev 
peak is probably / = 0. 

- 

Slide 6 i s  the total cross section of natural 
titanium. The doublet at  3.0 and 3.7 kev has been 
observed by both the Arganne fast-chopper and 
Langsdorf groups. Their data, I be!ieve, show a 
double-hump maximum with a small d ip  between. 
I t  appears 17s though we have resolved, or rather 
separated, the levels to where we get back t o  
potential scattering between the two. The varia- 
t ions between 6 mid 10 kev appear to De r id ing on 
the ta i l  of CI very large resonance at  17.5 kev, and 
ore due in  a l l  probabil ity to the minw isotopes. 
The principal isotope, Ti4*, obviously causes the 
17.Skev resonaiice, The observed width of this 

unusually wide resonance i s  7 kcv. The peak ob- 
served cross section, corrected for isotopic con- 
centration and potential scattering, is  about 130 
barns, or about 90% of the heoret ica l  value. The 
reduced width of 52 ev is  1% of the single-particle 
width. 

The peak at  3 kev mus t  a lso  be due to Ti", 
since i f  i t  were due to Ti46 our resolution would 
have to be considerably better than obtainable a t  
present. Assuming it i s  due to Ti4*,  i ts  width i s  
of the order of 20 ev. Titanium obviously needs 
study with separated isotopes. 

Slide 7 i s  the cross section of selenium from 
about 4 to about 9 kev. Previously only one broad 
maximum had been observed in  h i s  region. It now 
appears ;hut the maximum i s  composed of a t  least 
f ive individual resonances. The peaks at  4.25 and 
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4.95 kev both have total widths of about 35 ev. application. Such considerations would involve 
Again, however, work wi th separated isotopes i s  going back to the ion source itself, and we have no 
badly needed. idea of such a pursuit. However, with our present 

We Van de Graaff we are achieving 15 mpsec/m a t  
could conceivably try to  consider what could be 5 kev, and 10 mpsec/rn seems just around the 
achieved by the method just described i f  a Van de corner. Anything much better than this seems 
Graaff were to  be developed exclusively for this unl ikely with present equipment. 

A f inal word about future plans i s  in order, 
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k / .  W .  NEWSON (Duke University): I appreciate 
the concession which allows the unclean t o  mix 
wi th the clean, and I w i l l  review very briefly what 
one cun do and what the l imitations are of the Van 
de Graaff method of resolv ing resonances. 

Slide 1 represents the k ind of spectrum with 
which we have been most successful. The average 
spacing of these resonances i s  about 25 kev. Most 

of them show the asymmetry of a typical s reso- 
nance. In Slide 2 we have plotted the number of 
n icke l  levels above a csrtuin reduced width. One 
sees a roughly exponential behavior, as i s  t o  be 
expected from he low-energy work. 

Slide 3 is  just a schematic sketch of our appa- 
ratus. The proton beam impinges on a l i th ium 
target and produces neutrons through the Li(p,n) 
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reaction, We count the neutrons through the 120-deg 
coll imator with an eff iciency of %50%. At the 
lef t  o f  Slide 3 i s  approximately the neutron-energy 
spread which we get. T h i s  energy curve i s  cal-  
culated from the angular acceptance o f  the 120-deg 
collimator. Compared to time-of-fl ight devices, 
this i s  a very favorable curve as far as the flatness 
goes, Our energy spread increases at about E ‘ / 2  
rather than E3’2. The l ine of our present develop- 
ment, which i s  wel l  under way now, is  to flatten 
this curve out further. 

I w i l l  not now attempt to describe our newest 
apparatus other than to say i t  i s  essential ly the 
same idea as our older equipment except h a t  we 
are going to an angle of 150 deg instead of 120 deg 
(of the neutron with respect to the proton) and that 
we can vary the acceptance angle of the collimator. 

In  Slide 4 I have plotted what we think we can do 
with this new 150-deg equipment; the energy 
spread of the neutron beam (A) i s  plotted as a 
function of neutron energy for various temperatures 
and thicknesses ( I ) )  of l i thium targets. (For com- 
par ison the corresponding spread for our apparatus 
a t  0 deg i s  a lso plotted.) We have no plans as 
yet for cool ing the l i th ium target; these lower 
curves are just there for advertising. I feel that 
the D = 300 ev curve i s  most practical, This curve 
roughly corresponds near 5 kev to the best chopper 
work, and we have a f la t  curve for resolution as 
compared to an extremely steep chopper curve. 
In fact the chopper energy spread i s  such a steep 
function of neutron energy that II would make a 
modest wager that, as far as resolving separate 
resonances goes, the favorable point for our method 
i s  above 10 kev and the favorable point for choppers 
i s  below. 

Now i f  I may have a minute or two more I should 
l i ke  to show you a l i t t l e  unclean physics. 

Slide 5 i s  the capture cross section of U2”, 
which was not measured with any of the col l imating 
devices that I showed you. It was obtained from a 
straight bombardment method. The dotted l ine i s  
the component of the capture cross section calcu- 
lated from the Brookhaven parameters, You see, 
wi th in the experimental error the lower energy 
points are pure s. What we do then i s  extend this 
curve and subtract i t  from the measured curve, 
and then the difference for most of this region i s  
entirely due to the p wave. (A small d-wave cor- 
rection, the lower r ight curve, was also subtracted 
off.) What we f ind i s  that I‘ /U for the p wave i s  
equal to roughly a factor o T t w o  times I’/D for 

the s wave. That factor i s  not at a l l  accurate, for 
several obvious reasons, but there does not seem 
any possibi l i ty  that this number can be 1, and i t  
i s  a fair ly straightforward separation of the two 
components. 

Slide 6 is  a plot  of I1$’D of the elements around 
iron, determined from total cross section measure- 
ments from 1 to 100 kev. The maximum seems to 
be about 4.5. If we average our results just  for 
30 kev we get higher values of similar to  
the results reported yesterday below 20 kev. We 
think that means that there simply are not enough 
resonances below 20 kev to give a decent sta- 
t i s t i ca l  sample. This  agrees with the observation 
of total cross sections. 

R .  8. D A Y :  How do you overcome the problem 
of neutron intensity f luctuations in the k i lovo l t  
region in order to get f ission and capture cross 
sections? 

I won’t woste any time on this. 
The work I showed you was based on using a 
McKibben counter and hoping i t  was flat. I am 
glad that Dick Taschek isn’t here, because there 
i s  much argument about Q good way to fix this up. 
What we have done, which was based pretty much 
on what we had on hand, i s  the following: We 
placed a pair of BF, counters at 90 deg t o  the 
Li (p ,n )  proton beam and placed a McKibben counter 
on the opposite side of the lithium target and also 
at  90 deg to the beam axis. Then we divided the 
counting rates of the two counters, divided by the 
velocity, and we got a f lat  curve u p  to 100 kev, 
meaning that, to the extent the McKibben counter 
i s  flat, Li(pln) has a l / v  cross section. NQW there 
i s  probably some compensation of errors here. 
Probably neither i s  true, but probably both are true 
within 10 or 20 per cent. The next step i s  to use 
a hydrogenous counter of the Harwell  vpe and 
compare these two cross sections at  100 kev. We 
have already used a 25-kev Sb-Be source to meas- 
ure the cross section at  25 kev. This i s  a pra- 
cedure that everybody seems to favor. Taschek 
thinks that l i thium would be more accurate in the 
long run than boron for essential ly the same pro- 
cedure. My own feel ing i s  that He3 i s  the way to  
do this, that it  i s  a good counter gas and does not 
have the disadvantage of using Sb-Be OK the d is -  
advantages of using solid lithium. 

I think that, within the accuracy which I discussed, 
these data are a l l  right, but to get down, say, to 
2 or 3 per cent accuracy more work has to be done 
on standardizing. 

H. W. NEWSON: 
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L. A. TURNER: Pick ing up Henry Newson’s The business of exploring the whole energy 
figure, I w i l l  venture a couple of dirty remarks region at  high resolution wi th a Van de Graaff 
having to do with the Van de Graaff situation, I machine i s  tedious business, as anybody who has 
real ize that their relevance may be dubious i n  tried i t knows. Perhaps that is  now obviated, but 
view of the wonderful advantages that Cranberg at  any rate I just merely want to  mention same 
has told us about. Nevertheless I am a l l  wound work that Langsdorf and h is  collaborators have 
up to say this, so I have to say it, done at  Argonne, whereby they were able to take a 
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rather quick survey look at  some of these things 
in order to discover whether there WQS anything 
real ly to find out by going to as high resolutions 
as has been done with the self-detector. The 
detectors of neutrons that Langsdorf and h is  
collaborators custornari Iy use are scattering de- 
tectors. I f  the scatterer i s  a substance l ike carbon, 
which is a f l a t  scatterer or an impartial scatterer, 
you get one set of results for the cross section. 
If, on the: other hand, you use the same mater id  
for scattering as you do for taking the neutrons out 

of the beam, then you may get higher values i f  the 
resonances are, indeed, separated for inf in i te reso- 
lution- I f ,  on the other hand, they are so wide and 
so numerous and so messed up by the Doppler 
effect and one thing or another, there w i l l  be no 
difference. The difference, then, between what 
you get in self-detection and in f lat  detection 
gives you a very quick and dirty criterion for de- 
c id ing whether there is anything worth looking a i  
in detail. 
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THE OAK RIDGE NATIONAL LABORATORY FAST-CHOPPER PROGRAM 
R. C. Block 

Oak Ridge National Laboratory 

R. C. B L O C K :  I w i l l  give a very brief outl ine 
of the Oak Ridge chopper program. We have decided 
to  make high-resolution total and part ial  cross-sec- 
t ion measurements, that is,  scattering, capture, and 
fission,over the energy range from 15 ev to  10 kev. 
In order to do these measurements successful ly we 
have decided to  bui ld two separate choppers, and 
this means actual ly two separate rotors, housings, 
and everything else that goes with it. 

Our f i rs t  chopper, which we ca l l  the M1, w i l l  be a 
vertical-suspension rotor similar to the Brookhaven 
rotor, and we are shooting for a resolution of about 
0.04 psec/m. The rotor w i l l  be machined in two 
halves out of age-hardened “K” Monel. It w i l l  
consist of eight arms with 15 paral lel s l i t s  per 
arm. The s l i t s  w i l l  each be 0.030 in. wide by 1 in. 
high. The rotor w i l l  be spun a t  12,000 rpm, pro-  
ducing about 2 -pec-w ide  bursts. We w i l l  go to a 
45-m flight path for th is  chopper and w i l l  employ a 
256-channe I magnetic-core time-of-fl ight analyzer 
wi th channel widths variable from 0.5 to  8 psec. A 
bank of 100 BF, counters of the MTR type, but 
f i l l ed  to  a pressure of 120 cm Hg, has been ordered 
for use as a detector. 

This rotor,as I have said, i s  a paral lel-sl i t-design 
Th is  w i l l  produce intense, we1 I-collimated rotor. 

bursts of neutrons at  our f l ight  path of 45 m. We 
w i l l  wind up with a beam about 4 in. wide; there- 
fore, we can do scattering experiments by placing 
o u r  sample at the end of the f l ight  path and placing 
our detectors alongside it. We expect t o  get rather 
good counting rates. We expect to achieve a 
counting rate at  1 kev of about 4000 counts per 
channel per hour in a i - p e c  channel a t  the L lTR 
pi le and a counting rate of about 27,000 counts per 
hour in a &-psec channel at  the new ORR pile. 

I want to just sketch what we hope to accomplish 
with th is chopper. I said a resolution of 0.04 
pec /m.  This means that a t  100 ev we w i l l  get a 
resolution of approximately 1.1 ev wide, a t  1 kev 
we expect a resolut ion of 34.9 ev  wide, and at  10 
kev we expect a resolution of 1100 ev, which i s  
overlapping Henry Newson’s work a t  about 10 kev. 

I w i l l  now describe brief ly the M2 chopper, which 
i s  going to  be in operation about a year from now. 
This chopper w i l l  have a resolution of 10 mpsec/m, 
and it w i l l  be instal led a t  the ORR with a 180-m 
f l ight  path. We are going to have an 18-in.-dia 
rotor producing about 1.2-psec-wide bursts, and 
we expect a counting rate o f  about 120 counts per 
?;-psec channel per hour a t  th is resolution. We are 
having built r ight now a 2048-channel t ime analyzer 
to do th is  work. 
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ISOLATION OF CYCLOTRON BEAM BUNCHES FOR NEUTRON SPECTROSCOPY 
J. E. Draper 

Brookhaven National Laboratory' 

J .  E. D R A P E R :  I should l i ke  to discuss a method 
of obtaining millimicrosecond pulses a t  a suf- 
f ic ient ly low repetition rate that the resolution i s  
no t  l imi ted by the f l ight path. Th is  was proposed 
a t  the New York meeting in January 1956. It was 
then decided to test the feasibi l i ty  of th is method 
with a minimum of equipment. 

The method i s  to isolate one of the phase-bunched 
22-Mev-deuteron beam bunches in the 60-in. cyclo- 
tron. F i rs t  the arc i s  pulsed, as has been done in  
lower-energy-neutron work. Slide 1 shows the 
target burst with individual beam bunches a t  one 
r-f period separation. 

Slide 2 shows the path of the beam at deflection 
radius. A single bunch is isolated by putt ing a 
pulse on the conventional deflector of the cyclotron. 

Slide 3 i s  Q block diagram showing how the 
deflector i s  pulsed in synchronism with the rf  
after a delay suitable for the bunches to reach 
deflector radius. The deflector pulse i s  now 15 kev 
by 50 mpsec (the r-f period being 90 mpsec) so that 
only one bunch i s  extracted. 

Although the deflector i s  large and of high ca- 
pacitance, it i s  on the end of a coaxial l ine formed 
by the concentric dee stem and deflector stem and 
of about 70-ohm impedance. 

Individual bunches have been isolated which are 
less than 5 m p e c  long. Each bunch i s  about 10 ma 
of  22-Mev deuterons, and the repetition rate (as now 
l imited by the power supply of the deflector pulser) 
i s  400 cps. 

