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J. D. Kington (High Voltage) transferred to the Applied Nuclear Physics Division. 

J. A. Harvey 
and R. C. Block (Neutron Velocity Selector), and H. R. Child (Neutron Diffraction). 
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SEMIANNUAL PROGRESS REPORT 

THEORY OF ALPHA=PARTlCLE EMISSION FROM ALIGNED NUCLEI 

M. E. Rose 

The recent experiments o f  Roberts et ale,’ 
in which they observed the anisotropic angular 
distribution of  alpha particles emitted by aligned 
U233 and Np237 nuclei, provide an opportunity for 
obtaining i rnportant nuclear info rmation. These 
experiments and their analysis have not yet been 
completed, and it i s  premature to discuss the 
question of  possible conclusions to be drawn from 
them. However, it i s  pertinent to discuss the 
theoretical basis on which the analysis of  these 
experiments would be made. 

At  one time it was believed that with nuclei 
having a prolate charge distribution, aligned along 
their symmetry axis, the alpha particles would 
emerge preferentially in  th is direction because of  
the greater penetrability of  the coulomb barrier 
which this entails. However, the actual situation 
i s  somewhat different. The experiments, in the 
cases studied, showed preferential emission in the 
equatorial plane. 

The role of barrier penetrability, as well  as 
intr insic alpha-particle formation probability, may 
be clari f ied as follows. F i rs t  consider a transition 
in which the final-state angular momentum is  either 
0 or ’/ depending on whether the mass i s  even or 
odd. The case o f  even mass is  probably academic, 
but the following argument i s  presented for the 
purpose of  exposition of  the ideas involved. In the 
case envisaged, the alpha particles can have only 
one value of L ,  orbital angular momentum. This  w i l l  
be L = j i  ( in i t ia l  angular momentum) for j l  = 0 and 
L = ji 5 t ,  depending on the parity change, when 
j l  = ’/. Of course, for alignment j i  2 1 is  necessary. 

Now, as has been emphasized by othersI2 the 
wave function of  the system can contain the 
propagation vector of the alpha particle only in 
the form YF(k). The rest of  the wave function can 
depend on the radial coordinate o f  the alpha 

part icle and on a l l  internal coordinates, and the 
manner in which these are expressed depends on 
the model. Thus, for a given L ,  we would write 
for the total wave function 

where x stands for internal coordinates. For ex- 
ample, Rasmussen and Segall write $ as a product 
of a part icle structure state vector and a rotation 
matrix element (wave function of  symmetric top) 
describing the r ig id body motion of  a core. In a 
way, it does not matter for us whether the propaga- 
t ion vector relat ive to  body- or space-fixed axes 
is  meant, although we eventually need to  express 
the YF in terms of the space-fixed axes, since this 
i s  the reference frame in  which the observations are 
made. However, the transformation between these 
is  made as usual with a rotation matrix, and the 
form of Eq. 1 i s  not thereby changed. In any 
event this transformation i s  a geometrical one, and 
it does not change the role played by the radial 
function R,, which s t i l l  appears as a mult ipl icat ive 
factor. A l l  details of  barrier penetrability are 
contained in R , .  The entire mechanism of alpha- 
part icle formation must be contained in  the function 
X ; ( X )  i f  it i s  expressed at all. 

Now in  calculating the angular distribution we 
can proceed as i f  perturbation theory were used 
and write down a matrix element of  some interaction 
energy H’ between in i t ia l  and f inal states. In a 
self-explanatory notation th is would be 

In  addition H‘ i s  invariant and for a f ixed L must 
have the form 

’L. D. Roberts, J. W. T. Dabbs, and G. W. Parker, the 

2J. Rasmussen and B. Segall, Alpha Decay o/ Sphe- 
following paper, this report. 

roidal Nuclei, UCRL-3040 (Oct. 7, 1955). 

H‘ = c YFTf* , 
M 

where TF depends on radial functions and possibly 
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on internal coordinances. Then Eq. 2 becomes 

(3) ( i p /  IH’( i i m i )  

The last factor i s  called a reduced matrix element, 
and we make no attempt to evaluate it. For a 
single L it appears as a multiplicative factor and 
controls the total intensity. The rest of the 
calculotion involves the evaluation of  

where P m i  i s  the population of  the in i t ia l  substrate 

mi’ Note that the M sum i s  incoherent instead of 
coherent, because of  the conservation rule expressed 
by the Kronecker delta. 

The summation over m,, or M, is t r iv ia l  and gives 
an angular distribution 

(4) WLL(e)  

= Z G , C ~ ~ ” W ( j i j i L L ;  vi/) P ,,(cos 6) , 

and 0 5 v 5 vmax, where vmax i s  the smaller of 
21, and 21,. Also v i s  even. 

The parameter G, contains the spin properties o f  
the in i t ia l  state. These are called stat ist ical 
tensors and are given by 

U 

j . j  .V 
1 1  

7 .-m . 
(5) G ,  = m .  Z (-)* m i C m i - m i  

When the nuclear spin is coupled to that o f  the 
surrounding electrons, as in Bleaney alignment, 
it i s  necessary to adioin a sum over the magnetic 
quantum numbers of the electrons to Eq. 5. Then 
Eq. 5 i s  more correctly 

G ,  = 
T , , - H / ~ T  ’ 

where H i s  the spin Hamiltonian, The tensor 
components 3; are easy to identify.j For instance 

’For further details consult M. E. Rose, Theory o/ 
Angulnr Mornenfum. unpublished. 

for u = 2 

(2 i i  + 3)! 

Now we are in a position to generalize the result 
to the case that more than one value of L i s  per- 
mitted. F i r s t  we define a mixed angular distribution 

and now the lower l i m i t  on u i s  IL - L‘l .  Since 
v i s  s t i l l  even and ( L  - L ‘ (  must be even for 
parity reasons umln = 2 for L f L’. Then i t  i s  
easy to see, from symmetry reasons, that the 
angular distribution i s  

where C L L *  are intensity parameters for L = L’ 
and measure the strength of  interference patterns 
for L f L ’. In fact, we can show that 

CLL* = (i, llTLll ii)* (i ,  IITL41 i i )  cos(a; -vL*) 

and i s  real. uL = argument r(L + 1 + ie2Zza/&) i s  
introduced by the coulomb field. This then i s  
where the barrier penetrabi I i t y  enters, 

Consider a transition i i  = %+ i f  = 3. Then 
possible L values are L = 0, 2, 4. G waves are 
cut down in strength by the centrifugal barrier to 
the point where they need not be considered. Then 
we have 

(9) w = w, + 62 w, + 26 cos(u2 - uo) w,, , 

where W, i s  the (isotropic) distribution for S-wave 
alphas and W, that for D-wave alphas. I f  we 
normalize both of these to 1, then a2 i s  the ratio 
of  D-wave to S-wave intensities. W,, i s  the 
interference term, and, since the sign of  6 i s  not 
known a priori, the emission can be preferentially 
polar or equatorial. The distribution (Eq. 9) w i l l  
have the form 

w = 1 + ’ A ~ P ~ ( ~ ~ ~  e) + A,P,(~~S e) . 
The coefficient A, i s  small unless kT i s  comparable 
to the coupling energy which aligns the nucleus. 

2 
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The coefficient A, wi.lI have the form both .signs, i n  general. Note that the shape of  A, 
as a function of temperature i s  independent of the 

. 

unknown nuclear factors containing 6. I f  one can 
measure A, as a function of 1/T, normalizing in 
an arbitrary way, then some information about the 
coupling parameters can be obtained no matter how 
complicated (or unknown) the decay scheme may 
be. For this purpose the shape of  the A, - 1/T 
curve i s  essential, and hence it i s  necessary to go 

where and are the coefficients Of  2 to temperatures low enough so that curvature 
in W, and Ws,. develops. 

[ s ~ A , ( D )  + G2 

1 + 62 
A = -  

2 

+ 26  COS(^, - po) A,(SD)] , 

For -m < 6 < 00, A, can take on 

ANISOTROPY OF ALPHA-PARTICLE EMISSION FROM ORIENTED Np237 AND U233 NUCLEI 

L. D. Roberts J. W. T. Dabbs G. W. Parker 

In the last semiannual report, preliminary ex- strongly absorb infrared radiation; thus room- 
temperature radiation (-10 p)  i s  not piped down- 
ward to the sample, while visible l ight from the 

periments on the emission of  alpha porticles from 
oriented Np237 nuclei were described.' In th is 

cooled to liquid-helium temperatures, and the 

It was found that, as the temperature was reduced, 
the intensity parallel to the c-axis of the rhombo- 
hedral crystal (0 = 0') decreased relative to that 

work a single crystal of  Np02ttRb(N03)3 was 
UNCLASSIFIED 

ORNL-LR-DWG (0793 n ratio of intensities W(O0) /W(90 ' )  was measured. TO PHOTOTUBE 
AND PRE-AMP 

FOR AND PRECISELY OUADRANT 
POSIT1ONING CRYSTAL' 

4 perpendicular to the c-axis (0 = 90'). In these ROOM 

experiments, the counting rates were quite low, TEMPERATURE --+--- 

because of  the good geometry used, in which the 
ZnS detector was placed i n  a room-temperature 
region at the top of the cryostat. 

placing the ZnS (Ag activated) detector in the --+-- 

and piping the l ight flashes produced to an external 

THIN-WALLED STAINLESS 
The apparatus has since been improved by STEEL VACUUM CHAMBER' 

LIQUID HELIUM I iquid-helium temperature region of  the cryostat TEMPERATURES 

CONTROL CABLE V 
photomultiplier. Figure 1 displays the new ar- 

lower end of  a truncated paraboloiJ of revolution 
which was cut of f  normal to the axis and through 

and the upper end was inserted into a pyrex glass 
tube, silvered on the outside, through which the 

upper end o f  the cryostat. Both Luc i te  and pyrex 

GLASS TUBE- SILVERED 
rangement, in which the ZnS i s  coated on the ON OUTSIDE SURFACE 

the focal point, The outer surface was aluminized, ALUMINIZED 

ZnS SCREEN LUCITE PARABOLOID 

ALPHA-PARTICLE-EMITTING 
CRYSTAL l ight was conducted to the photomultiplier at the 

'L. D. Roberts e t  al.. Phys .  Semiann. Prog. Rep.  Fig. 1. Apparatus for Observing Anisotropic Alpha- 
Sept .  10, 1955, ORNL-1975, p 45-47. Particle E miss ion. 
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ZnS i s  transmitted upward to the photomultiplier. 
In th is arrangement, counting rates of approximately 
2500 per minute were obtained with negligible 
background. This i s  about 30 times greater than 
before. A device for remote rotation of the crystal 
was incorporated, by means of which the angular 
distribution o f  alpha-particle emission, W(O),  could 
be measured. 

Figure 2 gives results on the angular distribution 
of  .alpha-particle-emission obtained at a temperature 
of 1.16OK for Np237 nuclei. Other data taken in 
th is apparatus confirmed the results reported 
earlier' and show that the angular distribution i s  
approximately given by 

(1)  w(e) = 1 + A ~ P , ( C ~ ~  e )  , 

where A, i s  negative and proportional to the 
calculated nuclear alignment (i.e., approximately 
proportional to 1/T) within experimental error. 
The value of  A, i s  -0.068 at the lowest temperature 
(1.16%). Both sets of  data were obtained with the 
same crystal; however, preliminary work with 
another crystal shows agreement with the earlier 
results. 

The following ideas' are probably correct i n  
connection with the electronic structure o f  the 

'J. C. Eisenstein and M. H. L. Pryce, Proc. R o y .  
Soc. (London) 229A, 20 (1955). 
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uranyl and neptunyl ions. The uranium valence 
orbitals in the UO,++ group are very l ikely 5f, 6d, 
and 7s, or linear combinations of these, and must 
accommodate four electrons of the six originally 
associated with the uranium. Bonding orbitals of  
cr type can be formed by linear combinations of m 
substates (i.e., those for which ml = 0), which may 
be denoted by 5fc, 6d,, and 7s. Two strongly 
directed hybrid orbitals can be formed in th is way, 
one pointing toward each oxygen position in the 
linear group, giving r ise to bonding by overlapping 
with 2s2pZ,,, hybrid orbitals on the two oxygens. 
These covalent bonds can accommodate the four 

.electrons required. In the NpO," ion, there i s  one 
extra 5f electron, which i s  thought to be repelled 
by the charge cloud of  the shared electrons, thus 
having a lowest energy state 5f4 (ml = t3 )  and a 
distribution largely in the plane perpendicular to 
the c axis, along which the NpO," (or UO,") 
groups lie. Thus the major bonding orbitals are 
thought to form a "column" of negative charge 
along the c-axis direction in both UO," and 
NpO,", and the extra 5f electron in NpO," i s  
thought to ga into a more planar distribution 
around the Np position. The "planar" 5f4 orbital 
in NpO," has been estimated' to have a smaller 
effect on the nuclear quadrupole coupling than do 
the O- bonding orbitals, so that, for a posit ive 
nuclear quadrupole moment, one would expect the 
nucleus to orient along the c axis of the crystal in 
both UO,++ and NpO," when it i s  cooled to 
sufficiently low temperatures. 

Whether the above estimate i s  correct - that is, 
whether the quadrupole coupling constant, Q, i s  
posit ive or negative - was not resolved by micro- 
wave measurements in the NpO, case,' and the 
sign of Q cannot be measured by such techniques 
i n  the case of UO,". It i s  possible, however, to 
determine the sign of  Q, at least in the NpO," 
case, by a1 phepart icl  e ani sotropy measurements 
below 1"K, and an experiment to answer this 
question i s  in progress. 

In view of the above ideas on the electronic 
structure of the UO," and NpO," ions in the 
rubidium nitrate salts, it was postulated that U233 
nuclei could probably be aligned in the isomorphous 
salt  U0,Rb(N03)3, since U233 i s  thought4 to have 

++ 

3B. Bleaney, et al., Phil .  Mag. 45. 992 (1954). 
4K. L. Vander Sluis and J. R. McNally, Jr., I .  Opt .  

Fig. 2. Angular Distribution of Alpha-Particle Emis- 

SOC. Amer. 44, 87 (1954). sion from Aligned N P ' ~ '  in Np02Rb(N03)3. 
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a large nuclear electric quadrupole moment. In 
this case the quadrupole coupling term i s  the only 
important term in the spin Hamiltonian; that is, 

r -I 

and the alignment i s  thus a pure Pound' alignment. 
Accordingly, preliminary experiments on U233 
alpha-particle anisotropy have been carried out 
in the apparatus of  Fig. 1. The data of Fig. 3, 
which shows W ( O o ) / W ( 9 O 0 )  as a function of 1/T, 
indicate that this expectation has been confirmed, 
and prel i m in ary ang u I or-d i s tri but ion measurements 
indicate that the distribution has predominantly a 
P2(cos 6 )  departure from isotropy, with a coefficient 
of approximately -0.05 at 1.15"K. A small amount 
(0.2%) o f  the NpO, salt  was added to the UO, salt  
to provide an additional relaxation mechanism so 
that the nuclear alignment could take place more 
rapidly. 

0.97 
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Fig. 3. Nuclear Alignment of U233 in UO,Rb(NO,),, 

The behavior of  the alpha-particle anisotropy i s  
thus rather similar to that i n  N P ~ ~ ' ,  although the 
details are somewhat different. For example, it i s  
now thought that the upward curvature i n  the data 
o f  Fig. 3 possibly has some validity, since certain 
subsidiary gas heat-transfer experiments have 
indicated reasonably small (-0.008'K) temperature 

'R. V. Pound, Phys .  Rev. 76, 1410 (1949). 

differences between sample and he1 ium bath at 
heat inputs similar to the alpha-particle heating 
produced in  the U233 sample. If this i s  true, the 
curvature then corresponds to the onset of satura- 
t ion of  the nuclear alignment and indicates an 
extremely large quadrupole coupling in th is salt 
(" 2 cm-l); i f  not true, the present data set a lower 
l imi t  o f  about 0.04 cm-'. It should be noted that 
no microwave data on the magnitude of  this coupling 
have been obtained. Further experiments designed 
to establish the angular distribution more accurately 
and to verify the presence or absence of  curvature 
in measurements of  the type shown in Fig, 3 are in 
progress. 