Slide 4 shows the counting rate plotted against 
f l ight  time for gammas and for neutrons in a 2.7- to 
25-Mev range, The gamma spike i s  clean and 

'Present address: Yale University. 

symmetrical. The counting rate wi th a 1.5-in. 
plastic scint i l lator at  12.5 m i s  one pulse some- 
where on this figure for every f ive cycles. That 
i s  just about as high LI counting rate a s  the ana- 
lyzer can accept, anyway. 

The completeness of isolat ion of one bunch i s  
here  demonstrated - especial ly by the depth of the 
val ley between gammas and neutrons (which would 
otherwise have contained the next beam burst). 

'PULSED (IOKV) 
EXTRACTION 
DEFLECTOR 

Slide 2. Radial Extraction of  One Bunch. 

Slide 1. Oscillograph Trace of a Single Burst from the 60-Inch Cyclotron, Showing the tndividuol Beam Bunches. 

144 



Several days have been devoted to the investi- 
gation of th is method for kev-neutron spectroscopy. 
A paraffin moderator was placed at  the target, which 
affects the resolution by adding a fl ight-path un- 
certainty of about + 1  cm. The detector wus a 2-cm 
slab of BIO viewed by a shielded 3 x 4 cm Nai 
crystal placed 10 cm from the center of the 6.5-cm- 
dia coll imated neutron beam. The flight path was 
440 cm. Pulses were accepted only from the 478. 
kev photopeok from B'O. 

1 

TRIGGER GnTE , = I 
GEN, 

The resonances in fluorine a t  50 and 100 kev 
were detected in  a LiF absorber with a count rate 
of 0.5 count per minute p e r  kev channel. However, 
there are strong background peaks of gammas at  
the cyclotron r-f  repetit ion rate from beam bunches 
striking the internal structure of the cyclotron. 
Attempts to shield out th is  background have been 
unsuccessful because of the smal I space avai lable 
between cyclotron tank and target. The above 

6218 
RF 

PHASER 

r -  

Mev-neutron work indicates that, i f  most of the 
present beam could be piped to a target several 
feet from the cyclotron, th is background could be 
substantially reduced. However, the strong di- 
vergence of the cyclotron beam i s  not favorable for 
eff ic ient  piping. 
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Slide 3. Block Diagram of Deflector Pulsing Synchro- 
nizing Circuit. 

Slide 4. Counting Rate v5  Time of Flight for Gamma 

Rays and Neutrons in  the Energy Range from 2.7 to 
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NEW SYSTEM FOR FAST-NEUTRON CROSSSECTlON M ~ A S ~ R E ~ ~ ~ T S  
L. Cranberg R.  K. Beauchamp J. S. Lev in  
W. P. A ie l lo  h. J. Lang J. E. Midgley 

Los  .4lamos Scienti f ic Laboratory 

L. C R A N B E R G :  I shall describe a system for 
measurement of total cross sections for fast neu- 
trons at  high resolution and high counting rate. 
“Fast” neutron means above 50 kev, “high reso- 
lut ion” a b u t  1 kev or better, and “high counting 
rate” is i n  the neighborhood of 100 counts/sec. 
The basic features are familiar - that is, the 
detector i s  a proton-recoil device, and a l i thium 
target whose thickness i s  1 kev or less i s  used as  
a source of monoenergetic neutrons by the reaction 
L i ( p ,  n) Be7 e 

The dist inct ive features of the system are three, 
First, for the detector we use a thick hydrogenous 
scint i l lator a t  an extremely low bios, so that the 
system has a sensit ivi ty as a function of neutron 
energy which i s  f lat  over a wide range, wi th an 
efficiency of about 50% in the f la t  region. 

The second dist inct ive feature i s  the use of 
pulsed-beam time-of-flight technique to surmount 
the di f f icul t ies that arise from the use of a thick 
scint i l lator. The reason the thick scint i l lator has 
not been used in the past for th is kind of work i s  
that i t i s  sensit ive to the gamma rays and to 

wrong’’ energy neutrons which ore produced in the 
reaction Li7(p,n)Be7*. By gating the detection 
system at the right time, one only sees those 
events which arrive a t  the detector a t  the time 
which i s  appropriate for a neutron of the correct 
energy. 

The third dist inct ive feature of the system i s  the 
use of a technique we ca l l  “energy modulation,” 
which enables one to obtain 100 energy datum 
points simultaneously, in effect, for a single 
energy setting of the accelerator. Th is  i s  ac- 
complished in the fol lowing way. The l i thium 
target i s  insulated for high voltage, and a sweep 
voltage of So kev peak-to-peak i s  applied to i t  
at 10 cps. We then have a “black box” into which 
we pu t  a sample o f  the sweep voltage and the 
signals from the neutron detector. Signols from the 
neutron detector ore converted to pulses whose 
heights are proportional to the instantaneous sweep 
voltage, so that out of the black box we get a 
pul se-height spectrum which i s  representative of 
the counting rate as a function of instantaneous 

# I  

neutron energy. Th is  spectrum can be presented on 
a 100-channel analyzer, and so we effect ively get 
data a t  100 points simultaneously, corresponding 
to a 50-kev energy interval, wi th a single energy 
setting of the accelerator. The procedure for taking 
data with th is system is to  run “sample in,” 
I I  sample out,” ti l l adequate stat ist ics are obtained 
on the data in each channel. The sample trans- 
mission i s  obtained by dividing one spectrum by 
the other, channel by channel. Thus the procedure 
resembles that for a chopper, wi th concomitant 
advan tages. 

The 
f l ight  path, 24 in., i s  necessary in order to  sepa- 
rate the low-energy neutron group when the main 
neutron group is at  1.5 MeV. 

Slide 1 shows the geometry of the system. 

The scint i l lator i s  viewed by two photomultipliers 
operated i n  coincidence to  reduce the ef fect  of 
photomultiplier noise. Also the detector i s  cooled 
to reduce the noise. This detector is f lat  down to  
80 kev, and i t  has about 5% eff iciency a t  30-kev 
neutron energy. At  the high-energy end, i t starts 
to taper of f  above 1 MeV. The “cone-in” back- 
ground i s  in the neighborhood of 1.5% of the “sample 
out” count at 585 kev neutron energy. 

Slide 2 shows the effect ive resolution o f  the sys- 
tem by the r ise in y ie ld  from a very thin l i thium tar- 
get. Th is  i s  one o f  the simplest applications o f  the 
sweep principle. One curve, A, was taken with the 
50-kev sweep, and the other curve, H, was taken 
with a 10-kev sweep. The latter corresponds to 150 
ev per channel. We estimate that the stabi l i ty  o f  
the machine and the target thickness amount to 

about lt kev. 

The f i rst  results are for the well-known reso- 
nance at 585 kev in sulfur (plotted in Slide 3), and 
t h i s  has been compared with careful work done by 
Peterson, Bockelman, and Borschall. We obtain 
the same peak cross section as they did and the 
same width, but th is  measurement required only 
about Fso0 the time required for the earl ier measure- 
ment, reckoned per datum point. The whole 50-kev 
interval wi th the stat ist ics shown required about 
’/2 hr, but it could have been done more rapidly i f  
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the sweep amplitude had been reduced so that only 
the region of the resonance had been covered. 

Slide 4 shows aluminum, run for 10 min. The 
smooth curve represents the results of three IO-min 
runs for a center energy of 585 kev. The broad 
resonance has been reported previously. Two 
additional ones are shown here. 

Slide 5 i s  the resul t  far iron at  1.5 Mev. The 
interest in  iron was motivated by our scattering 

work, on$ the resul t  i s  pertinent to the question 
of h e  appl icabi l i ty  cf the Hauser-fcshbach theory 
of inelastic scattering to iron at 1.5 Mev. The 
large fluctuations in total cross section apparent 
here are consistent with the fluctuations we observe 
in angular distributions of inelastic scattering and 
suggest we are not sa t isb ing  the stat ist ical  as- 
sumption of the Hauscr-Feshbach theory for iron 
at 1.5 Mev neutron energy. 

Slide 5. Tota l  Cross Section of Iron. 
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HARWELL SUPERCHOPPEW 
P. A. Egelstaff 

Atomic Energy Research Establishment, Harweli 

P .  A .  E C E L S B A F F :  1 wi l l  omit  such things as 
the size o f  the f l ight  path, the detai ls o f  the detec- 
tor, the electronics, and so on, and te l l  you about 
the chopper apparatus only. 

Slide 1 shows the principle. In  th is  instrument 
we divide up the functions of a chopper, We have 
a rotating coll imator which i s  a big, heavy disk 
wi th wide channels in it, and it rotates re la t ive ly  
slowly. From it  you get wide pulses of: neutrons. 
Then we have two high-speed rotors which take a 
very short pulse out of the wide one. We are trying 
to make use of the fact that i f  you use glass fiber 
longi tudinal ly you can make a material wi th  o much 
greater strength-weight rat io than hi gh-strength 
steel. Bu t  i t  i s  strong only  i n  the longitudinal 
direction, so we must use a rotor o f  the shape 
shown. We also assume that eventually we con 
phase two rotors together and so get a factor of 
two in chopping speed. In addition we should have 
the great advantage of  doing some veloci ty selec- 

t ion in the gap between the rotors, thereby taking 
out that part o f  the neutron spectrum we want to 
study. 

Slide 2 i s  a photograph of the actual high-speed 
rotor we have built. It i s  somewhat different from 
that shown in Slide 1, since that was drawn a year 
Q ~ O .  The main structure i s  made of glass fiber, 
wi th  the fibers running longitudinally. The wing 
across the center is made of steel and i s  added to 
give dynamic balance. The rotor ought to run at 
48,000 rpm. We have done strength tests on the 
material to show that that speed i s  very feasible. 
It has not yet been tested at full speed. 

Phasing tests on two rotors have been carried 
out up to 24,000 rpm. At th is  speed the short- 
period j i t ter  between them i s  less than 2 minutes 
of arc. The resolution for the complete spectrom- 
eter w i l l  be in i t ia l l y  20 mpsec/m, and then we 
hope to go down to 2.5 with the Full development* 

Sl ide  1. Plan View of Superchopper. 
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Now I would l ike to discuss the philosophy of 
resonance measurements. In my opinion, the 
methods applied at  the present time to the analy- 
sis o f  cross-section curves have gone as far as 
they permit one to go. They have come up against 
the diff iculty of putting the proper level statistics 
into the analysis. Thus I think that one should 
use methods which start from the concept of  a 
cross section averaged over several resonances; 
for example, the fluctuation method, When the 
mathematics of such methods i s  properly worked 
out, we shall be able to consider the limiting case 
of a cross section averaged over a l i t t le  b i t  o f  

several resonances. This problem i s  the stumbling 
block at present. At the same time one should 
work with very great detail on a few isolated 
resonances to try to understand precise facts 
about resonance shape. 

One of our future aims with the superchopper, 
probably about a year away at the present stage, 
i s  to use 21/2-mpsec resolution at 1 cv. I f  you do 
that, you w i l l  get 1000 points in an energy span 
of 0.2 ev. From this we hope to obtain resonance 
parameters of rather good precision. Then we w i l l  
be able to see whether these parameters predict 
the correct cross section away from the resonance. 

A 

A 

A 

A 

F 

Slide 2. Harwel l  High-speed Glass-Fiber Rotor. 
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EXPERIMENTAL AND THEORETICAL FISSION PHYSICS 





ANOMALIES AND REGULARITIES IN FISSION 
J. A. Wheeler 

Princeton University 

L. A .  TURNER: I t  i s  a pleasure to  have John 
Wheeler here to  t e l l  us about the latest anomalies 
and regulari t ies i n  fission. John has been leading 
us by the hand down the way o f  wisdom with re- 
spect to  f iss ion for so long I can’t quite remember 
when it began, but i t  was pract ical ly when f ission 
was f i rs t  heard of. 

Without further ado, John Wheeler. 
J .  A .  W H E E L E R :  Three topics present them- 

selves wi th special insistence: the question of 
level widths in fission, the question o f  channel 
analysis o f  the f iss ion processes, and the question 
o f  the asymmetry o f  nuclear fission. Behind a l l  o f  
these and the analysis o f  them stands the circum- 
stance that the f iss ion process i s  perhaps more 
clearly a co l lec t i ve  phenomenon than any other 
process of nuclear physics. It i s  evident when 
one has to deal wi th a spl i t-up into two fragments 
o f  comparable s ize that one i s  dealing wi th some- 
thing that i s  by no stretch of the imagination a 
si ngle-particl e process. 

The just i f icat ion for thinking that the incoming 
part ic le has formed a compound nucleus i s  essenti- 
a l l y  this: the time for a nuclear vibration o f  the 
order o f  5 x loe2’ sec i s  so very long compared to 
the time o f  the order o f  0.3 x sec for a 
nucleon to cross the nucleus. Th is  means that the 
part icles have time to adjust themselves to the 
configuration o f  the slowly changing shape of the 
nucleus as it leads to fission. 

I don’t need to go into the well-known four 
principal ways by which the nucleus can be in- 
duced to  undergo f ission: by bombardment wi th 
neutrons or charged particles, by absorption of 
electromagnetic radiation, or by sit t ing in the 
ground state as in the case o f  spontaneous fission. 

L e t  us consider the energy levels o f  the com- 
pound nucleus (center) compared to the barriers for 
neutron emission (at  left) and f ission (at right), 
as shown in  Slide 1.  When the compound nucleus 
i s  i n  the state o f  energy E , ,  neutron emission i s  
possible only to the ground state of the residual 
nucleus, a. When the compound nucleus i s  more 
highly excited, to the state E,, two channels are 
open for neutron emission, leaving the residual 
nucleus either in the ground state, a, or i n  the f i rst  
excited state, b. The probabil i ty for th is  neutron 

emission process varies with energy as i l lustrated 
i n  Slide 2. The diagram drawn here (Slide 1) has 
to be considered to apply to levels o f  the com- 
pound nucleus o f  one well-determined spin and 
parity. For a different spin and parity, the energy- 
level pattern w i l l  di f fer for the compound nucleus 
but w i l l  remain unchanged for the residual nucleus. 

I n  addition to neutron emission, we know that 
there i s  competition from de-excitation by gamma- 
ray emission to lower levels and f inal ly from the 
process o f  the greatest interest here now, passage 
over a f iss ion barrier leading to fission. There i s  
a fa i r ly  well-defined div is ion between two ideas - 
one o f  passage over the barrier, which we might 
cal l  the key step i n  the process of fission, and 
then later on in the game an actual spl i t t ing into 
two parts, that we might give the name of scission. 

The curve a t  the right, for f ission barrier as Q 

function of the deformation coordinate, a, applies 
to the case where the compound nucleus i s  even- 
even and has the character 0’. For f ission the 
probabil i ty does not cut o f f  sharply when the 
excitat ion of the compound nucleus drops below 
the barrier height. Instead i t  i s  0.5 at the top of 
the barrier and approaches zero exponentially in 
the manner of a typical barrier penetration process 
when the energy i s  substantial ly below the barrier 
height, E,. The curve o f  energy as a function of 
deformation indicated by c i n  the diagram cor- 
responds to the ground state o f  the “ intr insic” or 
characterist ical ly nucleonic state o f  motion o f  the 
system. Without changing this intr insic state of 
motion, one can exci te col lect ive states of rotation 
of the system which put it into Q level wi th angular 
momentum 2+, or 4+, or 6’, etc. 

Also wi th  a small additional expenditure o f  
energy one can excite the lowest mode of pear- 
shaped deformation ( inset at  top of Slide) to i t s  
f i rst  vibrational state. The nuclear fluid, i f  one 
wants to use simpli f ied terms, sloshes back and 
forth, and the osci l latory motion i s  no longer i n  
i t s  lowest state but in i t s  f i rst  excited state; th is  
gives r i se  to the odd parity that we have here. In 
th is odd parity state the vibrational wave function 
i s  antisymmetric with respect to a rotation o f  the 
system by 180 deg. Consequently the rotation 
state must also be antisymmetric, and the system 
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Slide 1. Energy Level Diagram for  a Fissile Nuclide. 

i s  restr icted to the rotational states I - ,  3-, etc. 
The corresponding potential barriers against f is-  
sion, indicated i n  the diagram by the letters d, e,  

f, real ly ought not to appear on a diagram that 
purports to  describe f ission o f  a compound nucleus 
i n  the 0’ state. However, the appropriate barrier 
(a few tens of kev above 07 does govern the rate 
of f iss ion when the compound nucleus i s  prepared 
instead in one of the states o f  character 1”-, or in 
one of the states 2’, or 3- ,  or 4’, etc. When 
instead the coinpound nucleus i s  prepared in  an 
incompatible state, such as 2-, on which one can 
again bu i ld  a whole family of rotational levels, 
f iss ion i s  impossible v ia  the lowest “f ission” 
channel. However, the transit ion-state nucleus 
can ex is t  a lso i n  one or another excited intr insic 
state, characterized by a higher energy and gen- 
eral ly altered angular momentum of the speci f ical ly 

nucleonic state of motion. The diagram i l lustrates 
a t  g the f ission barrier associated with an intr insic 
excitat ion of the character 2- (perhaps - 1  or 
2 Mev above 0’). 

The state o f  the compound nucleus that i s  formed 
under slow-neutron bombardment w i l  I have a spin 
which can have one of two values. I f  we take the 
assignment o f  the spin o f  ?$- for U235, then, o f  
course, it i s  clear that from th is  we could build up 
a spin o f  either 3- or 4- for thecompound nucleus. 
Let ’s consider the case, then, where the compound 
nucleus i s  foamed in the 3” state. Then out o f  
th is  whole picture that appears to the r ight o f  
Slide 1 mast i s  to be thrown away. Only that part 
of the picture to  the r ight i s  relevant which bears 
the designation 3- .  Actual ly nothing bears such a 
designation here. The 3- state w i l l  s i t  just 
s l ight ly higher than the 1 -  state, and it i s  th is  
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barrier which has to be surmounted, then, to  lead 
to fission. But th is i s  a relat ively low barrier. 

If,on the other hand, the compound nucleus i s  
formed in  the 4” state, then th is  barrier for the 
3‘ state is quite irrelevant to the question o f  f is-  
sion, and the barrier which in th is case must be 
surmounted i s  a barrier which i s  bu i l t  from the 2- 
state by adding on the appropriate amount o f  rota- 
t ional energy. The 4- barrier may be 1 or 2 Mev 
higher, for instance, depending upon the circum- 
stances. 

From this it therefore fol lows that one might very 
wel l  offhand expect rather different f ission to take 
place for the compound nucleus in the one or the 
other spin state, and one of our problems w i l l  be 
to see what we can say about the experimental 
situation. 

As  regards the channel-analysi s point o f  view, 
we think o f  the gamma-ray process as occurring by 
way o f  a great many different alternative channels, 
the sum o f  which gives r i se  to the total probabil i ty 
of gamma-ray emission observed in typical neutron- 
capture processes. Those resonances, as we know, 
are typical ly fa i r ly  symmetrical. On the other 
hand, f iss ion resonances, as we w i l l  hear, are 
often asymmetri cal, 

We can see some l ight  in the understanding of 
th is  effect i f  we consider that a typical one- 
channel process should be given by a cross sec- 
tion which i s  the square of the sum of  terms - the 
typical term having an amplitude factor which i s  
slowly dependent upon energy, a resonance de- 
nominator, and a width term - coming to something 
of th is form, where we have a col lect ion o f  terms 
o f  th is  kind which has to be squared: 

We may even have several such squares which 
have to be added together, i f  there are different 
spin states which contribute to the cross section 
which are incoherently related to each other. The 
important point i s  that one real ly has to add ampli- 
tudes o f  the separate levels, rather than intensi- 
ties; so for a single-channel process one w i l l  be 
led to expect a curve for cross section as o func- 
tion o f  energy which w i l l  be quite unsymmetrical i n  
character. 

However, i f  we talk not o f  the cross section for 
a single gamma-ray-emission process or for emis- 
sion by way o f  a single f ission channel but of a 
process such as gamma-ray emission altogether, 
where we add up the contribution of a great many 
such terms, then we expect the phases that come 
into these several terms to have a random relation- 
ship to  each other (at least th is  i s  not an un- 
reosonable expectation); and, when we add a long 
column o f  such terms together, then we do expect 
to get out o f  that a curve for the total cross sec- 
t ion for radiat ive capture which w i l l  show the 
familiar symmetrical resonance. But we recognize 
that th is  symmetry i s  a consequence, then, o f  the 
great number o f  channels which we deal with and 
that there i s  no reason we should expect such a 
symmetry for a single-channel process such as the 
process o f  f ission is. Th is  i s  one important point 
that we should therefore think o f  in raising the 
question whether the observed asymmetries are 
real ly anomalous in effect. The argument pre- 
sented here i s  that these asymmetries are not to  be 
considered as anomalies. 

A s  Dr. Lane has already discussed at so, there i 5 

another consequence o f  the difference between a 
many-channel process and a one-channel process. 
In the one-channel process the probabil i ty of a 
given level width fol lows a curve l i ke  that shown 
in  Slide 2. In a many-channel process the prob- 
ab i l i t y  for this, that, or the other width, expressed 
as a function o f  the total width rather than the 
partial width for a given gamma ray, fol lows a 
curve o f  the shape shown in Slide 2 with a distr i -  
bution which i s  much narrower percentagewise than 
the total width. 

Now we have to discuss a l i t t l e  the dist inct ion 
that i s  going to be very important between two 
quite different concepts of channel number. One i s  
the concept that we have talked about, that comes 
from the stat ist ical  composition o f  probabil i t ies 
due to  several competing processes. The other i s  
the N that comes into th is  formula for the f iss ion 
width: 

A simple stat ist ical  analysis says that the f iss ion 
width i s  related to the level spacing on the aver- 
age (not for any individual level, but for the aver- 
age of several f ission levels) by a formula o f  th is  
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kind, where N i s  the number of channels which are 
accessible, that is, the number o f  channels over 

associated with col lect ive vibrations o f  the com- 
,pound nucleus about the transition point i f  the sign 

which one can pass. 
I won't try to  give the derivation of th is  formula 

here, except to give a qual i tat ive idea of  what i s  
going on behind the scene in  the derivation. The 
idea i s  essent ia l ly  that the compound nucleus i s  a 
complicated system. It represents points o f  that 
system moving around in many-dimensional con- 
figuration space, i n  a tortuous path determined by 
the energy surface in the many-dimensional con- 
figuration space. In that space there i s  a mountain 
pass which can be surmounted i f  the part ic le i s  
clever enough and intel l igent enough at the repre- 
sentative points to pass over those several points 
and go over in the direction o f  fission. The l i ke l i -  
hood that th is  can happen depends upon the ac- 
cessi ble region in th is  transit ion-state region. 
The accessible space in  the transit ion-state region 
is, o f  course, zero i f  the energy i s  just exactly 
equal to the energy of the saddle point and r ises 
as the energy increases above the saddle point. 

Quantum-mechanically, that result appears th is  
way: One counts the number o f  independent chan- 
nels which are accessible - how many different 
barriers o f  th is  k ind  a l l  have the same given spin, 
whatever the spin happens to be of the compound 

nucleus - how many barriers there are o f  that same 
spin for which the compound-state energy i s  suf- 
f ic ient  t o  cross the barrier. That, then, i s  th is  
quanti ty N .  

Now, that quantity i s  real ly not going to make a 
sharp jump as the excitat ion energy o f  a compound 
system i s  increased. Instead of making a sharp 
jump, as one expects from classical arguments, i t  
w i l l  instead r i se  wi th a penetration-factor curve. 
There is, after all, a certain f in i te probabil i ty of 
penetrating through the potential barrier, and this 
barrier-penetration formula i s  given by the expres- 
sion 

1 
(3) N = - 

1 + exp [ 2 n ( E F  - ~ ) / f i w I  

where th is  formula i s  real ly a l i t t l e  different from 
what one i s  accustomed to f o r  barrier penetration. 
Ordinari ly one sees e to  the minus something or 
other for the barrier factor, and there i s  a factor 
that depends on how sharply the barrier i s  curved. 

In Eq. 3, o i s  a measure o f  barrier thickness 
( m  represents the circular frequency that would be 

of the deformation potential were reversed). Any 
simple estimate that one makes of  the f iss ion 
barrier indicates a curvature near the top o f  the 
barrier very similar to that at  the bottom o f  the 
barrier. What evidence one has indirect ly sug- 
gests an energy of osci l lat ion i n  th is  barrier, at  the 
bottom, o f  '/2 to 1 Mev, and therefore Q similar 
characterist ic energy near the top, so that one 
knows within perhaps a factor o f  two the coeff icient 
that enters into th is  penetration factor. So this, 
Eq. 3, i s  what the quantity N looks l i ke  according 
to a quantum analysis. The just i f icat ion again 
holds i n  a similar way as each successive channel 
becomes avai lable (see Sl ide 2, <r,>/D vs E ) .  

The probabil i ty o f  neutron emission, o f  course, 
shows no such barrier penetration. In th is  case 
the neutron width increases as the f i rs t  power o f  
the veloci ty o f  the escaping neutron, as indicated 
i n  Slide 2, <rn>/D vs E. 

One expects, then, the cross section for fission, 
which i s  governed by the  competition between these 
effects, to go as rp/(rF -t I'n i- rY). The average 
cross section for f iss ion by neutrons one expects 
to go l i ke  this. One has to average after the 
quotient i s  formed, but the averages after the 
formation o f  the quotients are not very different 
from what one would calculate from the averages 
directly. So we can see from the quali tat ive be- 
havior, just  by looking a t  these two curves them- 
selves without regard to the fluctuations, that a 
more precise analysis has to be considered. 

There i s  no f iss ion for energies below region j 
(Slide 2, lowest graph). Due to a barrier penetra- 
tion, the probabil i ty r ises exponentially wi th in -  
creasing anergy, and i t  levels off. Then a t  k a 
new channel comes in. Th is  new f ission channel 
comes in, and f ission probabil i ty again goes up. 
But then at  n a neutron channel comes in that 
gives an unfavorable competition. Th is  unfavorable 
competition knocks the curve down again, and then 
we go on up again as a new f ission channel comes 
in a t  1. 

Th is  i s  the type o f  effect that one could have 
foreseen, perhaps, in the early days o f  f ission 
theory, but no one was at that time prepared to 
take seriously the detai led consequences of  th is 
formula, least of a l l  these definite jumps and 
these effects of individual resonances. One 
treated th is  previously always on a smeared-out 
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basis, and now one has come to learn from the 
results r ight here at Oak Ridge on U234 and U236 
by Lamphere and Greene that there are real ly these 
wiggles in the cross section (Slide 3), and i t  ap- 
pears reasonable to interpret them in th is  way. 
For instance, one of the drops in the case of U238 
f ission i s  a drop a t  the energy corresponding to  
the f i rst  excited state o f  the U238 nucleus. Well, 
so much for th is  channel analysis of f ission a s  
applied i n  qual i tat ive terms. 

To talk a l i t t l e  more about how things go, it i s  
evident from this picture that the cross section for 
f ission does not go real ly to zero anywhere, and 
that i f  one now looks more careful ly at the struc- 
ture here, getting out a magnifying glass, one w i l l  
see, o f  course, individual neutron resonances, and 
some o f  these neutron resonances w i l l  show f i s -  
sion widths o f  appreciable size. Unfortunately, 
very l i t t l e  has been done yet to study f iss ion 
widths o f  levels well  below the f ission barrier. I 
think th is  w i l l  be quite instruct ive i n  te l l ing one 
about the nature o f  the f ission barrier as more work 
i s  done on th is  point. 