M. E. Rose has shown6 that, for an alpha-particle 
decay from a state of angular momentum p5 to a 
state j'5 in which the alpha particle carries off L 
units of  angular momentum, the angular alpha- 
part icle intensity distribution i s  given by 

where a pure (one L value) transition occurs. This 
expression i s  the same as that for the case of 
gamma-ray emission from oriented nuclei except 
that the Clebsch-Gordan subscripts (0, 0) replace 
those in the gamma-ray theory (1, -1). G, in the 
above expression corresponds to the degree of  
nuclear alignment relat ive to a spatial axis; that is, 

(4) 

where p ,  i s  the probabil ity of finding the nucleus 
in the magnetic substate m; thus G, i s  the temper- 
ature-dependent parameter in Eq. 3. 

In the l i s t  below, the angular distribution to be 
expected [ in terms of A,, the coefficient of  f ,(cos 
e) ]  is  given for the calculated amount of alignment 
in Np23702Rb(N0,), at 1.16'K. Al l  entries are 

61n the preceding paper, this report. 
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based on an in i t ia l  j = ?,, and the signs for A ,  are 
for Q <O. 

i’ 
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A, (1.16OK) 

-0.0802 

+0.0917 

-0.0287 

-0.0409 

+0.0409 

i-0.0696 

-0.0 409 

-0.0652 

The last l ine of the l i s t  corresponds to the 
particular admixture of L = 0 and L = 2 which 
produces the largest negative value for A,. There 
are nine known alphepart icle groups in the decay 

of Np237; a tentative assignment o f  a decay scheme 
in which the rotational level scheme of Bohr and 
Mottelson was used as a criterion gave a maximum 
negative value for the over-all value of A, at 
1.16OK of -0.043 for one parity assignment and 
-0.0576 for a less l ikely parity assignment. These 
are to be compared with the observed value of  
-0.068. Both these calculations ut i l ized the 
maximum possible interference value in the last 
l ine of the l i s t  for one term in  the weighted sum 
of A,; it is, therefore, possible that the quadrupole 
and hyperfine structure couplings in the relatively 
concentrated (30% NpO, in U23802) salts used 
are somewhat larger than in the di lute salt  (1% 
NpO,) used in the microwave measurements of 

The decay scheme for U233 alpha emission i s  
much simpler; only three important groups have 
been found, and it should be possible to analyze 
the situation when an accurate angular distribution 
i s  obtained. A new apparatus for this measurement 
has been constructed. 

Bleaney et al. 3 

THE ALPHA-PARTICLE MODEL OF C12 

A. E. Glassgold’ 

The alpha-particle model of  C12 has been re- 
examined in the same spir i t  as Dennison’s analysis2 
of 0l6. For C12 the alpha particles are considered 
to be at the vertices of an equilateral triangle and 
permitted to undergo small vibrations as well  as 
rigid-body rotations. The allowed states are 
restricted to those satisfying Bose stat ist ics for 
the alpha particles. The excitation energy of  a 
state i s  the sum of a rotational and a vibrational 
energy and depends upon the quantum numbers of 
the state and the values of three parameters - the 
size of the triangle (for the rotational energy) and 
the two force constants of the vibrotional potential. 
The three constants have been chosen by f i t t ing 
three alpbeparticle-model states to the f irst three 
excited states of C12: 2’ at 4.43 MeV, 0’ at 7.65 

’Now at the University of Minnesota. 

,D. M. Dennison, P h y s .  Rev. 96, 378 (1954). 

A. Galonsky 

MeV, and a state of  unknown spin and parity at 
9.61 MeV. I f  there are not to be predicted many 
unobserved, low-lying levels of C12, the 9.61-Mev 
state must be either 1- or 2’. The energy levels 
predicted by each of these two possibi l i t ies are 
indicated in Fig. 1, along with the observed levels 
in C12 below 15 MeV. 

The 2’ level at 4.43 Mev i s  a pure rotational 
state and determines the radius o f  an “equivalent” 
spherical nucleus to be (1.3 x cm) ( 1 2 p 3 .  
This i s  in agreement with the size determined3 by 
electron elast ic scattering from C’,. The 3- level 
predicted to be at 5.53 Mev i s  also a pure rotational 
level, and there has as yet been no evidence for 
i ts existence. This i s  a serious objection to the 
val idity of the model. 

3J. H. Fregeau and R. Hofstadter, P h y s .  Rev. 99, 
1503 (1955). 
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Fig. 1. Observed Levels of C12 and the T w o  Alter- 
native Correlations with the Alpha-Particle Model. 

ENERGY LEVELS OF cl* 
C. D. Moak 

The energy-level structure of  C” i s  being 
studied through an examinotion o f  the proton 
spectrum produced in the reoction BI0 (He3,p)C’ ’. 
Since that spectrum has been examined before, 
the major effort in th is work is being directed 
toward a search for previously undisclosed levels. 
Under particular scrutiny i s  the region correspond- 
ing to excitations in C’’ near 5.53 MeV. A 3- 

IC. B. Bigham, K. W. Allen, and E. Almquist, Phys .  
Rev. 99, 631 (1955). 

A. Galonsky 

level at 5.53 Mev has been predicted2 with the 
alpha-particle model of C12. 

Doubly charged He3 ions of 1.25 Mev from the 
625-kv cascade accelerator are being used to 
bombard targets of metall ic boron enriched to 
97.1% B’O. The boron was obtained from the Stable 
Isotopes Division through the much-appreciated 
cooperation of P. S. Boker. Although some targets 
were made by painting Rorag (a suspension i n  

2A. E. Glassgold and A. Galonsky, the preceding paper, 
this report. 
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water of colloidal boron) on tantalum, for a set of 
more stable and uniform targets the authors are 
grateful to B. J. Massey and J. C. Smith of the 
Radioisotope Department, who made vacuum evapo- 
rations of the boron from a graphite crucible. Ex- 
cept for minor changes the proton spectrometer 
i s  that described by Moak and Wisseman in  the 
last semiannual report.. 3 

The proton spectrum in Fig. 1 reveals excitations 
in C12 up to approximately 17 MeV. Only the rather 
obvious identifications of the f irst few firmly 
established levels are given at this time. Note 
the striking difference in intensity of the 4.43- 
and 7.65-Mev groups. The small group between 
these two is  probably not to be associated with 
the predicted 5.53-Mev level, but more l ikely, as 
indicated in  the figure, with the ground state of 
C13. More highly enriched B’O i s  being sought. 
With the aid of  absorbers placed between target 
and detector, the we1 I-known “stretching” technique 
i s  being applied to this spectrum so that i t may be 
examined in  more detail. 

3C. D. Moak and W. R. Wisseman, Phys. Semiann. 
Prog. Rep. Sepf. 10, 1955, ORNL-1975, p 13. 
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Fig. 1. Spectrum of Protons Observed in  the Reaction 

The insert i s  drawn to 10 times the B10(He3,p)C12. 

scale of the main figure. 

AN EMPIRICAL KINEMATICAL NUCLEAR MODEL 

An empirical parameter has been found which 
enables one to obtain nuclear shape factors from 
first-excited-state data of even-even nuclei i n  terms 
of the kinematical model used previously for the 
correlation of nuclear ground-state magnetic and 
quadrupole moments. From the shape factors so 
obtained, i t i s  possible in seven cases to calculate 
the expected quadrupole moments of the neighboring 
odd-even nuclei and to compare these calculated 
values with the experimentally observed ones. 
Satisfactory agreement i s  found. 

The parameter referred to provides an estimate 
of that fraction of the uniformly distributed mass 

R. K. Osborn 

of a spheroidal r igid rotator which i s  presumed to 
participate in collective nuclear motion. This 
parameter, employed in conjunction with the ex- 
p l i c i t  dependence of the spacing of  rigid-rotator 
levels upon nuclear mass and shape, makes pos- 
sible the determination of shape factors for even- 
even nuclei - that is, ratios of  the semimajor to 
to semiminor axes of the spheroids - from a 
knowledge of  the energy of their spin 2 f i rs t  ex- 
c i ted states, This fractional mass parameter, k, 
i s  defined to be the ratio of  the number of particles 
outside f i l led major shells (both protons and 
neutrons) or the number of holes, whichever i s  the 

a 
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smaller, to the total number of particles in the 
nuc I eu s. 

This concept of  fractional mass participating in 

nuclear rotations has a natural extension to, and 
provides a significant modification of, the inter- 
pretation of the data on electrodynamic transitions 
between nuclear ground states and rotational 
levels. This extension follows as a consequence 
of the assumption that the mass and charge densi- 
t ies of  nuclear matter are uniform. Hence, i f  i t  i s  
assumed that only a certain fraction of the uniformly 
distributed mass participates in col lect ive motion, 
then for the sake of  consistency it should be as- 
sumed that only the same fraction of the charge 
participates i n  the motion. This emphasizes the 
fact that the prescription proposed for the de- 
termination o f  the mass fraction in terms o f  the 
excess of  particles or holes outside f i l l ed  maior 
shells must be interpreted as providing an estimate 
o f  only the magnitude of  the fraction and not i t s  
character i n  the sense of a dependence upon the 
pacticular kind o f  particles outside the major 

shells in a given case. 
Since both rates for radiative transitions' from, 

and cross sections for coulomb excitation' of, 
nuclear rotational levels are proportional to the 
nuclear current, i t  i s  seen that the interpretation 
of the data relative to such processes w i l l  be 
expl ici t ly dependent upon the charge fraction 
participating i n  the col lect ive motion. Conversely, 
the stat ic quadrupole moments depend upon the total 
nuclear charge. I f  both the spectroscopic and 
transition data on nuclear shapes are interpreted 
i n  the context of the present rigid-rotator model, 
satisfactory agreement i s  found among the shope 
factors as computed from quadrupole moments, the 
energies of f i rst excited states of even-even 
nuclei, and cross sections for coulomb excitation 
of f i rst  excited states of even-even nuclei. 

'J. M. Blatt and V. F. Weisskopf, Theoret ical  Nuclear 

'L. C .  Biedenharn, J. L. McHale, and R. M. Thaler, 

P h y s i c s ,  Wiley and Sons, New York (1952). 

Phys .  Rev. 100, 376 (1955). 

GAMMA-RAY YIELDS FROM COULOMB EXCITATION 

P. H. Stelson 

The complex gamma-ray spectrum resulting from 
the coulomb excitation of normal ruthenium (seven 
isotopes) has been resolved into the contributions 
of  the different isotopes by the use of  isotopically 
enriched targets. Metall ic targets were prepared 
by sintering metallic powders into thin foils. A 
summary of  the information obtained on the even- 
even isotopes of ruthenium i s  given in Table 1. 
The f i rst  column l i s ts  the nucleus to which the 
gamma ray given in column 2 i s  assigned. The 
observed yields of  the gamma rays for different 
proton energies are given in columns 3 and 4. 
The transitions per microcoulomb (column 7) are 
deduced by the use of  the isotopic enrichment 
(column 5) and the total internal conversion co- 
efficient, ateta, (column 6). Column 8 gives the 

F. K. McGowan 

evaluation o f  the integral 

dE 

in units of  kev x mg/cm2. The last column l i s ts  
the values obtained for the reduced electric 
quadrupole transition pro babi I i ty, B (E2) ex, in 
units o f  cm4. 

A summary of  the information on the values for 
B(E2),, for the medium-weight even-even nuclei i s  
given in  Table 2. 

Figure 1 i s  a plot  of the ratio B(E2)d/B(E2)sp vs 
neutron number, [B(E2), = @ ( E 2 ) e x ] .  The B(E2)Sp 
is  the Weisskopf single-particle estimate based 
on a radius given by 1.2 x A l l 3 .  

9 
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T h e  positions of the excited states of even-even (open circles) and also the quantity 2 .80 /E  (Mev) 
nuclei  and the corresponding electr ic  quadrupole (sol id circles). T h e  value - 2 . 8 0  was chosen to 
transition probability show an interesting cor- give the best over-all agreement. 
relation. Figure 2 shows the observed B ( E 2 ) , ,  

TABLE 1. SUMMARY OF GAMMA-RAY YIELDS AND INFORMATION NEEDED TO 
OBTAIN T H E  REDUCED E2 TRANSITION PROBABILITIES FOR EXCITATION 

1 I sotop i c  Transitions E& dE 
E(EZ),, x lo4* cm4 

dE/dpx 
Nucleus EY EP (gammas per Abundance Utoto, 

(kev) (Mev) 
microcoulomb) (% 1 Microcoulomb 

358 

47 5 

540 

654 

840 

3.0 

2.7 

2.4 

2.1 

1.8 

1.5 

3.0 

2.7 

2.4 

2.1 

1.8 

1.5 

3.0 

2.7 

2.4 

2.1 

3.0 

2.7 

2.4 

2.1 

3.0 

2.7 

2.4 

1.49 x lo6 
8.80 lo5 
4.39 x lo5 
1.94 lo5 
6.11 x lo4 
1.01 x lo3 
6.85 lo5 
3.37 x lo5 
1.49 lo5 
4.96 x lo4 
1.03 lo4 

3.34 105 

1.73 x lo5 
7.05 lo4 
1.84 lo4 

1.04 lo4 
4.61 x lo4 
1.54 lo4 
3.32 x lo3 

8.89 x lo4 
3.33 x lo4 
456 x lo3 

8.4 x lo2 

95.1 

94.24 

88.9 

65.1 

95.5 1 

0.0188 1.58 x lo6 2.60 x lo4 
9.31 lo5 1.56 lo4 
4.61 x lo5 8.17 lo3 
2.02 lo5 3.52 lo3 
6.30 x lo4 1.09 x lo3 
1.03 x lo4 1.88 x lo2 

0.0076 7.19 x lo5 1.48 x lo4 
7.79 x lo3 
3.42 x lo3 

3.52 x lo5 
1.54 x lo5 
5.09 lo4 1.12 lo3 
1.04 x lo4 
8.35 x lo2 

2.31 x lo2 
1.84 x 10 

0.0052 3.69 x lo5 1.06 x lo4 
1.90 x lo5 5.15 x lo3 
7.67 lo4 2.02 103 

1.98 x lo4 5.64 X lo2 

0.0032 1.55 x lo5 5.52 x lo3 
6.83 lo4 2.30 x lo3 
2.26 x lo4 
481 x lo3 

7.21 x lo2 
1.41 x lo2 

0.0017 8.91 x lo4 1.75 x lo3 
3.31 x lo4 5.54 lo2 
4.48 lo3 1.04 x lo2 

0.840 

0.825 

0.780 

0.793 

0.796 

0.759 

0.671 

0.625 

0.622 

0.627 

0.622 

0.627 

0.483 

0.510 

0.525 

0.485 

0.388 

0.410 

0.434 

0.472 

0.703 

0.826 

0.595 

10 
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Nucleus Ey (kev) B(E2)ex x cm4 Nucleus Ey (kev) B(E2),x x cm4 

~~9~ 

~ ~ 9 6  

~ ~ 9 8  

M O l W  

R u ~ ~  
R u ~ ~  
Ru loo 

Ru102 

Ru lo4 

Pd I O 4  
Pd IO6  

874 
7 75 
7 80 
530 

840 
654 
540 
4 75 
358 

5 55 
513 

0.242 kO.020 
0.259 k0.020 
0.237 f 0.020 
0.530 50.030 

(0.71 f0.12)' 
0.42 f0.03 
0.503 fO.020 
0.630 k0.025 
0.799 f0.030 

0.466 f0.025 
0.569 fO.020 

Pd loa 

Pd1l0 

Cd lo6 
Cd loa 
Cd l o  
Cdl l2 
dd 114 

Cd l 6  

Te126 

Te 12' 

Te 30 

433 
3 74 

630 
630 
656 
610 
555 
517 

673 
750 
8 50 

0.625 f0.040 
0.739 f 0.040 

0.425 f0.040 
0.47 f0.12 
0.44 kO.02 

0.505 f 0.025 
0.534 f 0.020 

0.46 ' f0.05 ' 

0.36 fO.04 
0.31 fO.07 

0.468 k0.020 

*Th is  value may be too large because of a possible contribution from a light-element impurity. 
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Fig. 1. Values for B(E2)d/B(E2) vs  Neutron Number. 
5P 

10 

5 

P 
E 

m 

P 

3 
X 

c ..- 
Q 

2 

1 

UNCLASSIFIED 
ORNL-LR-DWG 42004 

50 60 70 80 
NEUTRON NUMBER 
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ordinate) and 2.80/E (MeV) (sol id circles, right-hand 

ordinate) vs Neutron Number. 
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POLARIZATION OF GAMMA RAYS FOLLOWING COULOMB EXCITATION 
F. K. McGowan 

Coulomb excitation of levels in odd-A nuclei 
frequently results in the emission of  mixed E2 + M1 
gamma rays. An angular-distribution measurement 
gives information on (E2/M1)'/2, and this, combined 
with the cross section for excitation, yields the 
reduced transition probability for the magnetic 
dipole transition. However, several cases have 
been encountered in which the angular distribution 
was equally wel l  f i tted by two rather different 
values for (E2/M1)'I2, Calculations o f  the 
po lari ration-direction correlation with polari rat ion 
o f  the mixed radiation being measured showed that 
th is correlation was quite different for the two 
values of (E2/M1)1'2. A polarimeter based on 
the Compton scattering mechanism has been con- 
structed, and i t s  effectiveness has been determined 
by measurements o f  the known polarization o f  
gamma rays from coulomb excitation o f  2 levels 
i n  even-even nuclei. Polarization measurements 
o f  f ive transitions of  the type %(E2 + Ml)V2 have 
resolved the ambiguity in the values of  (E2/M1)'l2. 