Leonard, at  Hanford, has shown that the previ- 
ously well-known capture level a t  1.06 ev in Pu240 
also shows some fission. The probabil i ty o f  f is-  
sion i s  so small that one can say that the f ission 
width o f  that level i s  o f  the order o f  magnitude o f  
lom5 ev. He w i l l  give us more details. If one 
puts th is into the penetration formula, one finds a 
penetration probabil i ty which i s  quite low, much 
lower than one would expect from the distance 
below the top of the barrier. This, then, i s  an 
anomaly, and we don‘t understand the reason for 
the anomaly, that is, why th is  i s  so very low, I 
won’t g ive the detai ls o f  calculat ing how far below 
the barrier we are, and we are somewhat uncertain, 
but not uncertain enough, I think, to make this 
great discrepancy. 

There are a t  least two ways to account for th is 
discrepancy: 

1. Th is  level might belong to a spin state for 
which one i s  real ly wel l  below the top of the bar- 
rier. The barrier of PuZ4’  which i s  surmounted on 
the way to f iss ion could correspond, for example, 
to a spin of ?$. The P u Z 4 ’  which i so r ig ina l l y  
formed has, o f  course, spin ’/2. Perhaps I can put 
i t  th is  way, then: There i s  th is barrier, which i s  
easy to surmount with the energy achieved by neu- 
tron addition. Other barriers belong to other nu- 
clear states considerably higher in energy; for 

example, a barrier here with a spin o f  $, which i s  
very unfavorably situated to lead to fission. One 
has then an enormously low probabil i ty for crossing 
the barrier, but the increase o f  neutron energy a s  
one goes up introduces part ial  waves o f  higher 
angular momentum, and therefore one quickly comes 
to a point where he does have avai lable a spin of 
%, and he can easi ly go over the barrier wi th sub- 
stantial probability. Th is  i s  one way that one 
could account for th is  low figure. 

2. The other way one could account for it i s  i n  
terms of stat ist ical  fluctuation, i n  terms o f  a 
picture l i ke  this, that there i s  a reasonable prob- 
ab i l i t y  of very low widths. L e t  me not take a 
great deal o f  time to discuss such issues. 

One of the most interesting points i s  the ques- 
tion about the levels, however, o f  UZ3’. The 
question raises i tself ,  how does it come about that 
the levels o f  U235 show the widths which they do? 
L e t  me state the problem in  the fol lowing terms: 
U235 has a number o f  levels which have been 
studied in detai l  wi th regard to f ission widths 
(actual ly 15). One might expect, from the simple 
picture, that there would be a very different be- 
havior for a 3- state, formed with the spins com- 
bined in one direction, and for a 4- state, formed 
when the spins combine in the other direction. 
One might, therefore, have expected from th is  
simple picture that +he two sets of levels of the 
nucleus UZ3’ would fall into two dist inct  classes, 
one of  which would show a high f iss ion probability, 
going over the barrier readily, and the other a low 
f ission probability, having to  go through the bar- 
rier. The fact that th is division into two wel l -  
defined groups i s  not seen can be explained in  
several ways, none of which are entirely satis- 
factory. Sailor has suggested that all the 15 
levels, or pract ical ly all of them, might have the 
same spin, but 6. Bloch’s stat ist ical analysis o f  
nuclear levels wi th respect to their spin argues for 
a comparable number of levels o f  spin 3and spin 4, 
in contradiction to  th is picture. Of course, i t  i s  
true that the Bloch analysis counts up the total 
number of  levels o f  spin 3 regardless o f  their 
parity, and the total number of levels of spin 4 
regardless o f  their parity, whereas in point o f  fact 
we are concerned with particular parities, but 
there i s  no evident reason why the frequencies o f  
even and odd parity should be part icularly dif- 
ferent. 
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Of course, one way to test th is  explanation i s  to 
find a way to determine the spins o f  those states, 
and 1 should l i ke  to  say just a word, after a moment, 
about a way to get at  th is  from the asymmetry o f  
fission, or about a possible way to get at  it. I f  I 
take very much longer on this, I wi l l  run out of 
time to discuss that point; therefore, l e t  me just 
skip over detai ls here and conclude by saying that 
one explanation that seems to me quite possible 
for the situation in the U235 case i s  this: One o f  
these barriers i s  wel l  below the energy achieved 
by thermal-neutron fission, and the otlier is only 
s l ight ly above it. In fact, there i s  a group o f  
levels o f  a characteristic nucleonic stcpte (and not 
necessari ly one characteristic nucleonic state) 
which contributes PO th is  probability. Now we 
have two quite different factors to reconcile. One 
i s  the absolute width of the levels. From the 
absolute width we can judge the number of chan- 
nels. The effect ive number of channels, as judged 
from the absolute average width, comes out to be 
about one-third o f  a channel, That i s  point 1. 

Point  2 i s  that from a study o f  the stat ist ical 
distr ibution o f  widths one can say that the stat ist i -  
ca l l y  effect ive number o f  channels i s  somewhere of 
the order o f  magnitude o f  two. These numbers are 
not contradictory a t  a l l .  They refer real ly to two 
quite different concepts. One refers to the ques- 
tion of stat ist ical  variance, and the other refers to  
the absolute number. It turns out that i f  one says 
there are three levels which contribute each one 
about a quarter o f  a channel's worth to N and one 
level which contributes about three-quarters o f  a 
channel's worth to N, one has a number o f  con- 
tr ibutions coming in which are sufficient, when 
one goes through the stat ist ical analysis, to rec- 
onci le both o f  these numbers, that is, one gets Q 

variance number effect ive of the order of 1.5, 
which seems to be consistent wi th what one ob- 
serves. 

Now le t  me just skip over a great many other 
points and come las t  to th is  point o f  asymmetry of 
fission. In the mass distribution, the drop a t  
symmetric f iss ion to a factor of too of the peak i s  
familiar. Yet, i f  we have a nucleus which passes 
over the  f iss ion barrier o f  th is 1-  type, we w i l l  
expect real ly quite a different k ind  of a result. 
For a nucleus in the f i rs t  excited state o f  th is 
asymmetric mode of vibration, as for a mechanical 
osci l lator whose f i rst  excited state has a wave 
function which has a node exactly at the middle 
point, there i s  exactly zero probabil i ty for being i n  

the state of zein disturbance. In other words, 
there should be exactly zem probability for com- 
plete symmetry of  th is  system with respect to the 
two sides if i t  passes over th is k ind  of a barrier. 
That qeans, in other voids, that :!le l ikel ihood 
of synrnetric fission, in that case, in j teed o f  being 
1 in 600, should go to zero, 

This meansthat i f  one can look at the prababil i ty 
o f  synarnetric f iss ion for various levels, there i s  a 
possibi l i ty  that those levels which correspond to 
f ission over n barrier of th is  k ind w i l l  S ~ Q W  zero 
probabil i ty o f  symmetric fission, whereas those 
Ieve!s which correspond to passage over the other 
kind o f  barrier w i l l  show the USIJU~ probabil i ty o f  
symmetric fission. I f  one can develop a technique 
for the studyof the l ikel ihood o f  synimefric fission, 
therefore, there i s  Q chance that one might then be 
able to cissign spins to these nuclear states. 
Then le t  me just add that I hope that Dr. Bol l inger 
w i l l  ta lk m d  also Dr. Landon w i l l  say a word 
about the thoughts they have on how one might 
observe this symmetry effect. 

I won't t ry  to say anything about the interpreta- 
t ions of the photofission experiments. They are 
very interesting i n  th is respect, but the ideas 
which one needs for analyzing those kinds of  ex- 
periments, I think, have been presented, and i t  
would only be an application o f  those ideas, and 
not a development of new ideas, Instead le t  me 
talk a l i t t l e  about the distr ibution of k inet ic en- 
ergies in the process of fission. 

Let 's say that for simplici ty we w i l l  ta lk about 
passage over the barrier in a O'stote (see Sl ide 1). 
Tho$ barrier goes down to where f inal ly scission 
occurs, and then the nucleus i s  coasting down, 
wi th two sepurated fragments moving apart from 
each other, after th is  point of scission. There 
wil l ,  of course, be a great many other potential 
barriers which w i l l  come in  here and different 
possible excited states, because, after al l ,  we 
are dropping down by an amount which may be 10 
or 20 Mev here, and so there i s  room for lots o f  
other states o f  the same spin and parity, and we 
w i l l  have an exceedingly great number o f  them a t  
these higher excitations. 

Now the issue presents i tsel f :  Does the nucleus 
coasf down to th is  lowest curve and remain on th is  
lowest curve, or does i t  pass across to another 
curve? To put it another way: Is the passage 
from the point o f  f iss ion to the point o f  scission a 
smooth passage, or i s  the nuclear f lu id st icky? It 
i s  a remarkable circumstance about the behavior of 
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individual part ic les i n  nwclei that the situation 
l ies  almost exact ly midwny between die two con- 
ceivable extremes: ( a )  the part icle moving coin- 
pletelly through the nuclear interior, so that the 
idea of an average potential could be fu l l y  just i-  
fied, and ( b )  the opposite idea of the part ic le 
moving such a short distance through ihe nuclear 
f lu id  that the nucleus should be compared instead 
to a l iquid drop. 

The question raises i tself ,  what about the damp- 
ing time for a vibration of the nuclear osci l lat ion? 
Is that damping time vepy short or very long corn 
pared to the time o f  an oscillation, or o f  the same 
order of time as an osci l lat ion? \Ne just don’t 
know what ba l l  park we are in. I f  the nucIeus, 
however, i s  completely free, then we would expert  
always to observe the same kinet ic energy for the 
separating f iss ion fragments. Th is  we certainly do 
not see. We see instead widespread kinet ic en- 
ergies. We can interpret that by saying that the 
nucleus i s  a st icky fluid, that when we pass to 
any one of these curves there i s  a stat ist ical  dis- 
tr ibution among them, and that the l ikel ihood o f  
any given energy i s  governed by the famil iar 
stat ist ical  arguments. Since there is 20 Mev avni l-  
able here, th is  20 Mev won’t a l l  go into k inet ic 
energy; far from it. Something o f  the order o f  1 or 
2 Mev i s  a l l  that w i l l  go into k inet ic energy of 
separation, and the rest wi l l  go into energy of 
excitation. 

If one can learn more about th is  question, one 
may have a chance to learn a good deal about the 
st ickiness of the nuclear fluid. Th is  i s  very im- 
portant w i th  respect to the question of  the mass 
distr ibution of the f ission fragments a5 they 
separate. But I won’t t ry to discuss any of the 
ramifications o f  that question, since i t  would 
lead us a l i t t l e  away from our main subject. 

E .  GUTf f :  I would l i k e  to ask what form o f  
<rF>/D i s  equal to N / h .  We discussed that 
th is  morning, but there seems to  be a language 
di f f icul ty.  I wonder i f  ‘you would elucidate on 
what the c r i t i ca l  signif icance i s .  

J .  A. W H E E L E R :  The question i s  about the di f -  
f icul ty of applying the formula (I.,>/D = ~ / 2 n .  
The difficwlty, as I have already mentioned, i s  
only an apparent di f f icul ty.  It i s  a d i f f i cu l ty  o f  
the sort that, from the observations for U23s, N 
comes out to be of the order o f  0.35, and from the 
stat ist ical  spread in level widths, the fact that 
level widths vary the way they do, one arr ives a t  a 
stat ist ical  number o f  channels o f  the order of 1.5. 

The only trouble that has arisen in the past i s  that 
people have been identifying these two numbers as 
being the same number. The paint, however, i s  
the following: The channel number  i s  a function o f  
neutron energy. Conside: the channel number, N, 

plotted a s  a function of er 2ryy for one channel. I f  
one tins a S C X Q ~ ~  channpl of only s l ight ly different 
energyl he gets a similot curve, b u t  sl ight ly dis- 
placed, and similarly for CI third channel of sl ight ly 
different energy. Now thc total valuz of N i s  giver? 
by the s u m  of the three capital N values associ- 
cjtrd wi th  that energy. 

Now w h a ~  obout v? u i s  a number whose deter- 
mination i s  governed by the fluctuations here. It 
depends on how many separate, independent con- 
tributions yeis have, mid nothing at a l l  on their 
abscissas. 

On th is  same subiect, i n  U235 
do you think the situation i s  that we are above the 
threshold for one o f  the spin states? That is, i f  
you are def in i te ly above threshold, doesn’t N, 
then, have to be a t  least l ?  

J .  A. W H E E L E R :  L e t  me draw the fol lowing 
sketch (see Slide 4). For the channel that i s  
easi ly crossed, I w i l l  draw a curve for A‘ as a funr-’ 
t ion of energy l i k e  th is  (curve 1). So I wi l l  say 
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that N for that channel which i s  easi ly crossed i s  
0.7’. That would correspond to the parity variety 
that i s  easi ly surmounted. For the variety that i s  
not easi ly surmounted, I w i l l  draw a curve l i ke  
th is for one intr insic state (cwve 2), another 
intr insic state s l igh t ly  different in energy (curve 
3), and a third intr insic state s l ight ly different i n  
energy (curve 4). Each of those states contributes 
an N value which i s  of the order o f  magnitude of 
0.25. Th is  i s  0.35 (curve 2), 0.25 (curve 3), 
0.15 (curve 4), giving an average of 0.25, and th is  
(curve 1) i s  0.7. I shall assume that we have ten 
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levels of th is  variety (curves 2, 3, 4) and f i ve  
levels of th is variety (curve 1). You have to make 
some assumptions, and as a typical i l lustrat ion I 
have assumed this. Th is  leads to a result for N o f  
about 0.4, as compared to the experimental 0.35, 
and it leads to a value of v, the fluctuation effec- 
t i ve  value, o f  1.5, as compared to the experimental 
value of around 2. 

A .  M. L A N E :  This  one (curve 4) i s  not exactly 
above the barrier for  any particular energy that i s  
on that diagram. 