Biedenharn and Rose' have expressed in a con- 
veni en t form the po lor i zati on-d irecti on correlation 
with polarization o f  the mixed radiation being 
measured. The correlation function has for a 
gamma-gamma cascade the form 

+ 

w(e,+) = w, + a 2 w , ,  + 26w,,, , 

where 6 i s  (E2/M1)'l2. W,, Wll, and Will are the 
polarizationdirect ion correlation functions for pure 
2L1 pole-pure 2 L 2  pole, pure 2 1 pole-pure 
2 L 2 + 1  pole, and the interference term, respec- 
tively. For gamma rays following coulomb ex- 
citation, one replaces A,, appearing in the correla- 
t ion functions above by A#,,, where av i s  the 
energydependent coefficient that enters in the 
coulomb excitation process, and takes L ,  = 2 
(electric quadrupole excitation). q5 i s  the angle 
between the direction o f  polarization and the 
normal to the plane defined by the proton beam and 
the gamma ray from coulomb excitation. 

L 

'L. C. Biedenharn and M. E. Rose, Reus. Mod. P h y s .  
25, 729 (1953). 
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P. H. Stelson 

A cross section through the polarimeter i n  the 
plane defined by the proton beam and h e  gamma 
ray i s  shown in Fig. 1. The anthracene scatterer 

UNCLASSIFIED 
ORNL-LR-DWG 11965 

PROTON BEAM P- TARGET 

NoI(TI)  
' 4 PHOSPHOR 

h = 15cm -_____ 
ANTHRACENE 

PHOSPHOR 
1V2in. x 34in. 

3in. x 3in. 1 
Fig. 1. Cross Section Through the Polorimeter in the 

Plane Defined by the Proton Beam ond the Gamma Roy. 

and the 3 x 3 in. No1 crystal which are connected 
to photomultiplier tubes constitute the polariration- 
sensitive device. The Nal scint i l lat ion specirom- 
eter detects the radiation scattered through a mean 
angle of  90 deg, and the anthracene scint i l lat ion 
spectrometer detects the Compton recoil electron. 
The detector of the scattered radiation rotates 
about an axis through the scatterer and the target. 
One measuies N,,/N1, the ratio of the coincidence 
rate for the detector o f  the Compton scattered 
photon in the plane o f  the proton beam and the 
gamma ray to the coincidence rate for the per- 
pendicular position. This ratio i s  connected to the 
rat io of h e  linear polarization intensities o f  the 
incident gamma ray through the relation 

where the quantity P i s  W(90°,900)/W(900,00) i n  
the notation o f  Biedenham and Rose and R i s  the 
sensit ivi ty of the polarimeter. For ideal geometry, 
R i s  simply the rat io of differential Compton cross 
section averaged over polarizations of  the scattered 
photon; that is, 
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and /3 i s  the angle between direction o f  polarizo- 
tion of the incident gamma ray and plane of  scatter- 
ing. The f in i te extent of  the detectors reduces 
the value of the asymmetry ratio R. In practice 
one determines R by measurement of  the known 
polarization of gamma rays having pure multipole 
character and for which the spins o f  the levels are 
known. In Table 1 the transitions that were used 
to calibrate the polarimeter are listed. The values 
for P are those for a thick target. The results for 
the asymmetry rat io R are also shown in  Fig. 2 

UNCLASSIFIED 
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Fig. 2. Asymmetry Ratio R as a Function of E y  for 

Both Ideal and Finite Geometry. 

and may be compared with those for ideal geometry. 
The peculiar shape o f  R e x  i s  
in part due to the choice o f  window widths used in 
the scint i l lat ion spectrometers. 

as a function o f  E Y 

For transitions of the type %(E2 + Mi)?$ several 
cases have been encountered in which the angular 
distribution was equally well  f i t ted by two raher  
different values for (E2/M1)’12. These cases are 
l is ted in Table 2, along with the calculated values 
o f  P and the experimental results. The coincidence 
counting rate ranged from 1 to 6 counts/sec for a 
beam current between 0.5 to 1.0 pa on a th.ick 
target and the random coincidence rate was 0.1% 
of  th is rate, or less. For these f ive cases a meas- 
urement o f  the polarization-direction correlation 
clearly removes the ambiguity in the value o f  
(E2/M1)l12.  

Directional angu lor-di stri bution measurements 
complemented by polarization-direction measure- 
ments of  gamma rays following coulomb excitat ion 
appear to be valuable for use in  the nuclear spec- 
troscopy o f  low-lying nuclear levels, In the past, 
polarizationdirect ion correlation measurements o f  
successive nuclear radiations were performed 
primarily to determine the relative parities o f  ex- 
ci ted states involving the emission o f  pure multi- 
pole radiation. In this case, i f  the angular dis- 
tribution i s  isotropic, the polarization-direction 
correlation i s  also isotropic; that is, P ( 0 )  = 1. 
For mixed transitions, i f  the angular distribution 
i s  isotropic, the polarization-direction correlation 
i s  not necessarily isotropic; that is, P ( 0 )  f 1. 
As an example, the directional correlation for the 
sequence 1/2(E2)%(E2 + M I ) &  i s  isotropic for 
(E2/M1)’I2 = -3.65, but P ( 8  = n/2) i s  2.52 i f  
the polarization direction o f  the mixed radiation 

T A B L E  1. SUMMARY OF TRANSITIONS USED T O  CALIBRATE POLARIMETER 

Nucleus E,, (kev) Eo (Mev) Transition Character P ( 6  5 ~ / 2 )  (Nl,/Nl)exD R 

P t l94  330 4.0 2 + 0  E2 2.173 0.626 f 0.009 4.3 f 0.3 

Ru’ O4 3 58 2.7 2 + 0  E2 2.51 1 0.551 f 0.007 5.1 * 0.3 

Pd’ l o  374 2.7 2 + 0  E2 2.605 0.522 f 0.006 5.8 f 0.3 

PdloB 433 3.0 2 + 0  E2 2.607 0.550 f 0.016 4.7 f 0.5 

E2 2.210 0.604 f 0.015 4.8 * 0.5 ~ ~ 1 0 7 , 1 0 9  420 

Rh’ O3 365 2.7 13% E2 2.071 0.607 * 0.012 5.7 f 0.6 
2.7 % + %  

13 
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i s  measured. Such a case has already been en- from the angular-distribution and cross-section 
countered in  our measurements. The angular dis- 
tribution of  the 300-kev gamma ray following cou- 
lomb excitation in Cd1I3 was nearly isotropic, 
and the po larization-di rection correlation was 
quite large. 

L is ted  in Table 3 are reduced transition proba- 
b i l i t i es  for decay for some odd-A nuclei deduced 

measurements. B(E2)Sp is taken to be 

1 2 
4 , I % R i l  ’ 

where R o  i s  equal to 1.2 x A l l 3  cm. 

TABLE 2. SUMMARY O F  TRANSITIONS FOR WHICH A POLARIZATION MEASUREMENT HAS RESOLVED 
THE AMBIGUITY IN THE VALUE OF (E2/Ml)”* 

Nucleus E Y (kev) Eo (Mev) Transition (E2/M1)1’2 P ( 6 =  d!) R NI,/NI (Nl , /N l )exp ‘ e x  p 

Ag107,109 315 2.7 4 + 1 /2 -0.18 0.708 3.6 1.214 1.24 f 0.02 0.68 f 0.04 

Ag107 320 2.7 + \ -0.18 0.706 3.8 1.224 1.25 f 0.02 0.68 f 0.04 

Rh103 305 2.7 4 + !$ -0.18 0.717 3.2 1.189 1.19 k 0.02 0.71 f 0.04 

Cd’ l3 300 2.7 4 + \ 0.29 0.537 3.1 1.366 1.33 f 0.04 0.57 f 0.05 

C d l l l  342 2.7 4 .+ ?$ 0.385 0.509 4.7 1.535 1.44 f 0.04 0.56 f 0.04 

-1.2 1.422 3.6 0.821 

-1.2 1.426 3.8 0.814 

-1.2 1.403 3.2 0.838 

-4.0 1.861 3.1 0.733 

-6.6 1.967 4.7 0.651 

T A B L E  3. SUMMARY OF REDUCED TRANSITION PROBABILITIES FOR SOME ODD-A NUCLEI 

48Cd113 58 2 

300 

48 Cd 6 10 

3 42 

4 7 ~ g  107,109 420 

315 

45Rh103 365 

305 

4 2 ~ 0 9 5  203 { y2 + 

m 

0.29 

m 

0.385 

m 

-0.18 

00 

-0.18 

-0.8 

0.4 

0.8 

0.092 f0.013 

0.050 f0.007 

0.039 f0.005 

0.050 f0.007 

0.122 f0.018 

0.113 f0.017 

0.120 fO.018 

0.104 f 0.0 16 

0.048 f0.006 

0.032 k0.004 

0.032 k0.004 

28.4 

3.76 X 15.6 

12.3 

2.72 x 15.7 

39.4 

2.62 x 10-1 37.3 

41.5 

2.12 x 10-1 35.2 

2.18 x 18.7 

5.83 x 12.5 

1.46 12.5 
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POLARIZATION OF GAMMA RAYS IN Tal8 ’  

F. K. McGowan P. H. Stelson 
.. 

Excited states a t  137, 480, and 612 kev in  
T a l a 1  are observed fol lowing the p’ decay o f  
Hfl al. Directional angular-correlation measure- 
ments o f  the 132-480-kev gamma-ray cascade have 
indicated two possible spin assignments for the 
480- and 612-kev states.’#, The spin assignment 

hinged on the assumption that the angular distr i-  
bution is strongly perturbed by a time-dependent 
interaction which could be present in a source i n  
the l iquid state, This assignment i s  also com- 
patible with the measured K-shell internal con- 
version c o e f f i ~ i e n t . ~  The main objection to th is 
assignment i s  that one would expect the 612-kev 
transition to be M1 .or E2 radiation. For E2 single- 
part icle transitions one would expect the 612-kev 

transition to be 2000 times faster than the 132- 
kev transition, but instead it i s  observed to  be 
about 65 times slower. The other assignment2 
Y2(E2)5;(E2 + M 1 ) g  for the 132-480-kev cascade 
removes the objection concerning the 612-kev 
transition, since the transition would be M3 and 
would not compete favorably with the 132-kev 
transition, Furthermore, this assignment requires 
only a weak perturbation from the time-dependent 
interaction for the 480-kev state. The ratio o f  
E2/M1 deduced from this assignment i s  not in 
agreement with the measured K-shell internal con- 
version coefficient for the 480-kev transition. 

A calculation o f  the expected polarization- 
direction correlation with polarization measurement 

5/,(E2)%(E2 + Ml )$  for the 132-480-kev cascade 1 

of  mixed radiation in the 480-kev transition showed 
that this correlation was quite different for the 
two spin assignments, The results are given in  
Table 1. The ratio P o f  polarization intensit ies 
i s  W(90°,q5 = n/2)/W(9Oo,+ = 0) in the notation of  
Biedenharn and Rose,4 and G, and G, are the 
attenuation coefficients which represent the effect 
o f  perturbing interaction in  the intermediate state 
o f  the nucleus. Here + i s  the angle between the 
direction of  polarization and the. normal to the 
plane o f  the two gamma rays. 

A polarimeter based on the Compton scattering 
mechanism has been constructed, and i t s  effec- 
tiveness has been determined by measurements o f  
the known polarization of  gamma rays fol lowing 
coulomb excitation o f  2’ levels in even-even nuclei 
(see the preceding section, “Polarization o f  Gamma 
Rays Fol lowing Coulomb Excitation”). A cross 
section through the polarimeter i n  the plane de- 
fined by the two gamma rays i s  shown in Fig. l ,  

‘L. C. Biedenharn and M. E. Rose, R e u s .  Mod. Phys .  
25, 729 (1953). 
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IF. K. McGowan, P h y s .  R e v .  93, 471 (1954). 

,H. Paul and R. M. Steffen, P h y s .  R e v .  98, 231 (1955). 

3F. K. McGowan, Phys .  R e v .  93, 163 (1954). 
Fig. 1. Cross Section Through the Polarimeter in the 

Plane Defined by the T w o  Gamma Rays. 

T A B L E  1. T H E  RATIO OF POLARIZATION INTENSITIES 

P* G2 G4 
Spin Sequence (E2/M1) ’’, 

-1.7 

6.3 

6.3 

0.735 0.497 1.10 

1.0 1 .o 0.67 

0.20 0.11 0.91 

*The calculations include olso the effect of the finite extent of detector No. 1. 
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One measures NII/N the ratio o f  the triple- 
coincidence rate for $e detector of  the Compton 
scattered photons in the plane of  the two gamma 
rays to the triple-coincidence rate for the per- 
pendicular position. This rat io and P are con- 
nected through the relation 

N ~ i  P + R 

NI P R + 1 '  
--- - 

where R i s  the sensitivity o f  the polarimeter, For 
ideal geometry, R is simply the rat io of differential 
Compton cross section averaged over polarizations 
o f  the scattered photon; that is, 

and p i s  the angle between direction of polarization 
of  the incident photon and plane of  scattering. 
For our polarimeter we chose a mean scattering 
angle of 90 deg. The f in i te extent of the detectors 
w i l l  reduce the value of the asymmetry rat io R, 
and at 480 kev the value of R i s  4.0 f 0.5. The 
triple-coincidence counting rate was o f  the order 
of  1.2 counts/min, and the random rate was 12% of 
this rate. In Table 2 the experimental results are 
summarized for two runs of  each type of source. 
The purpose of the measurement with a dry poly- 
crystal l ine source of HfF, was to checkonpossible 
systematic errors. With this source the directional 
angular correlation of the 132-480-kev cascade i s  
known to be attenuated' to the "hard core" value 
for stat ic interactions in the intermediate state. 
As a result one expects an attenuated value for 
P ,  which i s  the last entry in Table 1. The agree- 
ment between the experimental and the expected 

TABLE 2. SUMMARY OF DATA FOR POLARIZATION- 
DIRECTION CORRELATION OF THE 132- TO 

480-kev GAMMA-RAY CASCADE 

Form of Source 

0.71 f 0.05 
HfF, in 50% HF 

HfF, in 50% HF 

1.24 f 0.03 

1.19 k 0.05 

0.88 f 0.05 
Polycrystalline HfF, 1.09 k 0.03 

Polycrystalline HfF, 1.07 It 0.03 

values of  P i s  quite good for the two types o f  
sources, and we conclude that the correct spin 
assignment i s  \ ( ~ 2 ) % ( ~ 2  + MI)?+ 

The trans i t ion probobi I i t ies  for electromagnetic 
radiation are known for a l l  the transitions from the 
low-lying states in either from direct l i fe-  
time measurements or from coulomb excitation. 
A decay scheme of with the spin assign- 
ments of the excited states and the character o f  
the gamma rays, is  shown in Fig. 2. L isted in 
Table 3 are reduced transition probabil it ies for 
decay, and these are compared with those expected 
for single-particle transitions. The values given 
for B(E2) and B(M1) are actually those for the 
quantities B(E2)/e2 and B(Ml) / (ek/2m~)~. B(Ml),, 
i s  approximately unity, and B(E2),p i s  taken to be 

1 2 
;i;;134 

where R ,  i s  equal to 1.2 x A l l 3  cm. The 
total internal conversion coefficients U ,  are taken 
from Rose e t  aL5  The variation in the reduced 
transition probabilities i s  quite large. The 612-kev 
transition i s .  probably M3, and the rat io 
B(M3)d/B(M3),p i s  0.26. 

5M. E. Rose et al., Phys. Rev. 83, 79 (1951) and 
T a b l e s  o/ InternaI Conversion Coe l l i c i en t s  privately 
circulated by Dr. Rose. 
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Fig. 2. Decay Scheme of with the Spin Assign- 
ments of the Excited States and the Character of the 
Gammo Rays. The arrows pointing upward indicate 
excitation by coulomb excitation. 
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TABLE 3. SUMMARY OF REDUCED TRANSITION PROBABILITIES FOR 

E Y (kev) (E2/M1) 1’2 at B(E2)d x lo4’ crn4 B(E2)d/8(E2)sp B(M1)d 

137 0.5 2.09 2.00 330 1.05 x l o - ’  
166 0.5 1.08 3.05 503 2.66 x 10-1 

303 a3 0.079 0.416 68.5 

132 a? 1.34 2.74 10-5 4.5 x 

480 6.3 0.024 1.82 3.0 x 7.4 lo-’ 
343 a? 0.0574 1.58 2.6 x 

DIRECTIONAL ANGULAR CORRELATIONS OF GAMMA RAYS IN CASCADE 

E. D. Klema 

STRON TIU M-88 

The directional angular correlation of  the 909- 
1850-kev gamma-gamma cascade in Sr86 has been 
measured with a coincidence scint i l lat ion spec- 
trometer using Nal detectors, Because the spins 
and parities of the in i t ia l  and intermediate states 
of  the cascade at 2760 and 1850 kev are known to 
be 3- and 2+, respectively, from other measure- 
ments,l the precise measurement o f  the angular 
correlation i s  a sensitive test of  the purity of  the 
f i rst  transition of the cascade. 

In order to achieve the maximum precision o b  
tainable a t  present in the measurement of  the co- 
eff icients of the angular-distribution function, a 
stat ist ical rat io test has been used to determine 
the proper number of terms with which to represent 
the data. In addition, the effect o f  errors in 
centering the source on the axis o f  rotation of  
the movable detector has been considered care- 
fu l ly  in terms of  the theory developed by Breiten- 
berger.2 

The observed correlation function obtained with 
a di lute YCI, aqueous solution source, after cor- 
rection for the finite angular resolution o f  the 

’G. R.  Bishop and J. P. Perez y Jorba, Phys .  Rev. 
98, 89 (1955). 

2E. Breitenberger, Phil. Mag. 45, 497 (1954). 

detectors, i s  given by 

w(e) = 1 - (0.0699 5 0.002s) qcOs e) , 
The theoretical correlation function for the se 
quence 3(D) 2(Q) 0 i s  

w(e) = 1 - 0.07143 P ~ ( ~ ~ ~  e) ; 
hence, it i s  concluded that both the transitions o 
the cascade are pure multipoles. 

LUTE TIUM-175 

The angular correlation of the 89.3-342.9-kev 
gamma-gamma cascade in L u ” ~  has been meas- 
ursd and found to be given by 

This cascade i s  of particular interest for several 
reasons. It i s  known that both the gamma rays of 
the cascade are mixtures from the K conversion 
coefficient measurement .on the 342.9-kev gamma 
ray and from the L-subshell conversion coefficient 
measurements on the 89.3-kev gamma ray,3 The 

3J. P. Mize, M. E. Bunker, and J. W. Starner, Phys .  
Rev. 100, 1390 (1955). 
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fact that the observed correlation function is iso- 
tropic greatly simplif ies the analysis o f  the re- 
sults and makes an unambiguous interpretation 
possible. Finally, these nuclear levels have been 
discussed in  terms of the Bohr-Mottelson strong- 
coupling unified model.4 

The present correlation measurement may be in 
doubt, because it may represent an attenuation of 
the true correlation function due to external fields, 
since i n  this case the l ifetime of the intermediate 
state of the cascade has not been measured and 
since the parent Hf’75 decays by electron capture. 
However, both l iquid and sol id sources have been 
used and have yielded the same results. It would 
seem highly unlikely that the observed isotropy i s  
the result of  perturbations, since interactions can 
in certain circumstances lead to isotropy i n  the 
case of l iquid sources, while in the case of sol id 
sources there are “hard-core” values of the co- 
eff icients of the correlation function which do not 
vanish. 

Assuming that the observed correlation function 
i s  unperturbed, one can make unique spin assign- 
ments to the in i t ia l  and intermediate states of the 
cascade. The expression for A, i n  the function 

w(0) 3 1 + A,~,(COS 0) + A4P4(cos 0 )  

for the case o f  a mixed-mixed cascade can be 
written as the product of two factors, one involving 
only the f i rs t  transition and the other involving 
only the second. The mixing rat io of the 342.9-kev 
gamma ray i s  known, and it can be shown that the 
factor involving this transition does not vanish. 
Thus the values of the mixing rat io of the 89.3-kev 
gamma ray for which A, vanishes can easi ly be 
solved for, and the laborious calculation o f  the 
mixed-mixed correlation function needs to be done 
only for those spins which y ie ld a value o f  the 
mixing rat io i n  agreement with that obtained from 
the L-subshell conversion coefficient measure- 
men ts. 

A l l  nine possible sequences of 3/2, 4, $, %, 
’ l / z (D  + e)?,, g, % ( D  + e)?!* with spin differences 
of one or two units between the states involved 
in a given transition have been considered. Only 
the sequence % ( D  + Q)5/2(D + Q)t gives a value 
for the mixing rat io of the 89.3-kev gamma ray 
which agrees with that obtained from the L-subshell 
conversion coefficient measurements. For this 
case the angular-correlation measurement yields a 
value of the square of the mixing ratio, 6, o f  0.15, 
to be compared with the L-subshell value of  about 
0.1. The corresponding coefficient of A, i s  -0.002. 
The sequence ?$(D + Q ) t ( D  + e)%, for example, 
leads to values of  6 ,  of 0,010 or 17.5. 

HA FN IUM-177 

The angular correlation of the 208.36-1 12.97-kev 
gamma-gamma cascade in Hf’ 77  has been measured 
and found to be given by 

Again the levels involved i n  this cascade are ot  
interest, since they have been discussed in  terms 
of the unified model.4 In addition, the spin of the 
ground state has recently been measured by F. A. 
Jenkins and 0. R. Speck a t  Berkeley to be g, in 
disagreement with previous results. This has 
necessitated the re-examination of  our early re- 
sults on this c ~ s c a d e . ~  

This an gu lor-corre lot i  on measurement should be 
free of perturbing effects, since an upper l imi t  for 
the l ifetime of  the intermediate state has been 
measured to be 4 x lO-’Osec by F. K. McGowan 
and P. H. Stelson a t  this Laboratory and since 
the parent L u ’ ~ ~  decays by beta emission. 

The analysis of the data i s  complicated by the 
fact that a number of mixed-mixed correlation func- 
tions must be computed in  detail. This work has 
not yet been completed. 

4D. M. Chase and L. Wilets, P h y s .  Rev. 101, 1038 ’F. K.  McGowan, E. D. Klema, and P. R. Bell ,  P h y s .  
( 1  956). Rev. 85, 152 (1952). 
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DECAY OF SbIz5  

N. H. Lazar 

The gamma rays following the decay o f  Sb’25 
have been studied by means of scint i l lat ion spec- 
trometry, and a decay scheme consistent with a l l  
the known facts has been deduced. The source 
was separated from the parent activity, S I I ’ ~ ~ ,  i n  
the spring of 1953, for a different investigation, 
and spectral measurements were carried out during 
1954 and 1955. The scint i l lat ion spectrometers, 
coincidence arrangements, and associated elec- 
tronic equipment used for these measurements 
have been described elsewhere.’ 

The pulse-height spectrum obtained with a 
source placed on the axis of a 3 x 3 in. Nal(TI) 
cylinder, 9.3 cm from the face of  the crystal, i s  
shown in Fig. 1. The results of  an analysis of the 
spectrum into the individual gamma-ray components 
are also shown. For this analysis, use was made 
of  the spectra of  the 0.479- and 0.661-Mev gamma 
rays from Be7 and which were obtained 
under similar geometrical conditions, as a guide 
for the shapes of the individual gamma rays in 
Sb’25. The relative intensities of the gamma rays 
were then determined from the areas in the peaks 

by using the empirical peak efficiencies previously 
determined.2 Some assumptions involving the 
decay scheme were required in order to properly 
include the contribution from the summing of  the 
0.427- and 0.595-Mev gamma rays with x rays 
following conversion of the 0.035-Mev transition. 
However, the f irst two excited stages (Fig. 4) are 
wel l  established from a study of the 58-day isomer 
of Te125, and there should be l i t t le  controversy 
over these assumptions. The results of these com- 
putations are indicated in the third column of 
Table 1. The existence of the weak gamma rays 
of 0.377 and 0.113 Mev was confirmed, as w i l l  be 
discussed below, by means of coincidence spec- 
trometry. 

The half l i fe  for Sb’25 was determined by meas- 
uring the areas under the 595-637-Mev peaks ob- 
served with 3 x 3 in. Nal(TI) crystals wi th the 
source in the same geometry, in November of 1954 
and 1955. The half l i fe was found to be 2.0 & 0.2 
years. .h__cI 

IN.  H.  Lazar and E. D. Klema, Phys .  Rev. 98, 710 
(1955). 

2P. R.  Bell,  R. C. Davis, and N .  H. Lazar, Phys .  
Semiann. frog. Rep. Sep’t. 10. 1955. ORNL-1975, p 72. 

TABLE 1. ENERGIES AND RELATIVE INTENSITIES OF GAMMA RAYS FROM Sb’” 

Measured Energy Relative Intensity o f  Gamma Rays Relative Intensity of Gamma Rays 

(MeV) From Single-Crystal Data From Coincidence Data 

0.637 

0.595 

0.463 

0.427 

0.377 

0.320 

0.214 

0.205 

0.175 

0.175 

0.1 13 

0.23 5 0.02 

0.88 rf: 0.09 

0.31 ?; 0.03 

1 .o 
0.038 5 0.008 

0.0088 k 0.0020 

0.006 rf: 0.003 

0.008 k 0.002 

0.19 * 0.02 

0.006 5 0.003 

0.014 rf: 0.007 
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Coincidence spectra were obtained w i th  a l l  the 
main gamma rays. Figure 2 shows the results o b  
tained in coincidence with a window placed over 
the region of 0.425 MeV. The intensity o f  the 
0.17!j-Mev gamma ray i s  much too weak for i t to  
be y9 (see Table l ) ,  and thus a second gamma ray 
wi th the same energy must be postulated. y l o  and 
the 0.210-Mev transition, y7, were found with the 
same relative intensity when the window was moved 
to either side of the peaks a t  0.425 and 0.460 MeV. 
Coincidences w i th  the window set a t  0.115 Mev 
showed a peak a t  0.37 MeV. The coincidences a t  

UNCLASSIFIED 
2-  01 - 077- IO- 5 -  54 MCA4 
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0.115 MeV, shown in Fig. 2, arose from the ta i l  of  
the 0.37-Mev gamma ray fa l l ing into the window. 

The window was moved to the 0.175-Mev region, 
and Fig. 3 shows the resultant coincident spectrum. 
The peak a t  0.320 Mev must be caused by a pre- 
viously unidentified gamma ray. The peak a t  0.210 
Mev cannot be in coincidence with ylo ,  since there 
i s  insuff icient energy in the decay, nor can i t  be 
the previously identified y ,  in coincidence with yp 
(see Fig. 4). Thus a second gamma ray of  0.21 Mev 
must be assumed. 

The results of  these measurements are contained 
in the decay scheme shown in Fig, 4. The spins 
of  the f i rs t  two states are those given by Hi l l  
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analysis of the spectrum into the individual gamma-ray 

components was performed by successive subtractions 
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of the pulse-height distributions from the highest energy 

gamma ray. 
F ~ ~ .  2. P ~ ~ ~ ~ - H ~ ~ ~ ~ ~  spectrum in coincidence with 

Pulses in  the Region of 0.425 MeV. 
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e t  t ~ l . , ~  Siegbahn and F ~ r s l i n g , ~  and Bowe and 
Axel’ from .the analysis of the Te’ 25 isomer. The 
remaining states probably have even parity. This 
conclusion is based on the comparative half l ives 

40-2 

5 

5 

UNCLASSIFIED 
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4 
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2 
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Fig. 3. Pulse-Height Spectrum in  Coincidence with 
Pulses in the Region of 0.175 MeV. 

(determined from the gamma-ray intensities) for 
the beta transitions which must feed the observed 
levels, and on the probable parity of the ground 
state of Sb12’. However, the spins of  the excited 
levels cannot be predicted from the gamma-ray 
intensities, since the transition probabil it ies are 
very l ikely greatly affected by configuration mixing 
and therefore cannot be simply calculated. 

3R. D. Hill et al., Phys .  Rev. 75, 324 (1949). 
4K. Siegbohn ond W. Forsling, Arkiv F y s i k  1, 505 

’J. C. Bowe and P. Axel, P h y s .  Rev. 85, 858 (1952). 
(1950). 

Fig. 4. Decay Scheme of Sb’*’. 
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THE 2.07-Mev RESONANCE IN THE C'2(n,n)C12 REACTION 

J. E. Wills, Jr. 

Some uncertainty has existed concerning the 
parameters describing the 2.07-Mev level in the 
C'2(n,n)C'2 reaction.' Previous measurements 
had indicated that the level probably had a spin 
o f  I - 3 and an even parity, but the resolution of 
measurements was insufficient to make possible a 
f inal decision. 

Toto I cross-section measure men ts e mploy in g 
standard techniques were made in the v ic in i ty of 
the resonance. A target of metall ic l i thium having 
a thickness of 1.7 kev served as a neutron source 
i n  the Li7(p,n)Be7 reaction. Protons resolved i n  
energy were supplied by the ORNL 5.5-Mv Van de 
Graaff generator. The carbon sample consisted of 
high-purity graphite having 2.10 x nuclei/cm2. 
Both Hornyak buttons and propane recoi l  counters 
biased against gamma radiation were used to detect 

'F. Aizenberg and T. Louritsen, Reus. Mod. Phys. 
27, 77 (1955). 

the neutrons. Results, shown in  Fig. 1, indicate a 
spin of 3/2 and a width of 11 kev for the resonance. 