J .  A .  W H E E L E R :  The barrier i s  real ly the half- 
way point, where you have exactly a 50% chance. 
Th is  i s  the quantum-mechanical formula. One 
does not see this in the book, but i f  one real ly 
does i t  right th is  i s  what one gets. 

P. A .  E G E L S T A F F :  I f  the situation i s  as shown 
in your drawing, we are a bi t  below the barrier for 
curves 2, 3, and 4, and only a l i t t l e  ways above 
it for curve 1, so wouldn’t you expect the average 
f ission width to increase with energy i f  you go from 
thermal up to 1 MeV? 

J .  A .  W H E E L E R :  That i s  correct in so far as 
the f ission width i s  concerned. That i s  what one 
would expect from this, and whether th is  could be 
reconciled w i th  the experimental cross section 
would depend, of  course, upon neutron capture. 

P .  A. € & E L S T A F F :  That i s  what I am wonder- 
Th is  means the value o f  a has to show some 

J.  A .  W H E E L E R :  That would appear reasonable, 

ing. 
steady decrease from thermal to 1 Mev. 

wouldn’t it? 

P. A .  EGELSTAFF: And you could more or less 
predict that change with your result. 

J .  A .  W H E E L E R :  How much i s  tho experimental 
change? 

P.  A .  E G E L S T A F F :  Well, I cannot real ly give it 
offhand. I would have to look at  figures. As  I 
remember it, there isn’t much change. 
H. G O L D S T E I N :  Alpha i s  ?$ at  1 kev and ’/lo a t  

about 1 MeV. 
H .  P A L E V S K Y :  I don’t think you want a. You 

want the average f ission width. 
P. A. E & E L . S T A F F :  The point I was getting a t  

is, there i s  a variation here. I f  you do your 
arithmetic proper1 y, you corrdate your effect here, 
and you decide whether you are ~t the right barrier. 

J. A .  W H E E L E R :  That i s  a very good point. It 
seems to be qual i tat ively in the right direction. 
P. A. E G E L S T A F F :  Yes, I am not quite sure 

that i t predicts quite as  smooth a curve as you 
have drawn there. i t  more or less depends on your 
value of the barrier. 

J. A .  W H E E L E R :  It i s  of the order o f  !$ to 1 MeV. 
P. A.  E G E L S T A F F :  Then some f i t t ing has to be 

done. 
J. A. W H E E L E R :  I think it would be very worth 

whi le to  fol low th is  up and check i t  out. 
A ,  hi. L A N E :  I think that i s  in the r ight direc- 

t ion to change a, but i s  there not another factor to 
be taken into account? That is, a t  1 Mev you have 
other higher-partial waves, and for those you may 
be wel l  above several f ission barriers, and so a 
may drop o f f  on that account alone. 

J .  A .  W H E E L E R :  Absolutely correct. 

. 
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PROBLEMS AND PROGRESS iN ~~~~ 

L. M. Boll inger 
Argonne National Laboratory 

L. M .  S O L L I N G E R :  What I would l i ke  to t ry to 
do in th is  talk i s  somewhat as follows: first, to 
describe for you some of what are real ly quite 
considerable advances in techniques for measuring 
cross sections o f  f issionable materials that have 
taken place during the past year; second, to 
i l lustrate these advances in terms of  the plutonium 
cross-section data which we have obtained a t  
Argonne, th is  work being done in collaboration 
w i th  Bob Cotd, J im LeBlanc, who i s  now a i  L iver -  
more, George Thomas, and for a short period 
Pierre Hubert, from Saclay; and third, to t ry  to 
point out a few places where our present tech- 
niques are def in i te ly lacking, i n  that they are not 
able to measure cross-section quanti t ies which are 
of interest. 

because a problem w i l l  immediately show up. We 
would l i k e  to measure the total cross section, 
cT, the f ission cross section, o;.., the radiative- 
capture cross section, a y ,  and the scattering cross 
section, us. It i s  through th is  last item that we 
can immediately put tlln X, because \ don’t know 
anyone who thinks he knows how to measure the 
scattering cross section o f  f issionable materials. 
Th is  i s  real ly too bad, because i t  takes away the 
most obvious way o f  measuring the J values for 
the states that are involved, and we must, there- 
bore, go to other methods which are only in the 
idea stage a t  the present time. 

Let’s start o f f  by discussing how we yo about 
measuring some of these cross sections that we 
think we know ~ Q W  to measure. Consider f i rs t  the 

Let’s start by writ ing down on the blackboard f iss ion cross section. Slide 1 i s  a schematic 
some quanti t ies which we might l i ke  to measure, drawing o f  the equipment that i s  used i n  our 

UNCL PHOTO ASS1 19101 F I E D 

Slide 1, Schematic Diagram of Equipment Wsed in Fission Cross-section Measurements. 
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partial-cross-section measurements at  Argonne. 
You see the source o f  neutrons, the reactor CP-5, 
a fast  chopper, a detector, which i n  th is  type o f  
measurement i s  25 m from the chopper, and two 
time analyzers, a somewhat old-fashioned 100- 
channel analyzer and a big, new 1024-channel 
analyzer. 

Slide 2 shows the f iss ion cross section o f  Pu239 
as we measured it. These measurements were 
made by the c lassical  method o f  detecting the 
f ission event by detecting f iss ion fragments. I f  

one compares th is  drawing with what would have 
been obtainable a year ago, one finds that there i s  
real ly a very dramatic improvement i n  the quali ty 
o f  the data, part icularly the resolution, and one 
may wel l  ask just how th is  came to pass. The 
answer i s  that there has been a tremendous in- 
crease in flux. l a k i n g  our own case as an ex- 
ample o f  what has happened during the past 2% 
years, starting from the time we abandoned reactor 
CP-3, we have had the fol lowing increases in ef- 
fect ive flux: a factor o f  40 for the pile, a factor 
of 10 for the time analyzer, a factor of 15 x 8 for 
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Slide 2. Fission Cross Section of Pu239 vs  Neutron Energy. 
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the chopper, and a factor of 10 in  th is  measure- 
ment for the detector, This  gives an over-all 
effectiv,o increase i n  flux of: 480,000, 

Of these many factors, 1 umnt to  mention only 
one, and that is the detector. In the c u m  o f  the 
isotope PLJ~~ ’ ,  the primary detector ~~~~~e~~~ i s  
that the very high ac t iv i t y  of the rcloterid causes 
the alphu-por8icla pulses, which are much smollar 
than the fission-fragment pulses, to rattle; he- 
quently build up to a pulse-haight ievel which i s  
comparable with thnt o f  the fission frcsgmerit. This 
problem had l imi ted chambers, i n  the pcl5t, in ~ I i i s  
type of mrk, fo o t O t Q l  weight of tho order o f  
10 mg of material. Rather rrcently, h o w r v ~ r ,  a 
new technique, using noblc-gJs scint i l lat ion CIS 

the light-producing elerrsent, Iius a3luwed one to 
get around this problem to scme extent. The 
noble gosea produce extremely fast pulses. so 
that one may now c l i p  the pulses that ate farnied 
to a width o f  the order of a few millimicroseconds 
and thus PO some extent inhibit the alpha pi le-up 
phenomenon, I won’t go into detai ls as to  the 
chamber we used but w i l l  just  mention that, CIS 

compared with the order o f  5 my which had been 
used previously in th i s  country, we were able to 
use 120 my in  oilr chamber. 

Now, going on to a discussion cis to the  qual i ty 
o f  the data of Sl ide 2, f i rst  let’s see where they 
w e  not satisfactory. In general they are ) lot  
satisfactory in low-cross-section regions, which 
usually are off-resonance regions. When plotted as 
in  Slide 2, one does not observe this, but i f  one 

that the cross sections near the base l ine are mare 
or less meaningless. The problem i s  stat ist ical  i n  
plafure; we just don’t have snaugh counts. 50 h f r e  
i s  an indication that a new method of measurement 
i s  required, and I w i l l  suggest a way out and show 
an example of data obtained ir, a new way. 

Although meaningless in regions of  low cross 
section, the data of Slide 2 are useful for meas- 
uring a combination o f  resonance parameters, 
namely, the quantity 0 ~ 1 ’ ~ ~  where a. i s  the peak 
cross section and I’, i s  the f iss ion width. The 
stat ist ical  accuracy of the areas that are involved 
in  these peaks i s  of the order of 1% in the best 
cases and typ ica l l y  395, and therefore in those 
cases where one has clearly isolatcd peaks there 
seems no reason to doubt that the stat ist ical 
accuracy o f  the qiiantity i s  o f  the order of a 
few per cent. 

VPH~ to  US^ a log-log scale i t  would be o b v i ~ ~ ~ s  

One should mention, of course, that these data 
hove to be normalized to thswull energy, 50 that 
any error wh;ch O C C W ~ S  i n  the ~ b s o l u t ~  STOSS scc- 

tion of :he material at  ttlsrsnnl energy i s  carried 
over Ents the er~uracy  06 the d a f o  at higher energy. 

A second and iev,er  aiprucursh in attempting ta 
tnewurc f i  s ~ i o n  cross scxTicana and related quanti- 
t ies  i s  to register tha ~ C C I J ~ ~ E ~ C B  of f iss ion by 
detecting the fast  E ~ L I I ; ~ I ? ~ , S  psoducsd. The f i rst  
p e ~ ~ a , l ~ :  PO attempt to make rncasurernerto as a 
function of wicegy using tlrcss Fission neutrons 
*vas Palevsky, a t  Prrnokhoven, who used a thick 
sample to m e a s ~ r ~  directly the quantify q, the 
numbei o f  fissia,, neutror,~ produced per incident 
neutron absorbed. Other p e ~ p l ~  fcl lowed rapidly 
i n  t h i s  type of mei‘Jsurom‘: r!, h nu~nber o f  different 
detectors ware used, Hornyak buiitons., hydrogen 

nioderator. I h e  d i f f i cu l ty  wi th a l l  of these detsc- 

tors, part:culorly for time-of-flight work, i s  that 
they had on extremely Eow efficiency, o f  thc ordcr 
of 6.9%. Thus die measurement turned out to be 
quite tedious, and perhaps the possibi l i ty  of error 
crept in iust  because the measurement d id  toke SQ 

propsstianoa COUnfehS, nnd RF, csuntsrs In c3 

long, 

In any case, nt the t i m e  of the Genera confer- 
ence, i us t  a l i t t l e  over a year ago, there were 
several sets of data giving results on U233 a ~ d  
U235 which gave values of ’1 which  were in very 
good sgreenrent wi th the measimd cross sections 
for the assumed constant volste of v, but there were 
also two sets of data on P a 2 3 9  which did not give 
th is  agreement. Th i s  anomaly for Pu”’ suggested 
the extremely interesting possibi l i ty  that Y varied 
from one uesonance to another. Spurred on by the 
interest of Professors Wheeler, Bohr, and others, a 
race developed to makg a direct measurement o f  v 
for ~ 1 , ~ ~ ~ .  

The winner5 in  th is  race were Auclair and Landon 
a t  Sac%ay. ‘They Bound that u was constant over 
the thermal energy range. Soon thereafter, four 
other groups olse, found it to be constant. The 
measurements were hen extended into the reso- 
nance region by ourselves e t  hrgonne, und v was 
found to be constant from resonance to res (~nc~nce ,  

I s h o ~ l d  l i k e  tiow to  toke the time to describe 
our measurement, because it gives an opportunity 
to describe several pieces o f  apparatus, an under- 
standing of  wkich i s  necessary for the presentation 
of some of the data that I have. 
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Slide 3 shows the detecfion system used in  our 
study of  the energy dependence o f  U .  One sees 
thres counters, the f ission chamber, which I 
mentioned before, in the center, and on the out- 
side of it two large l iquid scint i l lators, These 
l iqu id  scint i l lators are for the purpose of detecting 
fast neutrons through the proton-recai 6 process; 
they are made insensit ive to radiative-capture 
events by the lead surrounding the  sample. To 
say that we have had a f ission event, we require a 
twofold coincidence between the l iquid counters, 
and we also require tlaot the sum of the pulse 
heights be i n  a prescribed range, usually a rela- 
t i ve ly  low pulse. 

We hove studied rather corefu!ly the cl-torat- 
ter ist ics o f  th is  counting system and have found 
thnt the eff iciency for the detection af CI f iss ion 
event i s  i n  the range o f  from 5 to IS$ depending 
on operating conditions. 

Perhaps one of the biggest questions about the 
detection system i s  how insensit ive it  i s  to  cap- 
ture events. The detection eff iciency for capture 
cannot be measured direct ly for a fissionable ma- 
terial. We have shown, however, that the ratio of  
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eff iciencies f ~ i  datccting copturo in gold and. f is-  
sion in  U235 i s  lass than 0.0005, This intio i s  . 
small enough that i t  seems safe to assume that the 
detection system responds only to fission. 

In the measurement to study the behavior of  V ,  

we measure the single rate i n  the inner chamber 
and the threefold rate between the three chambers. 
The rat io of tho coincident? to the single rate i s  
proportional to the quantity v(v - l ) ,  where I/ here 
refers to a part icular ?vent. FGF the known dis- 
tribusian in v, the quantity v(v - 1) i s  roughly 

For o u r  work on v we were not part icularly in- 
terested i n  just &t WQS t h e  exact relat ionship 
between 3 and v(v - 1). We were looking for 
changes in v, and, since we didn’t find them, i t 
was tist impmtant for us  to know what the relation- 
ship was. 

Now, going to the dntn themselves, Slide 4 gives 
the data obtained at thernia! energy, and, as you 
can see, there i s  no perceptible variation in U. 

Now, at spitherma! energies t h e  main problem i s  
one of counting rote. You can get some idea of 
th is d i f f i cu l ty  from Slide 5, which shows the raw 

equal to z2. 