Phase shif ts used in calculating the cross sec- 
tions were obtained from an analysis of angular 
distribution of neutrons scattered from carbon a t  
0.66, 1.05, 1.45, and 2.15 MeV. The f i rst  three 
distributions were analyzed as being due to po- 
tential scattering only, while the distribution a t  
2.15 Mev showed some interterence due to the 
presence of a D3,2  resonance at 2.07 MeV. The 
distributions are shown in  Figs. 2 through 5. 

A measurement of the asymmetries of the angular 
distribution of  scattered neutrons i n  the vicinity 
of  the resonance showed the resonance to be due 
to d waves. The differential cross sections were 
measuredat 51 and 121 deg in the laboratory, which 
corresponded to the angles in the barycentric 

'system where cos 8 was +OS8 and -0.58. The 
rat io of these measurements is shown in Fig. 6 .  
The results are entirely consistent with the as- 
sumption of a resonance due to d waves. 
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DIFFERENTIAL ELASTIC SCATTERING AT 1.62- AND 1.68-M~v NEUTRON RESONANCE IN NEON 

J. L. Fowler 

The method' of  determining differential elast ic 
scattering by measuring coincidences between 
nuclear recoils i n  a gas-filled proportional counter 
and scattered neutrons detected with an anthracene 
crystal has been used to investigate two resonance 
levels of neon. Figure 1 shows the experimental 
setup. The LiF-impregnated paraffin shield has a 

UNCLASSIFIED 
ORNL-LR-DWG 12345 
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Fig. 1. Experimental Arrangement for Determining 
Differential Elastic Scattering. 

rectangular s lot  to al low the source neutrons to be 
incident upon the 2-in.-dioI 5-in.-long counting 
volume of the proportional counter. The response 
for the 2 x 2 in. anthracene crystal for neutrons 
i n  the energy region of  interest has been already 
described.' Since the 1.68-Mev level' is  narrower 
than the energy spread of neutrons obtainable with 
a gas target,' a Zr-T target has been used as a 
target for producing the T ( p , n )  neutrons needed for 
the present investigation. The target thickness 
was 7 kev a t  the energies a t  which i t  was used. 
Gammaqay background due to source neutrons 
captured in the shielding was evaluated by re- 
moving the source neutrons from the counter with 
an LiF plug in the shielding. This procedure does 
not allow an evaluation o f  the background effect 
of  gamma rays produced a t  the Zr-T target by the 

'H. 0. Cohn and J. L. Fowler, Phys .  Semiann. Prog. 

'H. 0.  Cohn and J. L. Fowler, Phys .  Semiann. Prog. 

3J. L. Fowler and C. H. Johnson, Phys .  R e v .  98, 728 

R e p .  Sept. 10, 1955, ORNL-1975, p 28. 

Rep.  March 20. 1955, ORNL-1879, p 6-7. 

(1955). 

H, 0. Cohn 

proton beam. For a gas cel l  this effect appeared 
to be small. With the reduced neutron yield of  a 
Zr-T target, however, there i s  probably an appre- 
ciable effect due to these gamma rays. This would 
constitute a relatively constant background, which 
would not effect the change in  the angular dis- 
tribution to be observed a t  the resonances. A 
comparison of off-resonance data taken with both 
the Zr-T target and the gas cel l  indicates that the 
background due to source gamma rays in the former 
case amounted to approximately 30%. 

In Figs. 2 and 3 the relative differential meas- 
urements at cos 8 = k0.58, 0, and -0.78 (0 = C.M. 
neutron scattering angle) are presented. While the 
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ordinate scale on the left-hand side should be con- 
sidered arbitrary, one u n i t  i s  approximately 0.1 
bardsteradian. As mentioned above, the zero of  
the scale should be shifted to  account for back- 
ground due to source gamma rays, The plot on the 
right-hand sides of Figs. 2 and 3 shows the areas 
of  the curves on the lef t  plotted as a function of 
neutron energy and shows clearly the positions of  
the resonances. This serves to identify the energy 
position a t  which the measurements are made. The 
energy corresponding to the resonance peaks 
agrees well  with the values published earlier.4 It 
i s  clearly seen that the differential scattering a t  
cos 8 = * O S 8  i s  symmetrical about cos 0 = 0 for 
the 1.68-Mev level, whereas for the 1.62-Mev level 
the cross section i s  peaked toward forward neutron 
scattering. I f  the potential scattering i s  predomi- 
nantly s-wave, and off-resonance scattering sug- 
gests this to be the case, then the results indi- 
cate that the 1.62-Mev level has odd parity and the 
1.68-Mev level has even 

. .  

4H. 0. Cohn and J. L.  Fowler, P h y s .  Rev. 99, 1625 

'H. B. Willard, J. K. Bair, and J. D. Kington, Phys .  

(1 955). 

Rev. 98, 669 (1955). 
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NEUTRON ACTIVATION OF IODINE NEAR 25 kev 

R. L. Macklin 

Reliable reaction cross-section data in the k i lo-  
volt  neutron range have been rare, Long counter 
extrapolations form the basis for many of the re- 
ported results.' Hummel and Hamermesh2 and 
Kimball and Hamermesh3 have measured many 
activation cross sections with an antimony-beryllium 
source by comparison with thermal cross sections. 
Their 2.2-barn result for iodine (25min beta acti- 
vation) seems unexpectedly high. It seemed worth 

'For references see D. J. Hughes and J. A. Harvey, 

2V. Humrnel and B. Homermesh, P h y s .  Rev. 82, 67 
Neutron Cross Sections, BNL-325 (July 1, 1955). 

(1 951). 

3C. Kimball and 6. Harnerrnesh, P h y s .  Rev. 89, 1306 
(1953). 

while to remeasure this cross section by absolute 
beta counting in an Nal(TI) crystal as done a t  
higher energies by Martin and T a ~ c h e k . ~  

A standard ORNL Sb-Be source (a t-in.-dia by 

dia by 13/16-in.-long beryllium cylinder) calibrated 
at the National Bureau of Standards was used. The 
source strength per unit sol id angle was'measured 
by rotating the source in front of a BF, counter. 
For the axial directions (used in  the iodine irradi- 
ations) the flux was 0.915 * 0.03 times the average. 
The equatorial flux, incidentally, was very near 
the average and constant with longitude as expected. 

%-in.-long antimony cylinder in a hollow 1 3 /i6-in.- 

~ ~ 

4H. C. Martin and R. F. Taschek, Phys .  Rev. 89, 1302 
(1953). 
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Several l\ x 1!$ in, Nal(TI) crystals canned in 
aluminum foi l  with a thin glass window at one end 
were used in the experiment. Each was irradiated 
in an att ic 25 f t  above the concrete floor at 19 to 

.41 cm from the neutron source. The separation 
was carefully measured with a vertical cathetometer 
from a safe distance. After irradiation, the crystal 
was mounted on an RCA-5819 photomultiplier tube, 
and the energy scale was checked against the 
661-kev Cs137 photopeak. The iodine beta activi ty 
was counted with an integral bias of about 140 kev. 
Room background at 1.8 counts/sec ranged from 
8 to 33% of the beta counts. Extrapolation of  the 
integral-bias curve below 50 kev showed that the 
beta counting efficiency under these conditions 
was 0.93 f 0.015. The decay has beenstudied 
recently a t  Columbia U n i ~ e r s i t y , ~  and a 6.9% 
electron-capture branch has been reported. About 
95% of the electron-capture decay is to the ground 
state and would not have been observed in  the 
present experiment. The reproducibility o f  the 
activations corrected to saturated activi ty (and 
multiplied by the square of the separation) was not 
significantly different from the reproducibility 
calculated from the counting stat ist ics and the 
cathetometer accuracy. The average of eight runs 
i s  considered reproducible to  0.7% (standard devia- 
tion). 

A few small effects were considered in calcu- 
lat ing the cross section. Air  scattering gave a 
computed 1.1% increase in neutron f lux a t  the 
crystal. Effective center displacement for source 
and crystal led to corrections ranging from 0.2 to  
1.0% at  the extreme distances. The effect o f  
multiple scattering in the crystal, calculated from 
the measured total cross sections of sodium6 and 
iodine,’ was +3.1%. The corrected I’ 27(n,y)l 128 

cross section i s  0.82 f 0.06 barn. 
The primary energy of the neutrons i s  not well  

known.’ The energy loss by col l isions with beryl- 
l ium has been estimated by use of a homogeneous 
cylinder model with the primary source uniform 
throughout the outer beryllium shell region of the 
actual source, A spherical beryllium shell  model, 

’N. Benczer et al., Phys.  Rev. 101, 1027 (1956). 

6H. Newson, private communication. 

’Recent data on the beryllium ( y , n )  threshold and the 
unpublished value of Tomlinson (1.692 MeV) for the 
antimony gamma energy give 27 kev for the primary 
energy. 

with the antimony ignored, gives comparable re- 
sults. The following tabulation shows the cal- 
culated percentage of emitted neutrons above frac- 
t ions of the primary energy corresponding to  maxi- 
mum loss i n  0, 1,2, and 3 col l isions with beryllium: 

E N (%) 

0.998 
0.640 
0.410 
0.262 

67.6 
93.6 
98.6 
99.2 

Weighting the detailed energy distribution by 
corresponding to the expected l/u iodine 

cross-section dependence in  the neighborhood of 
20 kev (but with an upper l im i t  of 3 for this factor), 
the area under the curve becomes 1.074. Thus 
neutron energy loss in the source increases the 
observed cross section about 7.4%. Stated another 
way, the effective source energy is 87% of the 
primary energy. An effective neutron energy of  
about 25 kev as given by Kimball and Homermesh3 
seems reasonable. 

The early work of  Linenberger and Miskel’ a t  
severol energies gives an interpolated value of 
about 1 barn a t  25 kev, with an uncertainty of per- 
haps 0.2 or 0.3 barn for the absolute value. The 
Hummel and Homermesh value of 2.2 f 0.4 barns 
obtained with an Sb-Be neutron source i s  certainly 
a t  variance with the present result. A few points 
of technique in  favor of the present work, such as 
less ambiguity in incident-flux measurement, high- 
efficiency beta counting, and no reliance on a 
thermal-cross-section comparison, can hardly 
account for the difference. 

One question that deserves a l i t t l e  thought i n  the 
present experiment i s  the possibi l i ty of self- 
absorption. Since the average probability of neu- 
tron absorption i n  the crystal was only 0.03 (i.e., 
97% of the incident neutrons escape from the 
crystal), this a t  f i rst  glance seems negligible. If 
the absorption were due to a few, narrow, isolated 
resonances, i t  might s t i l l  be expected that self- 
absorption would be important. Several of the 
iodine resonances below 100 ev  have been ex- 
amined.’ Taking the gamma width (0.1 ev) and the 

extreme values of the reduced neutron widths 
(3 x l om4 and 7 x ev) found there as typical 
a t  24 kev, i t  can be shown that the scattering 
cross section remains about ten times as large as 
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the absorption cross section a t  the (Doppler loss on scattering is  about 400 ev and scattering 
broadened) peaks. i s  ten times as probable as absorption, h e  self- 
calculated i s  only about twice the average value shielding at a single resonance must be com- 
found in the experiment. Since the averoge ,energy pletely negligible. 

The maximum peak absorption 

MILL IMICROSECOND T I  ME -0 F-F LIGHT NEUTRON SP ECT ROME TRY 

H. E. Banta J. H. Gibbons 

The terminal pulser described by K ing  and 
Parker’ has been installed in  the 2.5-Mv Van de 
Graaff. The average pulsed current now obtained 
i s  approximately 0.5 l a  for burst widths of 10 to 
12 mpsec.. This i s  about twice as good as was 
possible when the pulsing was performed by de- 
flecting the accelerated beam. The present current 
apparently i s  l imited by the ion-source output, 
since the tube loading of the machine i s  determined 
by the average current rather than the peak values 
in the pulse. Measurements in both the kev and 
Mev neutronenergy ranges have been made by use 
of the terminal pulsing. However, further work i s  
necessary to improve the re l iab i l i ty  of operation. 
The performance of the pulser is  cr i t ica l ly  de- 
pendent on the beam-focusing conditions a t  the 
ion source, in the Einzel lens which constitutes 
the “wiggler,” and at  the strong lens which forms 
the entrance to the machine. So far, the useful 
l i fe  of an ion source for pulser operation has been 
only a few days. 

The background’ in the kev-neutron transmission 
measurements has been greatly improved by re- 
ducing the l ithium target thickness and thus the 
crystal activation by the high-energy group from 
the Li7(p,n) reactions. Terminal pulsing has 
virtually eliminated the g‘machinesn” background, 
and the doubled pulsed current has halved the 
counting time. Tests wi th several sample sizes 
have shown that measurements are possible with 
sample sizes of the order of a few centimeters 
diameter, so that measurements wi th separated 
isotopes may be feasible. Cross sections have 

’R. F. King ond V. E. Porker, Phys .  Semiann: frog. 
Rep.  Sept. 10, 1955, ORNL-1975, p 65. 

’J. H. Neiler e t  al., P h y s .  Semiann. Prog. Rep .  Sept. 
10, 1955, ORNL-1975, p 32. 

W. M. Good J. H. Neiler 

been measured for manganese, titanium, and sele- 
nium. The neutronenergy scale for the manganese 
total cross section, Fig. 1, is  probably in  error 
because of a poor time calibration for this particular 
run. The two peaks represent a significant spl i t t ing 
of the single peak shown in  BNL-3253 and are 
probably identical with those reported by Marshak 
and N e ~ s o n . ~  This doublet has been o f  some 
value in  resolution comparisons between choppers 
and accelerators. A relatively thick (5.66 x lo’’ 
atoms/cm’) sample was used for this measurement. 

3D. J. Hughes and J. A. Harvey, Neutron Cross Sec- 

4H. Morshok and H. W. Newson, Phys .  Rev .  98, 1162 
t ions ,  BNL-325 (July 1, 1955). 

(1  955). 
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The peak cross sections would be considerably 
enhanced i f  a thinner sample were used. The pre- 
viously reported3 resonances a t  4 and 17 kev have 
been observed with a metallic sample o f  titanium. 
Another level has been found a t  8.0 kev, as well  
as some evidence that the unusually wide 17-kev 
level may be more than a single level. Because 
of the isotopic complexity further measurements 
are being deferred unti l  separated isotopes are 
obtained. The results of several determinations of 
the total cross section of selenium are shown i n  
Fig. 2. Previous measurements in this region had 
indicated only a single broad maximum. This 
element is also isotopically complex, so that 
separated isotopes should be obtained. 

The background in the measurements of fast- 
neutron spectra from (d,n) reactions has been im- 
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proved an order magnitude by the terminal pulsing. 
Figure 3 is an example of a spectrum obtained with 
the best resolution. The conversion from pulse 
height to f l ight time i s  essentially linear. The 
numbers in parentheses over the peaks are the 
neutron energies which should be expected from 
the known Q's for this reaction. The other numbers 
are obtained from a pulse-height flight-time cal i -  
bration i n  which the 1.33-Mev peak was used as a 
reference point. The relative intensities of the 
peaks have not been corrected for detector ef f i -  
ciency. The relative intensities of the missing 
neutron groups are not known for this bombarding 
energy, but recent measurements with l M e v  deu- 
terons have shown that the group corresponding to 
the 0.903-Mev neutrons i s  about 10% as intense as 
the other member of the doublet. Figure 4 is the 
spectrum of neutrons from F19(d,n)Ne20. The rela- 
t ively low yield i s  evident by comparison with 
Fig. 2. This spectrum also gives some indication 
of the dif f icult ies which may be expected when 
working with targets having high gamma yields. 
Beam leakage between bursts is thought to account 
for an appreciable part of the large background 
underlying the neutron peaks. Note also the large 
yield from C12 contamination of  the target, which 
was not evident i n  the beryll ium run. 
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EXPERIMENTS WITH PULSED-NEUTRON SOURCE 

--IRRADIATED SAMPLE 
‘DEFLECTED BEAM ‘PROTON BEAM FROM ORNL 5.5-Mv -- 

E. C. Campbell 

10 kv 
POWER 
SUPPLY 

Measurements of delayed nuclear effects re- 
sulting from fast-neutron bombardment of a target 
have been made with the ORNL 5.5-Mv accelerator 
being used as a square-wave-modulated neutron 
source of variable frequency and with a synchro- 
nized multichannel time analyzer. By variation of  
the frequency of the master control oscillator, 
half-life measurements in the whole range from 
seconds to  microseconds can be made. 