Slide 3. Detection System Used in the S t i ~ d y  of Y V S  Energy. 
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data obtained i n  one of many runs. Up above, one 
sees the number o f  coincidence counts obtained in 
15 hr, and below are the singlo counts. Both o f  
these two sets of data were obtained simultane- 
ously and ware retarded simultaneously in our 
1024-channel analyzes. It i s  an obvious advantage 
in  a low-counting-rote experiment of th is kind, 
where one has to count over perhaps B period04 
one month altogether, to have the  data recorded 
simultaneously, so as to eliminate the possibi l i ty  
of dr i f ts i n  eff iciency which might cause the re- 
sul ts to be in  doubt. 

Table 1 gives a summary of the results on the 
measurement of ZJ for the various resonances; here 
again, to wi th in a stat ist ical accuracy of the order 
o f  3 or 4%, these i s  no perceptible variation in V .  

Having found this result, we could now with some 
confidence use the detection system for te l l ing  
ourselves that a f ission event had occurred and 
know that the detection eff iciency was a constant 
which could be found by normalizing the quantity 
being measured R, say, thermal energy. The f i rs t  

239  Table 1. Numerical Value of v 4~ B u  
a s  a Funclian a? Energy 

Resonance S tandord 

Sta ti s t i  cal Relat ive E nsrgy 
V (e VI Error (x) 

I 

Thermo I 
7.8 

10.9 
11.9 
14.3 
14.6 
15.5 
17.6 
22.2 
26.6 
59 
66 
75- 

110-1700 
a6 

1 .ooa 
1.009 
0.972 
0.999 
1 .oo 1 
0.975 
1.083 
1.006 
0.983 
0.9 54 
1.048 
1.041 
0.959 
1.023 
0.991 

1.6 
2.6 
1.9 
3.3 
3.9 
3,0 
4.0 
3,6 
3.4 
6.1 
3.0 
3.4 
3.4 
3.2 
2.7 
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Slide 5. Raw Data from Single  Run for Measurement of V 2  of Plutoniurrr. 

experiment that i t  seemed desirable to do was to 
repeat h e  measurement of for in the 
thermal energy range. I f  we could not clear up the 
anomaly mentioned earlier for th is  case, there was 
very l i t t l e  point in trying to extend the measure- 
rnent to the higher energy range. 

I f  we have a block of material wi th a beam of 
neutrons coming into it and some kind of D newtron 
counter off to one side having an eff iciency € f o r  
the detection of a f ission event, then h e  counting 

rate R in the counter i s  

(1)  

where I i s  the neutron current into the sample, T 
i s  i t s  transmission, T’ the escape-withowt-inter- 
act ion probabil i ty after one scattering, T” the 
probabil i ty of  escape after two scatterings, etc. 
Th is  i s  obviously a very complicated expression i f  



one carries i t  a l l  the way out. But the important 
point i s  that under favorable Conditions the latter 
terms are small as compared w i th  the f i rst  term, 
and one can therefore look for simpli fying assump- 
t ions or s impl i fy ing experimental conditions which 
w i l l  a l low one to  handle i t in a reasonable way. 

In particular, i f  we make what i s  a rather general 
and reasonable assumption, that the rat ios o f  cmss 
sections are independent o f  the number of  scat- 
terings and that the probabil i t ies o f  escape are 
the same for a l l  scatterings, then Eq. 1 can be 
written i n  the form: 

(2) 
q R 1 + (us/u-,)T' 

v E l  1 - 7 -  
- =  - 

Now consider the case o f  incident neutrons of 
thermal energy. The term ( D ~ / C ~ ) ' I "  i s  i n  general 
less than 1%, and the sample can be thick enough 
so that the transmission i s  zero and T' i s  not  far 
from zero. Thus we have a very simple relation- 
ship in which one can measure a l l  the experimental 
quanti ti es i nvo I ved. 

Slide 6 shows the results we have obtained near 
thermal energy. Here q/v i s  plotted as a function 

.8 

.7 

Ig - 
I/ 

.6 

.5 

of neutron energy. The points are the direct ly 
measured values, whereas the sol id l ine  i s  the 
value calculated from cross sections which were 
measured a t  Argonne. As  you see, wi th in the ex- 
perimental error there i s  good agreement. 

Le t  me conclude th i s  part by saying that these 
results convince us that we have measured the 
r ight value of q/v. There s t i l l  are two d is t inc t  
sets o f  data for q of  Pu239, however: our results 
and Leonard's from Hanford, which are i n  very 
good agreement, and both of which are i n  agree- 
ment w i th  the cross-section data; and the Brook- 
haven and the Harwell  results, which are in dis-  
t inc t  disagreement with our results, and yet seem 
to be o f  very good quality. A s  far as I know, no 
one can offer a reasonable explanation for th is  
anomaly. 

Having proved to our  own satisfaction, a t  least, 
that we knew how to handle the technique of  meas- 
urement by fast-neutron detection and that the 
technique gave correct answers, we then proceeded 
to attempt to push the technique to higher energies. 
Here things become m o r e  diff icult ,  and not i n  th is  
case because of the counting rate, ~ ~ X Q U S ~  w i th  
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our detector the counting rate i s  almost over- 
whelmingly high; rather, he measurement i s  harder 
because one must select favorable conditions in 
order to  make sure that one knows what i s  being 
measured. As  far as I can see, the main l imitat ions 
which one must place upon the experimental condi- 
t ions for the measurements are, first, that us << o 
(and th is  i s  most important), and, second, that tha 
resolut ion be  reasonably good. 

In the measurements which we made, the results 
of which are shown in Slide 7, we used Q sample 
which was 3 mm thick, and for which we chose to 
use results only i f  the transmission WQS lass than 
50%. Now, you wi l l  observe that in the immediate 
neighborhood of most o f  the resonances at low 
energy the transmission i s  very close to zero and 
only rather small corrections had to be mode. In 
general, the stat ist ical accuracy i s  o f  the order of 
1%, and ~ Q F  favorable resonances we don’t see any 
reason to believe that there should be systenratic 

errors much larger than this; one must again men- 
tion, however, that the data were normalized to 
thermal energy, md there i s  some uncertainty in 
that. 

L e t  us now consider the interpretation of the 
results for q / w .  We were surprised i n i t i a l l y  on 
getting the shapes given in  the figure. I f  the 
resononcss involved have single-level Breit-Wigner 
shapes, and we make o plot of  q/v 0 5  a function 
of  energy, one would expect that in the immediate 
neighborhood o f  each resonance there would be a 
more-or-less plateau region, wi th a monotonic 
variation between levels. But, as you see in the 
figure, there are almost none o f  these plateau 
regions. Everywhere the variable i s  going either 
up or down, and a t  particular i-~sonances, such as 
that a t  11.9 eu, it i s  not real ly experimentally 
elear that there i s  a tendency to f latten at all. 

I f  o m  interprets these curves in t e r m s  of  asym- 
metry caused by interference between resonances, 
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as Professor Wigner suggested was the norma! 
thing to do i n  any case, a l l  th is  d i f f icu l ty  dis- 
appears. In the most favorable case, the two 
resonances at 10.9 and 11.9 ev, we have been able 
to f i t  the q /udata  quantitatively using a mult i level  
formula and assuming that there i s  a s ingle ex i t  
channel for fission. 

L e t  me present another figure which bears on 
th is  point. Slide 8 shows the total-cross-section 
data obtained for th is  same system of  resonances. 
The dashed l ine i s  the best f i t that we m u l d  get 
using a single-level formula, whereas the so l id  
l ine i s  the fit that we gat using the multi level 
formula. On th is  point, there seems to be some 
question among experimentalists as to just what 
mult i level  formula should be used, and i f  any one 
in  the audience feels competent to speak on it, I 
wish he would when I get through. The one that 

we used i s  that to be found in  the Appendix o f  
the Feshbach-Porter-Weisskopf article. The f is -  
sion cross section was calculated using th is  
formula, and then the radiative-capture cross sec- 
t ion was simply added to i t  as being an entirely 
independent quantity. We feel that the qual i ty of 
the fit o f  the mult i level  curve on Slide 8 and the 
fact that the q/v data also agree with the multi- 
level interpretation are rather strong indications 
that the resonances are real ly asymmetric and that 
we should no longer attempt to explain a l l  anoma- 
l ies  in  the shapes of  f ission resonances in  terms 
of  l i t t le, unobserved resonances which are added 
here and there. 

If, now, a l l  of th is  convinces us that our meas- 
ured values of  rp’u are realty meaningful, it pro- 
vides a powerful tool for deducing resonance 
parameters, and I must now backtrack a l i t t l e  and 
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point out that measurements o f  this type were 
f i rs t  done by Farley, a t  Harwell, and that wi th 
Egelstaff 's a id  he attempted to  get some param- 
eters for plutonium in much the same way that I 
am now suggesting. 

From total-cross-section measurements, one can 
easi ly measure some combination of  parameters, 
such as, for instance, cor. If, now, we can assume 
from some other knowledge a value of rr,  and we 
have a measured value of q/v = r,/(lry + rF), 
it i s  a very simple calculat ion to  get independent 
parameters,and I w i l l  show a sl ide later which w i l l  
show that under favorable conditions one seems to  
get parameters, using such a treatment, which are 
in very good agreement wi th those that one gets 
using other treatments. 

Now let 's  see i f  we can use the technique o f  
detecting f iss ion neutrons for some other type of  
measurement. In the q/v measurements, we fel t  
that there were a number o f  resonances where the 
data were not useful because the resolution was 
not satisfactory, and we also fel t  that, in between 
resonances, the measurement was meaningless 
because we could not satisfy the cri terion that the 
scattering cross section be small. However, 
between the resonances i t  seems quite possible to 
use fission-neutron detection to measure f iss ion 
cross sections, and, i f  you recall, t h i s  i s  the very 
region where we could not measure f ission cross 
sections by detecting f iss ion fragments. Again, 
th is  approach WQS followed by Harwell  i n  their 
work. 

Returning to Eq. 1, we see that the f iss ion cross 
section i s  related to measurable quanti t ies by 

The important point here i s  that, for thin samples, 
the last  factor may be made arbitrari ly small and 
the rat io u/(l - T )  approaches 1/72, where n i s  the 
sample thickness. Thus uF i s  rather direct ly 
related to the measurable quanti t ies R and I. 

Slide 9 shows raw data obtained in a measure- 
ment o f  oF by detecting f ission neutrons, as com- 
pared to data obtained when f ission fragments are 
detected. The tremendous gain i n  the stat ist ical  
accuracy given by the new method, caused by the 
much greater thickness o f  sample that can be used, 
i s  obvious without further comment, 

For lack of time, I would l i ke  to  omit a dis- 
cussion of another special case o f  an application 

o f  the method o f  fission-neutron detection and try 
to summarize what we feel we have learned about 
plutonium. 

We have shown that v i s  a constant. 
We have observed that most resonances in  Pluto- 

nium appear to be asymmetric, and we have found 
what appears to be one reasonably convincing 
example o f  interference between levels. 

We have found a l i s t  - of average parameters which 
should be o f  use: ry = 0&40 ev, the observed 
level spacing i s  2.9 ev, I':/D = 0.78 x 

(assuming that resonances were ob served 
for both spin states), and FF = Q.084 ev. 

The value of F, is of some interest as related 
to Professor Wheeler's talk, because i t  gives a 
value o f  N, the effect ive number of f iss ion chan- 
nels. Now, I don't quite know how t~ do this, but, 
i f  you assume that there i s  actual ly only one spin 
state involved, then you get a value o f  N that i s  
0.18, whereas i f  you assume there are two spin 
states it i s  ha l f  o f  that, 

Finally, we have measured a f ission width for 
each of the f i rst  15 resonances and find that the 
results are consistent wi th either an exponential 
OF a Porter-Thomas distribution. 

There i s  one sl ide which I missed that i s  ex- 
tremely important. Th is  s l ide (Table 2) i s  one 
with which I wanted to convince you that the 
methods o f  measurement which I have been talk ing 
about are val id and give results that are in re- 
markably good agreement. 

Y' 
Let 's f i rst  look at the values obtained for I? 

One test  of the data i s  the fact that these are 
rather c lose to being equal, although here I would 
l i k e  to make a comment in connection with the con- 
versation that went on this morning, that i n  my 
opinion, at  least, a certain subjective element 
enters an area analysis which gives Q value of 
ry and, therefore, i t  i s  extremely dangerous to  
take such values and do a detailed stat ist ical  
analysis of their scatter and from th is  t ry to come 
to a conclusion. 

L e t  us go on now to the columns giving results 
for q/v.  I didn't discuss at  a l l  the intermediate- 
sample technique, and so I wi l l  omit i t here. But 
i n  the th i rd  column we have values o f  the quantity 
q/v deduced from the f i  ssion-fragment cross- 
section measurements and the transmission meas- 
urements, and in the fifth column we have the 
results from die direct, thick-sample measurements. 
As  you see, a l l  three sets of values are in re- 
markably good agreement. 

ev- 1 / 2  
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P .  A. E G E L S T A F F :  First  let me say haw im- 
pressed I om by this beautiful work which Dr. 
BolIinger has described. I think the work we re- 
parted a year ago i s  entirely insignificant against 
this series of experiments. 

I would l i k e  to make just a few points. First, I 
don't agree with your statement that you hove 

shown that there i s  a place where you can siay 
definitely there is interference. Personally, 
would l i ke  very much to believe in interference, 
think i t  ought to follow from al l  we know atpresent, 
but I don't know of any place where I could really 
say I bel ieve there is  interkrcnce. I would l i ke  to 

say more about this when i give some of our meas- 
urements later in the evening. 

4 2  h r  
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Table 2. Parameters for Pu239 Resonances 

r//v 
-. 

Thick S a m p l e  E o  (ev) Fr (mev) 
Thin Sample Intermediate Sample 

0.30 40 0.61 0.59 0.62 

7.82 38 0.48 0.50 0.49 

10.9 39 0.77 0.75 0.73 

11.9 42 0.35 0.35 0.34 

14.3 0.59 0.61 

14.6 0.41 0.46 0.44 

15.5 0.83 0.81 

17.6 0.46 0.51 0.46 

22.2 41 0.62 0.69 0.57 

I would just l i ke  to have the detai ls of the 
errors on some o f  the measurements, i f  you have 
them available. 

L. M. B O L L I N G E R :  In general, the errors of 
individual resonances have not been fu l l y  evalu- 
ated. For most of these average quantities, 
though, the main source o f  error comes from the 
small stat ist ical  sample which we have, and you 
can evaluate that as wel l  as I. We have 15 reso- 
nances for which we have parameters. 

P .  A .  E G E L S T A F F :  The last question i s  on the 
7.8-ev resonance on your s l ide which shows the 
constancy o f  v vs energy through that resonance, 
You have those two points i n  the wing which are 
way above the remainder o f  the points. Do you 
recal l  that? 
L. M. B O L L I N G E R :  For that particular reso- 

nance, the stat ist ical  accuracy i s  very much 
poorer than for the other. 

P. A .  E G E L S T A F F :  The question I wanted to 
ask was, i s  thot difference signif icant? 

L. M. B O L L I N G E R :  It i s  my opinion that for the 
7.8-ev resonance the difference i s  not significant, 
because the stat ist ical  accuracy there i s  poor. 
P. A .  E C E L S T A F F :  Would you be prepared in  

that case to draw a line, a sort o f  horizontal and 
another horizontal, that would f i t  the points? 

L. M. B O L L I N G E R :  That would f i t  the points, 
but i t i s  no better than a large number o f  other 
I '  ines. 

J .  A .  W H E E L E R :  1 was impressed very much by 
these direct measurements of q and by the fact 
that, i f  there i s  a small resonance, and i f  ampli- 
tudes are involved as one has to deal with them in 
talking about these asymmetric resonances, then 
one might have a much greater sensit ivi ty for de- 
tect ing very weak resonances i f  we measure r/ as a 
function o f  energy rather than measuring the total 
cross section, because we would be adding the 
amplitude o f  the smali level to the amplitude of 
the other larger levels rather than adding the in- 
ten s i  ties. 

L.  M. B O L L I N G E R :  I am not quite sure that I 
understand your point. It seems to me the primary 
advantage o f  the q measurement i s  that one i s  t o  
some extent eliminating the smearing out i n  sensi- 
t i v i t y  of measurement that one gets i n  a total- 
cross-section measurement because o f  the fact  
that one i s  pi l ing the capture cross section on top 
of the f iss ion cross section, and that one would be 
just as we l l  o f f  i f  one could withprecision measure 
the f iss ion cross section directly. 

J .  A. W H E E L E R :  Right, I ogree completely. In 
that case also, the measurement should give a 
contribution o f  a weak resonance which i s  pro- 
portional to the amplitude rather than the intensi ty 
of the weak resonance. 
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LOW-ENERGY FISSI N MEASUREMENTS OF Pu240 
B. R. Leonard E. J. Seppi W. J. Friesen 

Hanford Atomic Products Operation, General Electr ic Company 

8 .  R. L E O N A R D :  The work that I am going to  
report on now was done with a crystal spectrom- 
eter a t  Hanford. The audience has a r ight  to know 
why crystal-spectrometer work i s  included in  th is  
time-of-flight meeting. I think the confusion arises 
from the PuZ4O resonance we published back i n  
June, which some crystal-spectrometer people 
insisted must be fast-chopper data. We now have 
better data. 

In th is  business of the f ission cross sec- 
tion, the f i rst  posi t ive resul t  that was obtained on 
a subthreshold f iss ion cross section was obtained 
by E. K. Hulet, of Livermore, and h i s  co-workers, 
who obtained Q thermal-fission cross-section value 
of 4.4 rt 0.5 barns. With that in mind, I w i l l  de- 
scribe the method that we used to attack th is  
problem. 

We used a gas ionization chamber in which we 
had mounted Q fo i l  essential ly o f  Pu240 back to 
back with a fo i l  of mostly Pu239. I f  one plots the 
rat io o f  the counting rates o f  these two foils, one 
gets a curve that i s  fa i r ly  f lat  at  low energies and 
has a dip of about 4% a t  the 0.3-ev resonance. At 
th is  point  the Pu239 f ission completely dominates, 
and by taking a good rat io at th is  point one es- 
sential ly normalizes to the relat ive weights o f  the 
foils. Then, as  one comes back to lower energy, 
the primary effect o f  th is  increase in rat io i s  due 
to the P I J ~ ~ ’  i n  the foil, and th is  i s  the 
primary correction that has to  be applied to the 
data. 

One reason for reporting these data i s  that we 
have recently remeasured the f iss ion cross section 
of  PuZ4’ and have removed some o f  the uncertain- 
t ies that were previously assigned to th i s  cross 
section. We have also s l ight ly renormalized the 
Pu239 and P u ~ ~ ’  f ission cross sections as previ- 
ously reported, and we have obtained two paints 
with high stat ist ical  accuracy a t  neutron energies 
o f  0.1 and 0.075 ev. 

The results that we obtained trying to find a 
f iss ion cross section of PuZ4O at these energies 
are given below: 

24 0 Neutron Energy Fission Cross Section of P u  

(ev) (barns) 

0.075 0.43 5 0.50 
(statistical component 5 0.43) 

0.10 0.21 k 0.39 

(statistical component t 0.31) 

You see that the f iss ion cross section that we 
apparently observed i s  less than our stat ist ical 
error, and our stat ist ical error i s  already so low 
we think i t  should not be pushed any lower, due to 
other inherent uncertainties in the crystal-spectrom- 
eter method. These results, as quoted here, do not 
overlap the 4.4 barns as measured at Livermore. 
But they real ly do not prove anything about what 
the value o f  the cross section is.  

Well, after we looked at th is  we decided that we 
should look a t  the I-ev resonance, which is known 
to be very large in total cross section, and see i f  
we a u l d  f ind f iss ion i n  th is  resonance. We 
or ig inal ly found what we thought was a f iss ion 
component i n  th i s  resonance and reported i t  CIS 

such. We have recently improved our spectrometer 
by putt ing an automatic data-taking and recording 
system on it, and we have much better data now, 
although the resolution has not been improved. 

Slide 1 shows the results that we now have on 
th is  resonance region. The open-circle points 
were obtained with the same foi l  w i th  which we 
did the low-energy work that we have previously 
reported. You can see that now there are a suf- 
f icient number o f  points so that th is  real ly does 
look l i k e  a resonance, even though the resolution 
width i s  greater than the actual width of the reso- 
nance. There are some other points plotted on 
th is  graph, the triangles being the size o f  the 
stat ist ical  uncertainty. Those points were ob- 
tained with a set o f  fo i l s  o f  quite different isotopic 

1 79 



16.0 

12.0 

cu 

>’ 
ai 

a 4.0 z 
a 
a m 

- 8.0 
Y 

0 

-4.0 

-8 .O 1 i A 
I 

I 1 
i 

0.80 1.00 I. 20 0.4 0 0.60 
NEUTRON ENERGY e.v. 

Slide 1. Fission Cross Section of Pu 240 . 



composition. The fact that we observed a reso- 
nance of about the same height and at about the 
same place tends to give increased rel iabi l i ty  to  
our resul t  that the resonance i s  i n  Pu*~O.  

I should point out that we have only calculated 
values of these isotopic contents, so that the 
small disagreement in the abscissa that we ob- 
serve we do not consider to be very important. If 
one does an area analysis on th is  curve, although 
i t  i s  not str ict ly valid, one gets a true peak f is- 
sion cross section of  about 35 barns, and as- 
suming that the 1-ev resonance i s  responsible for 

a l l  o f  the thermal f ission cross section, as i t  i s  
for the absorption cross section, this predicts a 
value of only 0.05 barn for the thermal f ission 
cross section of  puZ4O. 

Dr. Leonard also spoke about 
recent pu2*’ f ission-cross-section measurements. 
However, since the conference, a mass-spectro- 
metric analysis of the fo i l  showed that there was 
an appreciable amount of Pu239 in  the sample. 
Hence, the fission data must be corrected for the 
Pu239 contribution, and they are not included in  
th is report.) 

(Editors’ Note: 
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ASYMMETRY O f  RESONANCE LEVELS IN FISSILE TARGET NUCLEl 
P. A. Egelstaff N. Pattenden 

Atomic Energy Research Establishment, Harwell 

P. A. E G E L S T A F F :  The asymmetry of the 
resonance levels o f  f i ss i le  nuclei i s  explained 
either as the superposition o f  a number of levels 
of normal shapes or through interference between 
neighboring levels. Since we don't real ly know the 
distr ibution of spacings and widths and various 
other factors, we can mix levels together and get a 
f i t  to almost any shape we l ike. Thus the only 
way to get an answer to his problem on the shape 
basis i s  to do some kind o f  stat ist ical analysis, 
whereby you hope to show that the prababil i ty o f  
gett ing a particular shape i s  very low i f  you take 
symmetrical resonances and add them up, but i t  i s  
high i f  you take interference. A t  the present stage 
o f  development we just don't have suff icient data 
with which to adopt th is  approach. The present 
experiments are designed R improve th is  situation, 
and I w i l l  g ive a progress report on them. 

The probabil i ty that one i s  observing a single 
resonance i s  greatest i f  one looks a t  the very top 
of the resonance and confines the measurements 

& 

* I  
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to as  small a region as possible. Thus our method 
i s  to examine the cross section in great detai l  
from -r/2 to #/2. This  i s  a region which ha5 
not been studied in great detai l  by other people. 
The observations are corrected for minor things, 
such as the l /u  variation, the Doppler effect, etc. 
Then we write the Breit-Wigner formula as: 

You get two straight l ines wi th equal slopes in  
the form of a V i f  you have a symmetric shape. 

The results on the Pu239 resonance a t  0.3 ev 
show two l ines wi th equal slope, but the data out- 
side the W / 2  range are up on the low-energy side 
and down on the high-energy side. There i s  thus 
some indication of a departure from the single- 
level Breit-Wigner shape. 

Slide 1 shows a similar p lot  for the U233 1.78-ev 
resononce. Here you can see that we get nice 
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Slide 1. "V-Plot" for the 1.78-ev Resonance of U233. See text. 
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l ines on the two sides through the points which 
are about r/4 away from the resonance. But the 
two l ines give different values for I?, and there i s  
a very severe dip on the low-energy side. Th is  
checks w i th  previous measurements of th is  cross 
section. We feel that in th is  case there i s  strong 
evidence for another resonance coming in a t  1.53 
ev, but there could we1 I be substantial interference 
or maybe a th i rd resonance. 

To interpret the V-plots, a number of theoretical 
ones have been calculated. If, for example, you 
have a large and a small resonance so close that 
their sum has a single maximum, then you w i l l  get 
two l ines wi th different slopes, but they w i l l  be 
straight l ines to a fair approximation. I f  you have 
an interference term plus a normal Breit-Wigner 
term, then you get two l ines o f  different slopes, 
but just outside the +r/2 range they bend over. 

What one has to do i s  identi fy which i s  the most 
probable f i t  i n  as many cases as possible, and 
then do a stat ist ical  analysis to decide which, on 
the average, i s  the most reasonable explanation 
for the observed asymmetries. 

As a check we have done the same thing for 
rhodium (1.26-ev level), and, i n  fact, the result 

one gets i s  in excellent agreement wi th the Breit- 
Wigner formula. 

H. H. L A N D O N :  May I ask you how you have 
chosen Eo for th is? 

P .  A .  E C E L S T A F F :  Due to the shortage of time 
I didn't explain th i s  point in detail. Experi- 
mentally, c, i s  defined as the maximum observed 
cross section and E ,  as the energy corresponding 
to it, The determination i s  made from the points 
within just a few per cent o f  the maximum cross 
section. Suppose you wish to compare the experi- 
mental V-plot with a theoretical ana representing 
an interference case (say): 

1 X 
t ci 2.1 - 

1 + 2  1 f . 2  ' 

Thett you work out the maximum value of vi and the 
energy corresponding to  it. These theoretical 
values of  ub and E,, together wi th the values of 
ci from Eq. 2, are inserted into Eq. 1, and the 
theoretical V-plot i s  obtained. I n  a similar way a 
theoretical V-plot for two closely spaced levels i s  
cc l  cu I ated. 
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INITIAL RESULTS ON THE FISSION CROSS SECTION OF U233 
L. G. Mil ler  R. M. Brugger R. G. Fluharty 

Phil1 ips Petroleum Company 

R. 6. F L U H A R T Y :  The work that I have to 
report tonight covers quite a large area, so I w i l l  
try to go through it pretty rapidly. 

We have been concentrating at MTR on the f ission 
cross section o f  u~~~ using two instruments. We 
have a crystal spectrometer that goes up to  10 ev, 
and we have a fast chopper that extends the energy 
range to 5000 ev. The talk on the fast chopper 
represents a progress report on preliminary results. 
We are doing the f iss ion cross section on both the 
chopper and crystal spectrometer, and q measure- 
ments on the crystal spectrometer. The fast- 
chopper f iss ion measurements are being made with 
a resolut ion o f  0.12 pec /m.  The crystal spec- 
trometer has about 1.0 psec/m for the 9 data and 
0.08 psec/m for fission. 

I think the real ly interesting thing that we would 
l i ke  to  discuss i s  interference. Our philosophy 
on this subject i s  a l i t t l e  different. We do not 
wish to argue about whether we are proving that 
we have interference or not, but only wish to try 
something to  see how i t  works. We feel that one 
expects to  see interference among the levels. 
Our point of view i s  based on the level spacing 
in those nuclei, part icularly U2jS and U233, in 
which the width o f  some of the levels i s  o f  the 
order o f  0.2 to 0.3 ev and the average distance 
between the levels i s  o f  the order o f  0.7 ev. Also, 
we assume that the number of f ission channels i s  
I imited. We feel that under these circumstances 
the Porter-Feshbach approximation i s  not valid, 
and part icularly we feel that the single-level Breit- 
Wigner formula i s  not expected to be valid. 

On th is  basis, C. W. Reich and M. S. Moore have 
started f i t t ing the data using a mult i level formula 
based on the Wigner-Eisenbud formulation. Th is  
mult i level formula i s  programed for as many as 
14 interfering levels on an IBM-650. 