BEAM 

CIRCUIT 2 PRE-AMP 
- CONTROL 

APPARATUS 

A block diagram of the apparatus used is shown 
in Fig. 1. The apparatus shown below the dashed 
l ine is  located in the control room, while that 

. ,ELECTROSTATIC DEFLECTOR 

P. H. Stelson 

shown above the dashed l ine is  located next to  
the accelerator. The scale-of-10 consists of a 
single Burroughs beam-switching tube. This is 
driven by a master oscillator which opens up in 
sequence the ten time channels, In addition, the 
signal which closes channel 10 operates both 
the pulse gate and the beam gate, which are so 
phased that pulses from the detector can be passed 
through only during the interval during which the 
proton beam is  deflected from the target by a 
1Gkv potential applied t o  a deflector plate. Use 
is  made of ten scales-of-16 and of registers of the 
standard ORNL 20-channel analyzer for recording 
the pulses. For convenience there is  also a 

UNCLASSIFIED 
ORNL-LR-DWG 11472 

Fig. 1. Schematic Diagram of Apparatus for Fast-Decay 

Neutron Pulses, Together with Multichannel Time Analyzer. 

Measurements Showing Means of Producing, Square-Wave 

- 1  

- I  
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total-count channel (not shown) which feeds the 
scale-of-256. In some experiments the scale-of-10 
is bypassed so that the total number of pulses 
received during the beam-off period may be studied 
as a function of the oscil lator frequency. The 
oscilloscope photograph (Fig. 2) was taken with 
the sweep synchronized with the beam gate and 
shows the rather sharp cutoff obtained with square- 
wave beam pulses 1000 p e c  in length. Each 

?I NC L A S S  I F I ED 
ORNL-L2-DWG 42692 

Fig. 2. Oscilloscope Photograph Showing Squore- 
Wave Neutron Pulses as Detected with on Anthracene 
Scintillation Counter. Each neutron pulse i s  made up 
of thousands of short detector pulses superposed. The 
length of the neutron pulse is  1000 psec. 

beam pulse i s  made up of thousands of short 
( I - p e c )  unresolved pulses from an anthracene 
scint i l lat ion detector which detects fast neutrons 
and gammas from the target, Use was made of a 
fast Fairstein double-delay-line amplifier so that 
rapid recovery would be made between the high 
counting rate associated with the beam-on period 
and the low counting rate of the beam-off period. 
The pulse output of this amplifier gives a positive 
as well  as a negative signal for each pulse, as 
can be seen in the symmetrical disposition of 
pulses in Fig. 2. Particular care was taken to 
make the r ise and fa l l  times of the beam pulse as 
short as possible. As measured on an oscilloscope, 
these times are 5 and 1 p e c ,  respectively. 

SHORT-P E R IOD ISOMERS 

It was shown earlier' that the average counting 
rate of a sample activated by a square-wave 
pulsed-neutron source of frequency f and counted 
only during the beam-off period was given by 

A =  
4 

f 
10 
- tanh 

where A s  is the saturated counting rate for inf ini te 
bombardment time in  a continuous neutron f lux of 
the same intensity as that of the pulsed source 
and fo is  simply related to the decay constant h 
and the half l i fe  71,2 by fo = x/4 = 0.173/T1,,. 

The theoretical curve consists of two parts: for 
f << f, one obtains a linear function of f, while 
for f >> f o  the curve i s  constant. The extrapolation 
of the linear part of the curve intersects the f lat  
portion of the curve at f = fo. The f i rst  experi- 
mental verif ication of the expected behavior was 
obtained with He6 produced in  the reaction 
Be9(n,u)He6, as shown in Fig. 3. The experi- 
mental value of f 0  was 0.212 sec-l, leading to  
a Yalue for the half l i fe  of 0.817 sec, which is i n  
good agreement with previous results. The various 
runs have been normalized to a constant number of 
incident neutrons. 

The same method was used to search for a 
short-lived isomer As75m recently reported by 
Schardt,2 who used a delayed-coincidence method 
to identify it i n  the decay of Se75. He obtained a 
half l i fe  of  18.0 rt 1.5 msec. The same isomer 
was found in  22-Mev betatron bremsstrahlung 
bombardment of arsenic by Vegors and Axel,3 
who report a half  l i fe  of 12 f 3 msec. Figure 4 
shows the results obtained by bombardment of a 
large sample of arsenic metal with 1.35-Mev 
neutrons. A good f i t  i s  obtained with the theo- 
ret ical curve if f 0  i s  taken to be 8.2 sec". This 
leads to a half l i f e  of 21 f 2 msec. The reaction 
leading to the formation of the metastable level i s  
As (n, n '}As m. 

'E .  C. Campbell, Phys. Semiann. frog. Rep. March 

,A. W.Schordt, Bull. Am. Phys. SOC. 1,Series II, No. 2 
20, 1955, ORNL-1879, p 19. 

(19561, Abstract D1. 

3S. H. Vegors,Jr., and P. Axel, Phys. Rev. 101, 1067 
(1956). 
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Fig. 3. Measurement of Half  L i f e  of He* Produced by Be9(n,a)He6 from Frequency Dependence of Activation 
with Square-Wave Modulated Neutron Source. 

Fast-neutron bombardment of  tantalum results 
in the production of the well-known isomer 
by the reaction Ta181(7ii.n’)Ta181m. For th is 
measurement use was made of the multichannel 
time analyzer described above. The data, as 
shown in Fig. 5, lead to a half l i fe  of 18 k 3  psec, 
in fair agreement with other published measure- 
m e n t ~ : ~  18.5 5 2.5, 18.8 * 0.8, 16 * 3 8  20.1 f 0.78 
and 22 psec. 

Fast-neutron bombardment of  natural lead gave 
evidence for the well-known 0.8-sec Pb207m, 
as well  as for another isomer of about 150 psec 
half l i fe  presumed t o  be Pb20bm. Unfortunately, 
in this case the background of the Pb207m was too 
high to permit an accurate half- l i fe measurement 
to be made. 

For the above measurements the gamma detector 
was a 1 ’/ x 1 in. anthracene crystal mounted on a 
Du Mont 6292 photomultiplier tube. The bias 
setting of the amplifier was in  each case adjusted 

2 

to  permit detection of the gamma rays associated 
with the decay. The energy of neutrons produced 
by a T(p,n) reaction was chosen to  be well  above 
threshold for the (n,n’) reaction. 

Two dif f icult ies of  the present method were 
encountered in this work. The f i rst  i s  associated 
with the background produced by activation of the 
H3 gas target ce l l  by the incident protons. This 
dif f iculty could perhaps be remedied by con- 
structing the H3 ce l l  out of a material with a high 
Z which does not give delayed, gammas from the 
(n,n’) reaction. For very short bombardment times 
a time-dependent background with a hal f  l i fe  of  
about 10psec was found. This effect i s  associated 
with the production, by slowing down, of thermal 
neutrons in the anthracene crystal; these neutrons 
leak out or are absorbed by the hydrogen in the 
crystal. It was found that the effect is enhanced 
considerably by covering the crystal wi th a 
cadmium foil, since thermal neutrons that would 
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otherwise leak out of  the crystal would now be 
absorbed by the cadmium, giving r i se  to  easi ly 
detected cadmium capture-gamma rays, It ap- 
peared useful to conduct a systematic study of  
this effect with extended moderators, since the 
present apparatus appeared to  offer certain 
advantages for th is type measurement, These 
experiments are described in  the next section, 
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Fig. 4. Frequency Dependence of Fast-Neutron Acti- 

vation of Arsenic to Produce As75m (21 f 2 msec). ' 

Fig. 5. Decay Curve of (18 f 3 psec) Ob- 
tained with Square-Wave Modulated Neutron Source and 
Multichannel Time Analyzer. 

THE RMAL-N EUTRON DIFFUSION 
MEASUREMENTS IN H 2 0  AND B E R Y L L I U M  

The rate of decay of the thermal-neutron intensity 
arising from a burst of  fast neutrons in a f in i te 
moderator has been the subject o f  investigation by 
several  group^^'^ who hove studied H,O (refs. 4- 
7), Be (ref. 6), B e 0  (ref. 7), and graphite (ref, 6). 
The method consists in  measuring the decay rate 
of the intensity of  thermal neutrons resulting from 
slowing down in  the moderator following a burst 
of fast neutrons from an external source. Ac- 
cording to diffusion theory, the decay constant of 
the fundamental mode i s  given by 

(1) x = uC, + D B ~  , 
where u i s  the thermol-neutron velocity, i s  
the macroscopic thermal-neutron absorption cross 
section of the moderator, B2 i s  the fundamental 
buckling, and D i s  the diffusion constant of thermal 
neutrons in the moderator, D i s  related to the 
transport mean free path A, by the expression 
D = A, u/3 .  

Thermal neutrons leaking from the moderator 
were detected with a small Li61(Eu,) scint i l lat ion 
counter or with a 1-in. cadmium disk on an 
anthracene scint i  I lotion counter. A representative 
decay curve of thermal neutrons leaking from an 
H,O cylinder 5 in. in diameter and 5 in. in height 
is'shown in Fig. 6. 

4G. von Dardel and N. G. Sigstrand, Phys .  Rev .  96, 
1245 (1954). 

5F. R. Scott, D. B. Thomson, and W. Wright, Phys .  
Rev .  95, 582 (1954). 

6A. V. Antonov et al . .  A Study of Neutron Diffusion 
in Beryllium, Graphite and Water by the Impulse Method, 
Paper 661, International Conference on the Peaceful 
Uses  of Atomic Energy, Geneva, Switzerland. 

7R. Ramonna e t  a l . ,  On the Determination of Diffusion 
and Slowing Down Constants  of Ordinary Water and 
Beryll ium Oxide Using a Pu l sed  Neutron Source, Paper 
872, International Conference on the Peaceful Uses of 
Atomic Energy, Geneva, Switzerland. 
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In Figs. 7 and 8 are shown the experimental 
results of the dependence of decay constant on 
buckling (Eq. 1) for H,O and beryllium, re- 
spectively. No evidence was found for the 
curvature reported by other groups4*6 and attributed 
to diffusion cooling. 

The time and spatial dependence of  the neutrons 
diffusing out of  a long block of beryllium is  shown 
in Fig. 9. Fourier analysis of  these curves permits 
one to  separate out the higher diffusion modes, 
which decay somewhat more rapidly than the 
fundamental mode. The curves are drawn to  show 
the spatial dependence of the burst a t  successive 
100-pec intervals. The decay curves taken at 
different positions of the cadmium detector have 
been normalized to  each other for constant number 
of incident neutrons. For th is series of runs the 
neutrons were produced by the Be9(p,n) reaction. 
The charge collected at the target was 320 
pcoulombs for each decay curve. 

= (0 .15  + 125 B2)  x lo3 sec-' 

BUCKLING, B2(cm- 

Fig. 8. Dependence of Decoy Constant of Thermol 

Neutrons Diffusing out of Rectangular Prisms of Beryl- 

lium on the Geometrical Buckling B . 2 
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Fig. 9. Time-Space Distribution of Thermal Neutrons 

Diffusing out of a Beryllium Block (9  x 114 x 23 in.) 

Following 1000-psec Bursts of Fast  Neutrons. The 

curves showthe shapes of the distribution at successive 

100-pec time intervals. The presence of higher 

diffusion modes (harmonics), which decay more rapidly 

than the fundamental mode, can be seen from the gradual 

shift .to the symmetrical fundamental mode. 

1 

REACTOR PARAMETERS OF A SMALL ENRICHED SUBCRITICAL REACTOR 
BY PULSED-NEUTRON TECHNIQUES 

E. C. Campbell 

The time constant for the decay of the funda- 
mental mode of an enriched subcrit ical U235-H20 
reactor has been measured by the use of a square- 
wave pulsed-neutron source and a multichannel 
time analyzer, The method is  analogous to that 
used in  the investigation of electronic amplifiers, 
whereby the response t o  a square-wave signal 
fed to  the input provides an accurate picture of the 
characteristics of the amplifier. One may consider 
that a reactor i s  in  fact a neutron amplifier in 
which multiplication of neutrons via the f iss ion 

process plays the role of positive feedback i n  the 

P. H. Stelson 

system. By measuring for different reactor sizes 
the time constant for the decay of neutron flux in  
the reactor following a short burst of incident 
neutrons from an external source, one may deduce 
with the aid of e1ei:ientary reactor theory numerical 
values of the parameters needed to describe the 
reactor. 

For the present experiment there was available 
8 l i ters of uranyl fluoride solution in  ordinary 
water containing 53.0 g of U235 per liter. .Four 

12-in.-high aluminum cylindrical vessels of 
nominal diameters 4, 5, 6, and 8 in. were used to 
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4.5 

4.0 
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contain the solution. These were suspended about 
2 in. from a beryll ium target i n  which neutrons 
were produced by the proton beam of the ORNL 
5.5-Mv electrostatic accelerator. The height of 
the vessel was adjusted so that the target lay in 
the median plane of the cylinder of liquid. 
Neutrons leaking from the cylinder during the 
off-periods of the beam, which was modulated by 
an electrostatic deflector, were detected by a 
small (2 x 10 x 10 mm) Lisl(Eu) scint i l lat ion 
counter. This was placed on the cylinder a t  an 
azimuthal position of 90 deg to the direction of the 
beam and at a vertical position of H, where H is  

On the basis of elementary diffusion theory one 
can derive the following expression for the decay 
constant of the fundamental mode of a subcrit ical 
thermal reactor: 

the extrapolated height of the l iqui  f cylinder. 

I 
I i  

I/// 

Here Xu denotes the macroscopic thermal ab- 
sorption cross section of the moderator; v, the 
neutron speed; D, the diffusion constant of  the 
moderator; B 2 ,  the geometrical buckling of the 
fundamental mode, equal to the lowest eigenvalue 
of the equation V2x + B 2 x  = 0 subject to the 
condition that x = 0 on the extrapolated boundary 
of the reactor. The f irst term represents the 
probability per second for absorption i n  the 
moderator, while the second gives the probabil ity 
per second for leakage of neutrons from the reactor. 
Since these two processes are mutually exclusive, 
the sum of the f i rst  two terms represents the decay 
rate of neutrons in the pure moderator. The third 
term involves the properties of f i ss i le  material, 
which is assumed to be distributed homogeneously 
throughout the moderator. Here C, is  the macro- 
scopic thermal absorption cross section of  the 
f iss i le material, 71 is  the number of prompt fast 
neutrons produced per thermal neutron absorbed 
in the f iss i le material, and F(B2) denotes the 
probability that a fast neutron produced in  f ission 
w i l l  be slowed down to thermal energies inside 
the reactor having buckling B 2 .  In reactor theory 
P ( B 2 )  is  called the Fourier transform of the 
slowing-down kernel, The meaning of the third 
term is evident when one considers that the effect 
of the f iss i le material is  twofold: namely, extra 
neutron absorption which is part ial ly compensated 
by the neutron multiplication, It i s  assumed that 
the characteristic time for the slowing-down 
process is sufficiently small compared with the 

- 

1.5 

0 

0.5 4 .O 

time constant of the reactor and that the effect of 
multiplication in the f i ss i le  material can be 
regarded as merely reducing i t s  absorption cross 
section, an effect which depends on the size of 
the reactor through the quantity E 2 ,  the geometrical 
buckling of the fundamental mode, 

We see then that as B 2  is  decreased by increasing 
the size of the reactor the third term w i l l  change 
sign from positive to negative. The value of B 2 ,  
which i s  a solution of 1 - v P ( B 2 )  = 0, is cal led 
“neutral buckling.” At this buckling the reactor 
decay constant i s  independent of the concentration 
of f iss i le material and i s  equal to that of the pure 
moderator. In other words the absorption and 
multiplication effects of the f i ss i le  material 
exactly balance. The cr i t ical  buckling must be 
smaller than the neutral buckling. 

The decay constant deduced from the decay 
curves for various-size cylindrical samples of the 
U235-H20 solution is plotted i n  Fig. 1 as a 

- 

I 

l l  
;+ 

Fig. 1. Decoy Constant of Thermal Neutrons Diffusing 

out of Cylinders of U235-H20 Solution os a Function of 

Geometrical Buckling. Over the range of buckling from 

0.072 t o  8.54 cm-2, the measured half l i fe varied from 

64.2 to 17.9 psec. 
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function of the geometrical buckling calculated of the U235  in the solution. The difference i s  
from the extrapolated dimensions of the cylinders. . ascribed to the “effective negative absorption” 
The corresponding points for H20 are also given. associated with the last term i n  Eq. 1. A 
The unlabeled l ine with an intercept at 2.41 x lo4 reasonably good f i t  to the experimental points is 
sec- l  represents the expected behavior o f  the obtained with the assumption that P(B2) has the 
curve for the case of a nonfissioning absorber with form of the Fourier transform of a diffusion kernel, 
the same macroscopic thermal cross section as that namely (1 + T B ~ ) - ~  with Tequal to 25 cm2. 

RECOIL SPECTROMETRY 

A. H. Snell 

IONIZATION FOLLOW IN G R A Dl OACT IV E 
DECAY O F  Xe131rn AND Kra5 

There are several mechanisms that can lead to  
internal ionization in atoms following radioactive 
decay. Those of main importance can be divided 
into three basic types: 

1. The development of cascades in the Auger 
effect. - These are init iated by the appearance of 
a vacancy in one of the inner electron shells and 
w i l l  follow internal conversion (itself an ionizing 
process) and electron capture (not an ionizing 
event). If the vacancy is in the K shell, it can be 
f i l led for example in an Auger transition from the 
L shell with the ejection of another L electron, 
after which the two L vacancies can themselves 
be f i l l ed  by Auger transitions so that four vacancies 
are produced, and so on - the vacancies multiply 
as they proceed outward through the electronic 
structure. 

2. An electrostatic “shakeoff” produced by a 
change in  nuclear charge. - This w i l l  fol low 
beta emission. It has been extensively treated 
theoretically and has been observed experimentally 
by K x-ray measurements in the case of some of 
the rather l ight elements. It seems to be rather 
well  understood as far as the inner electron shells 
are concerned. 

3. A nonnuclear “shakeoff” produced by a 
change in electric f ield following the sudden loss 
of an electron. - This may also follow internal 
conversion and electron capture. Lacking any 
theoretical estimate of i t s  importance, one might 
guess it t o  be comparable to the other “shakeoff” 
process, 

F. Pleasonton 

The spectrometer has been used to  study 
ionization following electron capture (A37 
internal conversion (Xe131rn -, Xe131), and beta- 
minus emission (Kr85 -+Rb85). The results of the 
work on A37 were given in the preceding progress 
report1 and appear in complete detail elsewhere.2 

The apparatus used for the measurement of the 
charge spectrum of Xe131 i s  a modification of that 
employed in the previous neutrino recoi l  experi- 
mentation using A37. It i s  shown diagrammatically 
in Fig, 1. The radioactive’gas i s  contained in a 
source volume at low pressure (about 4 x 10-6 mm 
total), and a beam of the ions that result from 
radioactive decay therein is taken from an aperture 
‘/2 in. in diameter, subiected to  analysis by 
deflection through 96.5 deg in a two-directional 
focusing magnetic spectrometer, and f inal ly 
accelerated through about 5000 v for counting by 
means of an electron multiplier. Differential 
pumping reduces the background that would other- 
wise inevitably be present because of direct f low 
of the radioactive gas to the region of the detector. 
In the xenon measurements we are no longer 
interested i n  the recoil energies of the ions, and 
a great gain in efficiency over the field-free A37 
source-volume arrangement can be realized by 
supplying an electric collecting f ie ld that impels 
the ions toward the spectrometer. For this purpose 

a set of stainless steel f ield rings i s  assembled 

’A. H. h e l l  and F. Pleasonton, Phys .  Serniann.‘Prog. 
Rep.  Sept. 10, 1955, ORNL-1975, p 51. 

2A. H. Snell and F. Pleasonton, Phys .  Rev. 100, 1396 
(1955). 
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Fig. 1. Diogram of the Maior Components of the Chorge Spectrometer. 

inside the source volume, so as to constitute a 
conical arrangement, and a potential drop V i s  
divided among them in such a way as to estabrish 
a radial electric f ie ld similar to one that would 
surround a conducting sphere 2 in. i n  radius. Thus 
the electric l ines of force inside the conical 
“howitzer” are straight, and they are arranged so 
as to converge toward a center near the abject 
position for the spectrometer. Ions emerging from 
the howitzer into this region are acceleroted 
fuhher by a voltage V ,  before entering the 
analyzer. The voltage V ,  i s  made 40 times as 
large as V ,  in order that the total energy spread 
arising from the point-of-origin effect in the source 
volume w i l l  be small compared with the trans- 
mission width of the spectrometer. The latter 
width i s  2.8% in energy, ful l  width at half maximum, 
SO that at a single setting the spectrometer w i l l  

easily transmit the ful l  intensity of the ions having 
a given e/m value. It is of course essential that 
the collecting and focusing be equally eff icient 
from charge to charge. This i s  ensured by making 
V ,  and V ,  inversely proportional to the charge of 
the ion under investigation. A beta-gamma counter 
inside the source volume serves to monitor the 
source strength. 

Since Auger cascades are probably of main 
importance in creating the highly charged states 
following both electron capture and internal 
conversion, it is not surprising that the shapes of 
the resulting charge spectra were found to be 
quite similar for A37 and Xe131m. The latter 
peaks sharply a t  charge 8, dropping off rather 
rapidly thereafter, but persisting out to charge 29, 
andyields an average charge of 8.04. The observed 
distribution i s  given in Table 1 and i s  shown in a 
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TABLE 1. THE CHARGE SPECTRUM OF xe131rn 
FOLLOWING INTERNAL CONVERSION I 

Intensity Intensity 
Chorge Chorge 

(%I (%) 

1 0.62 f 0.12 16 
2 0.97 f 0.03 17 
3 1.62 * 0.06 18 
4 4.26 * 0.06 19 
5 5.36 f 0.10 20 
6 10.42 * 0.13 21 
7 15.69 f 0.25 22 
8 20.88 f 0.19 23 
9 15.74 k 0.24 24 

10 11.32 f 0.19 25 
11 6.22 f 0.10 26 
12 3.01 f 0.04 27 
13 1.78 f 0.03 28 
14 1.09 f 0.01 29 
15 0.55 f 0.01 30 

0.242 0.004 
0.098 k 0.002 
0.036 f 0.001 
0.023 f 0.001 
0.014 f 0.001 
0.012 f 0.001 
0.013 f 0.001 
0.006 f 0.001 
0.010 f 0.001 
0.004 f 0.002 
0.004 f 0.001 
0.002 f 0.001 
0.007 f 0.001 
0.006 f 0.002 
0.001 f 0.001 

semilogarithmic histogram in  Fig. 2. The intensity 
for charge 1 indicates that in only 0.62% of the 
cases is the inner shell vacancy f i l l ed  by purely 
radiative processes. 

One objective test of the cascade hypothesis i s  
to see i f  a cascade, every step of  which i s  
energetically possible, can be constructed which 
w i l l  throw off as many as 28 electrons. We have 
succeeded in constructing such a cascade, using 
the table of  x-ray absorption edges given by Hill, 
Church, and Mihelich3 as a guide to  the energetic 
possibi l i ty of each step. The cascade is repro- 
duced in Fig. 3, and it w i l l  require a paragraph 
of description. 

An init ial  K vacancy is followed by a K - L , L ,  
transition that gives r ise to  two main branches 
which can be almost identical, as shown a t  left  
and right. One reads the diagram under the 
supposition that the circles represent electron 
sites in the shell structure and that a wave of 
vacancies proceeds from the bottom upward. The 
arrows represent sites from which an electron is  
eiected. Both of the LI  vacancies in the second 
row from the bottom are f i l led w i th  L,-L,!N, 
transitions, and the two resulting N ,  vacancies 

3R. D. Hill, E. L. Church, ond J. W. Mihelich, Rev. 
Sci. Instr.  23, 523 (1952). 
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Fig. 2. Histogram of the Charge Spectrum Following 
131m. Internal Conversion in Xe 

are f i l l ed  by N , - N , , o ,  processes. We ore now 
through event No. 3, as numbered in  the right- 
hand branch, but we w i l l  have to  remember that 
the N ,  positions are left  occupied, for these 
electrons w i l l  be needed in the f inal step. Event 
No. 4 i s  an L,l-Ll , . ,~l ,  transition, .and fol lowing 
it we come to a special situation in  the MI and MI, 
subshells. In general, it must be supposed that 
the two main branches w i l l  not develop simul- 
taneously in time, and since we are proceeding 
on the assumption of we1 I-defined states between 
Auger transitions, it seems to be no real strain 
to imagine that the two available M I  sites are 
simultaneously emptied in  an LllrM M ,  transition 
in one branch (event No. 5) and tkat they are 
ref i l led from the MII subshell (event No. 6) in time 
to  permit a repetition of the LIII.-MIM, transition 
in the other branch, The dotted lines are injected 
to cal l  ottention to  this double use of  the MI 
positions. In the case of the two available M,,  
locations, there is  no electron ejection, but the 
locations have to be used by two electrons that 
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Fig. 3. A Conceptual Vaconcy Coscode i n  Xenon, Showing How on Atom In i t ia l l y  Ionized i n  the K Shell Can 

Within the L imi ts  of Energetic Possibi l i ty  Throw Off  28 Addit ional Electrons. The circ les represent electron 

posit ions in  the various shells, and the vacancies are imagined to  move upward, the electron posit ions f i l l i ng  in  

behind the Vacancies. In  the usual notation of the Auger effect, the f i rst  transit ion i s  K - LI LI, where the letters 

refer to vacancies. Event No. 2 i s  LI - LII NI, and so on. The two LI vacancies give r ise to two main branches, 

lef t  ond right, which can be almost identical. The dotted l ines direct attention to electron posit ions that are used 

twice, i n  time sequence. The arrows designate sites from which electrons are ejected into the continuum, and o 

count of the arrows indicates that the cascade results i n  29-fold ionization. 

f i l ter through to f i l l  MI vacancies (event No. 6) 
before they are f i l led permanently i n  the event 
labeled 7, Mll-Mll l~lv ,. Thereafter, the course 
of events may be clear trom the diagram, transitions 
between the M subshells throwing off N and 0 
electrons and two of the N , , ,  positions being twice 
used. At  the penultimate stage we have four 
vacancies i n  the M, shell and the two occupied 
N, positions left  from early i n  the cascade. This 
prepares the situation for the ultimate step pictured 
in the center of the diagram, in which one of the 
N', electrons fal ls into one of the My vacancies, 
thereby ejecting the other N, electrons. The 
result of the total cascade i s  the eiection of 

28 electrons, i n  addition to the in i t ia l  internal 
conversion electron. 

In contrast to the distributions found in the above 
studies is the one for the Rbss following the 
beta decay of Krs5. The work to date i s  summarized 
in the following abstract quoted from the Bulletin 
of the American Physical Society, Southeastern 
Section Meeting, 1956: 

Magnetic onalysis hos been used t o  measure the 
chorge spectrum of the rubidium atoms produced i n  the 
radioactive decoy of Kr85. This 9.4-year oct iv i ty i s  
almost a pure beta emitter. The results, which ore 
s t i l l  provisionol i n  that pressure effects in the apparatus 
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have not yet been investigated, are as fol lows: 

Charge Per cent of Decoys 

75.60 
12157 
4.50 
3.56 
2.09 
0.77 
0.51 , 

0.25 
9 0.1 1 
10 
1 1  

0.04 
Sought, not found 

The charge 1 ions represent the clean emission of the 
negative beta particle; charge 2 and higher represent 
the cases i n  which beta emission i s  accompanied by 
some kind of an atomic ionization event. The total i ty 
of ions of charge 2 and higher indicates that ionization 
takes place i n  25 per cent of the decays. This i s  
considerobly mote than would be suggested by present 
theory, which admittedly does not hold for the outer 
electron shells. The shape of the chorge spectrum 
indicates that m o s t  of the electrons are removed from 
the outer shells; th is i s  qual i tat ively i n  agreement 
wi th theory when screening is taken into account, for 
the probability of ionization i s  expected to  go as 
l/Z;rr. 

From the experimental point of view the success 
of the “charge spectrometer” opens intriguing 
possibil i t ies. By selecting other representatives 
in the family of radioactive rare gases, one can 

throw more l ight on the matters of mechanism 
described in  the f i rst  paragraph of th is paper. 
There may also be ion-source possibil i t ies, for 
clearly one way to produce multiply charged ions 
is simply to knock out an inner electron - the 
Auger cascades w i l l  do the rest, Molecular effects 
may be of great interest from a chemical point of 
view; an inner-shell ionization event in a con- 
stituent atom may have indirect ionizing conse- 
quences throughout the rest of  the molecule. 
There may be a deepening and broadening of the 
whole f ie ld of hot-atom chemistry i n  th is aspect, 
for no longer is one limited to following the fate 
of a radioactive atom alone, but one can see 
presumably what happens to the rest of  the 
molecule after the radioactive decay of one of i t s  
atoms; the limitations in principle are only that 
the compound be available in the vapor phase and 
that the abundance of neutral molecular fragments 
w i l l  have to be a matter of inference. Perhaps the 
init iat ion of Auger cascades can be followed by 
using nonradioactive gas under electron bom- 
bardment, increasing the energy of the incident 
electrons through the ionization potentials of 
successively deeper electron shells, and adding 
detail to older work in which only the x rays were 
observed. Finally, the practically untouched 
f ie ld of the measurement of atomic and molecular 
col l is ion and electron-capture cross sections for 
very highly ionized atoms seems to be within the 
reach of experimentation. 
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ANTIFERROMAGNETIC STRUCTURES OF ANHYDROUS CoCI, AND FeCI, 

J. W. Cable M. K. Wilkinson 

Anhydrous CoCI, and FeCI2 both crystal l ize 
in the pseudohexagonal structure characteristic 
of CdCl,. This structure is a hexagonal layer- 
type structure in which the layers of metal ions 
are separated by two layers of halogens similar to 
the arrangement in the Cdl, type of structure. 
However, in contrast to the Cdl, structure, where 
the metal ions in adjacent layers are directly 
above each other, the metal ions i n  adjacent 
layers of the CdCI, structure are shifted sl ightly 
within the layers so that repetit ion occurs every 
third layer. Stacking faults are frequent in a l l  
types of hexagonal layer-type structures, and the 
metal ions’become disordered with respect to the 
particular sets of interstices which they occupy 
between the halogen positions. In general, the 
crystal structure within a layer i s  normal, and the 
stacking faults merely shift the layers with respect 
to their proper crystallographic position. For 
this reason these structures are somewhat “two- 
dimensional” and have many interesting properties. 