The f i rst  sl ide shows the f iss ion cross section 
obtained on the fast chopper. The observed 
resonance energies are i n  good agreement wi th 
total-cross-section data reported by Sailor and by 
Harvey and Sanders. 

A comparison between the crystal-spectrometer 
data and the chopper data i s  shown in Slide 2. 

The agreement i s  considered to be within the 
errors. The chopper data are normalized to those 
of the crystal spectrometer between resonances. 
A thin BF, monitor i s  used to  carry th is norrnal- 
izat ion to other energies. The sol id l ine i s  the 
theoret icol  f i t  (Doppler- and resol ution-broadened) 
that has been obtained for the data using the 
mult i level formula. You can see that there i s  a 
sl ight disagreement i n  the 3.6-ev region. We have 
the impression that the f i t t ing  improves consider- 
ably the more levels one puts in, that is, the 
effects o f  a given level can be appreciable over 
an energy region large compared with the level 
spacing. The 1.8- and 2.3-ev leveds are a typical  
case o f  interference between two levels, in that 
one observes a ful lness between the levels and a 
drop-off on the high side o f  the 2.3-ev level. 
However, on the low-energy side of the 1.8-ev 
level there i s  a fullness which i s  not accounted 
for by the two-level interference as proposed. In 
order to  account for th is  fullness, a weak inter- 
fering level i s  postulated at about 0.3 ev plus a 
very strong level at  -5 ev. 

There are some real ly puzzl ing things going on. 
There i s  a large thermal cross section, which 
s t i l l  cannot be accounted for by any reasonable 
parameters that we have chosen for observed 
levels. This large cross section cannot be ex- 
plained by any type o f  fitting, such as a single- 
level fitting, that has been done previously. It 
appears necessary to premise a very large negative 
energy level, and in  th is  case it would be a non- 
interfering level. Th is  might be more acceptable 
i f  the same situation did not exist  in U235 and 
Pu239. 

The 9 data are being taken by J. R. Smith and 
E. H. Magleby on the crystal spectrometer. A 
combination o f  their data, data from Brookhaven 
(Palevsky), and data from HarweII (Sanders), which 
are unpublished, i s  shown in Slide 3. The sol id 
curve i s  then predicted from the mult i level f i t  
assumed. We feel that the dip in 11 at approxi- 
mately 0.3 ev i s  explained by the weak level 
assumed. The theoretical f i t  to the higher-energy 
data i s  not very satisfactory. The mult i level f i t t ing 
i s  preliminary, and the scattering corrections 
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Slide 1. Fission Cross Section of U233 from Initio! Runs on the MTR Fast  Chopper, Taken with a Resolution 

of 0.12 sec/m. 
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required for 7 are fair ly severe and add uncertain- 
ties. Note that in  many cases 7 has a slope as 
i t  crosses E o .  This i s  very easi ly explained i f  
one assumies that interference i s  present i n  going 
across the level. In turn, the q data can be used 
as a basis for picking the relat ive sign of the 
amplitude of the scattering matrix that i s  used 
in the mult i level fit. 

It has been said that i f  you are given enough 
parameters you can f i t  anything. To reduce 
arbitrariness, two extreme assumptions have been 
made, We have assumed one f ission channel only, 
and we have assumed that o i l  the levels are of 
the same spin state. We feel that this approach 
has great promise in  accounting for the observed 
cross sections. 

THEORETICAL FIB (RESOLUTION 
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Slide 3. Eta Measurements from the MTR Crystal Spectrometer, Broakhoven (BNL-325) and Harwel l  (unpublished). 
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F. J. Shore v. L. Sailor 
Brookhaven National Laboratory 

N. M A R S H A K :  The Columbia University f iss ion 
chamber i s  being used with the Brookhaven National 
Laboratory crystal spectrometer (resolution 2 0. 17 
psec/m) to measure the f iss ion cross section of 
U235. The total cross section of U”’ has previ- 
ously been measured by V. L. Sailor on the same 
spectrometer w i th  ident ica I resol ut  ion. 

Objectives of th is  experiment are, first, to study 
f iss ion resonances with enough precision to see 
if their shape can be explained in terms of a 
single-level Breit-Wigner formula or i n  terms o f  a 
many-level formulo; second, to determine by 
methods o f  shape analysis the basic parameters 
which enter the single-level-type formula, namely, 
EQ, I?, Fr, rF,  and uOF for as many resonances as 
practicable wi th in the energy range studied. If a 
many-level formula i s  needed to f i t  the data, th is  
would be evidence for interference between reso- 
nances, which would imply that a l imi ted number 
o f  channels were avai lable for f iss ion in U235. 

Data have been accumulated an the rat io o f  the 
f iss ion count rate to that i n  a th in BE, counter for 
incident neutrons of varying energy. At present 
the range from 0.25 to  10 ev has b s n  studied 
using the ref lect ions from the Be (1231) planes. 
Fox energies below 0.25 ev, the NaCl (240) planes 
w i l l  be used. The data are being anaiyzed, in- 
cluding corrections due to the effects o f  second- 
order Contamination and o f  attenuation caused by 
material between the U23s and the incident-neutron 
beam. 

Our uncorrected data are i n  good agreement wi th 
the f iss ion data o f  5 ,  Leonard et ale from 0.25 t o  
0.5 ev, when normalized at 0.30 ev. Using the 

Wanford f iss ion data from 0.1 to 0 3  evt the total- 
C X O S S - ~ ~ C ~ ~ Q ~  data o f  Sailor, and the scattering 
data of W. Foote, one obtains by subtraction the 
capture CTQSS section as a function of energy, 
Using the parameters of Sailor for the other capture 
resonances, their contribution can be estimated 
in  th is  energy range. On subtraction there results 
the capture cross section for the 0.29-ev reso- 
nance, which on a plot  of uC\E i s  found to be 
symmetric, that is, Rreit-Wigner, in shape. 

By subtracting the f iss ion contribution due to 
other resonances (as calculated from the parameters 
of Sailor) from the measured f ission cross section, 
one obtains an asymmetrical curve. Th is  curve, 
representing the 0,3-ev resonance, can further be 
decomposed into the sum o f  a symmetrical curve 
and an interference-type curve. Both the symmetsi- 
cal  f iss ion and capture curves are centered at 
EQ = 0.286 ev. 

A similar analysis an the 1.14-ev resonance 
l ikewise shows asymmetry i n  the f iss ion part, but 
symmetry i n  the capture part. 

Since several small corrections have not yet 
been applied to  the data, one hesitates to derive 
values for ryt  F F ,  etc. However, the trend of t h e  
data suggests qual i tat ively that a mult i level 
formula must be invoked for the f ission contribution 
to  the total cross section. 

Comparison of our raw data wi th the results of 

previous workers suggests substantial agreement 
in up from 0,25 to  1.5 ev. At higher energies, we 
get higher values at the resonance peaks and 
lower values i n  the dips than Yeater, Mills, and 
Gaerttner did, for example, 
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Slide 2. Detector Pulses as Applied to 6BN6 Time-to-Height Converter. 
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Slide 3. Block Diagram of Electronic Apparatus. 
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the three pulses are recorded in  sequence on 
punched tape. The data then are transferred from 
the tape to  cards for sorting and tabulating. 

We have made provision for measuring neutron 
time-of-flight wi th th is apparatus, and a th i rd time 
sorter i s  available. The neutron time-of-flight 
involves a further solid-angle restriction, and 
since we have to date worked only wi th a spon- 
taneous-fission source the counting rate i s  pro- 
hibi t ively low, but we have plans for t h i s  in the 
future. 

Slide 4 shows a contour diagram or topographical 
niap for Cf252. From th is  plot  one can obtain 
various quantit ies such os the most probable total 
energy, moss-ratio distribution, and so on. 

In Slide 5 are shown some of the plots obtained 
from the complete set o f  data. The solid c i rc les 
are the moss-ratio distribution. Th is  curve i s  
somewhat wider than that obtained by radiochemical 
analysis, but we feel quite sure the discrepancy 
i s  largely due to  the thickness of the source. The 
X's show the variation of the average total k inet ic 

energy wi th  mass ratio. The dip at low mass 
ratios that i s  usual ly found in  ion-chamber measure- 
ments i s  not present here, but again WE are not 
certain that th is i s  a real effect. 

In pr inciple our method of  taking the data would 
al low us, i f  we were patient enough, to  obtain a 
gamma-ray spectrum for each resolved f ission 
mods; but the number of events we have to date 
i s  too small to permit this, It i s  apparent, however, 
that the gamma-ray y ie ld  i s  independent of mass 
ratio. The ratios of number of gamma rays to  
f iss ion events are plotted as open circles. 

J.  A .  W H E E L E R :  I s  there any prospect of 
measuring the average total k inet ic energy curve 
with other spontaneous-fissionable materials? 

One of  the di f f icul t ies wi th  that 
i s  that the alpha-to-fission ratio goes up very 
rapidly as one goes to lower-mass spontaneous- 
f iss ion nuclei. One would probably have an in- 
tolerable background due to the alpha particles. 
However, i f  one had o detector which wasn't 
sensitive to alpha particles, th is would be feasible, 
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Sl ide  4. F i s s i o n  Fragment Contaur Diagram for Cf252. 
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I t h i n k .  The h e a v i e r  nuclei h a v e  too short half 
lives for this type of work. 

Do you h a v e  a figure yet  for 
t h e  total gamma-ray energy l i b e r a t e d  per fission? 

9. S, F R A S E R :  No, we h a v e  not measured this, 
but  I b e l i e v e  that a m e a s u r e m e n t  made at Livermore 
gives about 9 Mev for the total gamma-ray energy 
in californium. 

N .  W. SCHAAITT: 

Slide 5,  Distributions for (.,,,>, N F ,  and N Y / N F  vs MH/ML. .  
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R .  8, . s C F / ! # * ~ R T ~ :  I showld l i ke  t5 give a brief 
rundown of t h e  status of the resoncjnce parameters 
of  U235. The general problem at Brookhaven was 
to determine parameters for as many levels as we 
reasonably could, using Brookhaven fast-chopper 
total data, and f ission data from wherever we 
could get it. The f i rst  thing we had to do W Q S  to 
determine I y ,  the radiation width. This  was done 
by analyzing both the total- and fission-crnss- 
sectior, data for those levels where precise meas- 
urements were available. Using datu avai lable to 

tire Brookhaven Compilation Group from the United 
States, United Kingdom, and the Soviet h i o n ,  a 

shape” method of analysis W Q S  used for the 0.3- 
and 1.1-ev levels, and area analysis was used 
for the 2.0- and 4.8-ev levels to get 2grrz, 1lFt 
and I’y for these levels. The weighted average 
FY turned out to be 33 5 3 mev (mill i-electron 
volts), which f i ts  the general trend of r,’s for 
elcments in th is  region. 

The next thing that we had to  do was determine 
I’, for as many levels as we could, and hare a l l  
we could do with our own data was measure a 
total r and subtract the value of I’ and l T n  to 
get rF.  In this way, in  addition to the values for 
the four low-lying levels, we were able to get 
l’F’s for another eight levels, The trouble wi th 
this method of getting rF’s i s  that, i f  the I’, i s  
small, say compared with IYy, then you are sub- 
tracting two relat ively large numbers to  get a 
small number, and the error i s  relat ively large. 
Fortunately, for four levels in  U235 we were able 
to use some of the KAPL fission data. Their  
~ ~ 1 ’ ~  combines with our total I’ and 2grn  in a 
mult ip l icat ive rather than an additive way, so that 
for small I F ’ ~  the errors don’t p i l e  wp quite so 
rapidly. I t  i s  encouraging to sec that we get 
essentially the same resul ts using KAPL data 
mixed iffi wi th our data as wi th just our own datu, 
The best example i s  the 11.7-ev resonance in 
U235, where using just the Brookhaven data we 
get o of 6 5 19 mev, which does not mean very 
much. Using the value for from KAPL we 

I t  

Y 

get 6 + 3 mew. So, a l l  in  ail, by hock or by crook, 
we Jhave 12 l ’F’ s ,  of which eight have probable 
errors of less than 50%. 

S l i c k  1 shows the distribution of  I F’s ,  which 
seems to follow an exponentiGi, with an average 
of 50 5 15 niev. 

Sl ide 2 shows the observed level spacing, and 
we multiply it by 2 to get the level spacing pes 
spin state, assuming that both spins are present. 
The fact that the observed levels fa l l  away from 
the straight l ine ut about 20 ev i s  taken as an 
indication that above that energy we are starting 
to m i s s  levels, and 50 parameters for levels above 
20 ev are not taken into account i n  determining 
the distribution of  l’Fss or i ’ , ’~ .  

The I’n distribution follows close to an expo- 
nentiol with an average rn of 0.09 * 0.02 rnev. 
’The distribution does not follow an exponential 
quite as wel l  as the r,’s that have been measured 
for nonfissionable nuclei. There seeriis to be a 
surplus o f  both very small  and very large levels, 
and it seems to be closer to  a Porter-Thomas 
distribution. 

- 
Slide 3 shows the value of I’:/D obtained in the 

usual way. We get (0.9 t 0.2) x 1Lm4, which i s  
i n  very good agreement wi th the I’:/D obtained 
by both th is  method on$ the averaging in  the 
k i lovo l t  region for a l l  the isotopes of  uranium, 
plutonium, or thorium. 

L. A. TURNER: I w i l l  take it upon myself to 
state what I am sure all the rest of you are think- 
ing, namely, that we are extremely grateful t o  our 
hosts, Oak Ridge National Laboratory, for th is  
excellent meeting. We appreciate the hard work 
that has gone into planning i t  and carrying it out. 

I think I remarked on a previous occasion here 
that i t  seems easy, They appear to do it effort- 
lessly, but i f  you have ever tried i t  yourself you 
appreciate that it i s  a somewhat complicated iob 
beautifully done. 

We thank them very much for their hospitality. 
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