The temperature variation of the magnetic 
susceptibi l i ty’  and the specific heat2r3 of 
anhydrous CoCI, and FeCI, have shown anomalous 
behavior at low temperatures suggestive of  anti- 
ferromagnetic transitions. The specific Ne’el 
temperatures indicated by these measurements 
are 25OK for CoC1, and 24°K for FeCl Hence, 
a neutron-diffraction investigation cas been 
init iated to determine the existence of any long- 
range magnetic order in these compounds a t  low 
temperatures. Such experiments should give 
information concerning the type of  magnetic 
coupling which is predominant i n  layer-type 
structures, 

Because of the prevalence of stacking faults, 
extreme care must be taken in the preparation of 
these compounds to obtain crystallographically 
pure samples, Many methods of preparation were 

’C.  Starr, F. Bitter, and A. R. Kaufmann, P h y s .  Rev. 

,O. N. Trapez ikowa and L. W. Schubnikow, Phys ik .  2. 

30. Trapeznikowa, L. Schubnikow, and G. Mi l  iutin, 

58, 977 (1940). 

Sowjetunion 7, 66 (1935). 

Phys ik .  2. Sowjetunion 9, 237 (1936). 

~ t t e m p t e d , ~  and most of the samples showed Bragg 
reflections which appeared to be due to stacking 
faults in the structures. The best samples were 
prepared by sub1 imation of anhydrous compounds 
which were obtained from the hydrates by de- 
hydration in HCI at about 30OoC. Enough material 
was prepared to  obtain sufficient quantities of 
100-mesh powder without the necessity of grinding 
the larger particles. 

Two samples of CoCI, have been studied in 
detail by neutron diffraction, One of these samples 
was prepared by sublimation and had reflections 
characteristic only of the CdCI, structure, while 
the other had additional l ines indicative of stacking 
fuults in the layers. Both samples were studied 
at a series of temperatures down to 4.2OK, and 
both diffraction patterns at 4.2’K showed super- 
structure lines caused by antiferromagnetic 
ordering of the atomic magnetic moments, Figure 1 
represents the difference between diffraction 
patterns taken at 4.2 and 43OK for the sublimed 
material, and the diffraction peaks are thereby 
characteristic only of the magnetic coherent 
scattering present at 4.2OK which was not present 
at 43OK. The diffraction patterns were taken 
with Soller s l i ts  l imit ing the horizontal divergence 
of the scattered radiation which reached the 
detector. However, the s l i t  geometry allowed 
considerable vertical divergence of the scattered 
neutrons, and the asymmetry of the (003) magnetic 
reflection was probably the result of th is di- 
vergence. The negative background in  the differ- 
ence pattern represents the paramagnetic diffuse 
scattering which occurred a t  43’K. The data 
obtained for the other sample were quite comparable 
and suggest that the magnetic structure was not 

affected appreciably by stacking faults in the 
second sample. The antiferromagnetic intensity 
maxima can be indexed on the bas.is of a hexagonal 
magnetic unit  cel l  in which the c axis i s  twice the 
c axis of the chemical cel l  and the a axis is 
identical to that of the chemical cel l .  This 

4We are very much indebted to D. E. LaVal le  of the 
Analytical Chemistry Division for preparing these samples 
and to H. Yakel and R. M. Steele of the Metallurgy Di- 
vision for help in determining crystallographic impuri- 
t ies by x-ray diffraction. 
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Fi  1. Pattern of the Difference Between Diffraction Data from Anhydrous CoC$ at 4.2 and 43OK. The dato 
at 4Pi i 'were  subtracted from those at 4.20K. 

suggested magnetic cell, therefore, represents an 
antiferromagnetic structure in  which the cobalt 
moments are aligned parallel within each hexagonal 
layer and the moments of adjacent cobalt layers 
are aligned antiparallel. Furthermore, the direction 
of the moments i s  normal or nearly normal to the 
hexagonal axis. The intensity o f  the (003) 
mognetic reflection was studied as a function of  
temperature 'and the results are shown in Fig. 2. 
The temperatures were measured by a calibrated 
copper-constantan thermocouple and are probably 
accurate to about 1 degree. It is seen that the 
scattered magnetic intensity follows a Bri l louin- 
type curve and suggests a Ne'el temperature of 
about 2S°K, in good agreement wi th the specific- 
heat and magnetic-susceptibility anomalies ob- 
tained previously. Similar data for the sample 
which was crystallographically impure indicated 
the same value for the Ne'el transition. Therefore, 
within experimental accuracy, the stacking faults 
in one of the samples appeared to have no effect 
on the temperature a t  which antiferromagnetic 
ordering occurred. 

Diffraction patterns have been obtained for 
anhydrous FeCI, at a series of temperatures to  
4.2'K. These data show antiferromagnetic 
reflections at 4.2'K which disappear a t  about 
2d°K, the Ne'el temperature predicted from specific- 
heat and magnetic-suscepti b i  I i ty  measurements. 
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Fig. 2. Temperature Variation of the Peak Intensity 
of the (003) Magnetic Reflector from CoC12. 

Furthermore, the magnetic reflections can be 
indexed on the basis of a similar antiferromagnetic 
structure in which the magnetic moments of the 
iron atoms within each hexagonal layer are aligned 
parallel, wi th antiparallel alignment between 
adjacent layers. However, in contrast to  the 
suggested CoCl , magnetic structure, where the 
moments are aligned normal or nearly normal t o  
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the hexagonal axis, the moments in FeCI, are 
parallel to that axis. 

While the reason for the direction of  moments 
within these structures i s  not understood, it is 
interesting that two materials with almost identical 
crystal structures and magnetic-ordering temper- 
atures should have magnetic structures in which 
the direction of alignment of the atomic moments 
is quite different. This difference in the direction 
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of the atomic magnetic moments i s  quite similar 
to  conditions that have been found for MnBr, and 
FeBr, by Koehler and Wollan.5 However, in the 
case of the bromides, while the crystal structures 
are almost identical (both compounds have the 
hexagonal Cdl , structure), the magnetic-ordering 
temperatures are different. 

'W. C. Koehler and E. 0. Wollan, Phys .  Semiann. Prog. 
Rep .  Sept. 10,  1955, ORNL-1975, p 55. 

INVESTIGATIONS OF CRITICAL MAGNETIC SCATTERING 

M. K. Wilkinson C. G. Shull' 

In a previous investigation2 of  the magnetic 
scattering properties of polycrystal1 ine iron a t  
high temperatures, pronounced small-angle scatter- 
ing was found to occur in the v ic in i ty of  the Curie 
temperature of  770°C. This small-angle scattering 
has been interpreted3 according to a theoretical 
treatment developed by Van Hove,4 which predicts 
excessive small-angle scattering near T c  resulting 
from large spontaneous fluctuations in  the magneti- 
zation. This situation i s  entirely analogous to the 
abnormally large scattering from a gas near the 
cr i t ical  point and has been termed "critical 
magnetic scattering." It was o f  interest t o  
investigate experimental ly certain conditions 
which might influence the intensity of the observed 
cr i t ical  magnetic scattering. 

The small-angle scattering from a single crystal 
of pure iron (grown by the strain-anneal technique) 
was studied for comparison with that produced 
by a polycrystalline sample. In this experiment 
the scattered intensity of  1.218-8 neutrons was 
measured a t  a f ixed scattering angle of 1 deg as 
the temperature of  the iron was varied. The results 
for the two samples shown in Fig. 1 exhibit  the 

'Now at Massachusetts Institute of Technology, as- 

,M. K. Wilkinson and C. G. Shull, P h y s .  Semiann. 

3H.A. Gersch, C.G. Shull, ond M. K. Wilkinson, Phys .  

'L. Van Hove, Phys .  Rev .  95, 1374 (1954). 

signed to Brookhaven National Laborotory. 

Prog. Rep .  March 10, 1954. ORNL-1705, p 31. 

Semiann. Prog. Rep .  Sept. 10,  1955, ORNL-1975, p 53. 

pronounced cr i t ical  scattering which was observed 
near T c .  For convenient comparison purposes, 
the two samples were of  exactly the same di- 
mens ions, and iden t ical o bservat iona I conditions 
were used in the two experiments. Therefore the 
intensity scales are direct ly comparable, and it 
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Fig.. 1. Temperature Variation of the Scattered In- 
tensities from Polycrystalline Iron and a Single Crystal 
of Iron. 
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, 
is  seen that the single-crystal results are the 
same as the polycrystalline results with respect 
to the development of scattering near the Curie 
temperature. Hence, cr i t ical  magnetic scattering 
is  independent of the size and orientation of  the 
crystal l ine grains in the sol id specimens. To  
indicate the very large intensities occurring in 
this type of scattering, an absolute differential- 
scattering cross-section scale i s  given for the 
data. As a comparison, the expected paramagnetic 
diffuse scattering in the forward direction from 
iron at temperatures above T c  i s  only 0.43 
barn/steradian per iron atom. Also of interest in 
the results for the polycrystalline sample i s  the 
sharp decrease in  intensity a t  the a-y phase 
transformation when the structure changed from 
body-centered-cubic to face-centered-cubic, This 
discontinuity in the scattering intensity a t  an 
angle of  1 deg has been studied a number of  times 
with different polycrystalline samples, and it 
exhibits the usual temperature hysteresis found 
for this phase transformation. The variation in 
the background scattering a t  low temperatures for 
the polycrystalline sample i s  believed to be due 
to changes with temperature o f  the domain 
structures in the sample. Such changes would 
cause the refractive-index type of  magnetic 
scattering found by Hughes, Burgy, He1 ler, and 
Wallace5 to have a temperature dependence,' and 
the scattered radiation passing through the 
detector-Soller-sl it system would be altered. 

The intensity of ferromagnetic coherent scattering 
is  usually sensitive to  the application o f  an 
external magnetic f ield to  the scattering specimen. 
This change in the scattered intensity results 
because a magnetic f ield o f  sufficient intensity 
w i l l  al ign the direction of  magnetization of the 
magnetic domains along the f ie ld direction, and 
the magnetic scattering of  neutrons depends on 
the relat ive orientation o f  the atomic magnetic 
moments with respect to  the scattering vector, 
If the cr i t ical  magnetic scattering were the result 
of a disruption in size of the static-domain regions, 
then it would be sensitive to the application of  an 
external field, To perform this investigation, a 
special furnace was constructed between the pole 
pieces of an electromagnet so that sample temper- 
atures up to  800°C could be obtained simultane- 
ously with the application of an external f ie ld of  . 

5D. J. Hughes et al.. P h y s .  Rev. 75, 565 (1949). 

about 8000 oersteds, It was found that there was 
no effect of  th is external f ield on the small-angle 
scattering and consequently that cr i t ical  scattering 
is  the same irrespective of  whether the specimen 
i s  in a single-domain state or i s  of random poly- 
domain nature. 

A sample of  electrolyt ical ly pure nickel  was 
investigated at temperatures through i t s  Curie 
transition (360OC) in a search for small-angle 
scattering, and Fig. 2 shows the results which 
were obtained. The lower curve indicates the 
scattered intensity as a function of  temperature 
for a f ixed detector angle of 1 deg, while the top 
curve shows the angular variation of  the small- 
angle magnetic scattering for a temperature close 
to Tc. The latter curve represents the difference 
in the scattered intensity at 366OC relat ive to  
that at room temperature. An absolute cross- 
section scale i s  shown on the lower figure, and 
the cr i t ical  scattering i s  seen to  be'very much 
smaller for nickel than that which was observed 
from iron. This difference would be expected, 
since the values for the atomic magnetic moments 
present in nickel are considerably smaller than 
those in iron. Specifically, the ferromagnetic 

atomic moment of nickel i s  0.61 p B  compared with 
2.22 pB for iron. 
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Fig. 2. Small-Angle Scattering Obtained from Nickel. 
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Magnetite (Fe304) is a ferrimagnetic type of 
material in which the three iron atoms per molecule 
exhibit magnetic moments of +5, 4, and -5 pB. 
Although the individual atomic moments are large, 
the net ferromagnetic moment i s  much smaller 
(S pB per iron atom) because of the antiparallel 
orientation of the moments. Small-angle scattering 
near the Curie temperature i s  shown in  Fig. 3, 
and the absolute cross sections associated with 
this scattering are seen to be quite small, This 
indicates that the net ferromagnetic moment de- 
termines the strength of the cr i t ical  scattering 
rather than the values of the individual moments 
and suggests that the molecular group retains the 
internal orientation of i t s  atomic moments in 
passing through the Curie temperature. 
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Fig. 3. Small-Angle Scattering Obtained from Magnetite. 

NEUTRON-DIFFRACTION OBSERVATIONS ON HOLMIUM OXIDE 

W. C. Koehler 
E. 0. Wollan 

A neutron-diffraction study has been made of 
holmium oxide to measure the coherent nuclear 
scattering cross section of holmium and to investi- 
gate the magnetic properties of trivalent holmium 
ions in holmium oxide. The nuclear scattering 
data are reported here, together with prel iminary 
results concerning the paramagnetic scattering at 
room temperature and the detection of long-range 
magnetic ordering of holmium ion moments at low 
temperatures. In spite of the fact thot holmium is 
one of the least abundant of the rare earths, the 
extensive development of ion-exchange separation 
methods has accelerated the isolation of pure 
rare earths to the extent that the gram quantities 
necessary for neutron-diffraction study are now 
available.1 

NUCLEAR SCATTERING 

The sesquioxides of the heavy rare earths, 
including Ho203, have the cubic TI 203 structure, 
which contains 16 oxide molecules. The 32 metal 

'We wish to express our appreciation to F. H. Spedding, 
Iowa State College at Ames, for the loan of the Ho203 
sample. 

M. K. Wilkinson 
J. W. Cable 

atoms occupy two sets of nonequivalent special 
positions of the space group Ti id, and the 
48 oxygens are i n  the general positions. In ad- 
dit ion to the three oxygen parameters there is one 
metal parameter. Although these parameters have 
not been directly determined for the rare-earth 
sesquioxides, they have been measured by Paul ing 
and Shappell for the isomorphous mineral bixbyite, 
(Fe,Mn)203, and Zachariasen's3 investigation of 
a series of  isomorphous sesquioxides indicates 
that the parameters of the rare-earth oxides are not 
very much different from those of  bixbyite. 
Neutron-diffraction data obtained from Sc 0 

2. 3 (ref. 4) and Er203 (ref. 5 )  are also i n  accord with 
the bixby i te parameters. 

In the interpretation of  the room-temperature 
neutron-diffraction pattern of  Ho203, the bixbyite 

~ ~ 

'L. Pauling and M. D. Shappell, Z .  Kris t .  75, 128 

3W. H. Zachariasen, 2. Krist .  67, 455 (1928). 

4W. 0. Milligan e t  nl., 1. P h y s .  Chem. 57, 535 (1953). 
'W. C. Koehler and E. 0. Wollan, P h y s .  Rev.  91, 597 

(1 930). 

(1953). 
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parameters were assumed, and the holmium 
amplitude was determined primarily from the 
intensity of the (222) reflection, which has 
practical ly no oxygen contribution and is  fair ly 
insensitive to the metal parameter. Thus, even 
though the parameters of Ho20, may be sl ightly 
different from those of bixbyite, a rel iable scattering 
amplitude for holmium may be obtained. The 
scattering amplitude for holmium was found to  be 
0.85 x 10-12 cm, of  posit ive phase, and the 
corresponding coherent nuclear scattering cross 
section is  9.1 k 0.5 barns. A comparison of  
observed and calculated lF12 values based on the 
above cross section and the bixbyite parameters 
is given in Table 1. 

has been measured 
as a function of  energy in t i e  thermal region by 
Bernstein et al.,6 from which data the total cross 
section of holmium as a function of  energy was 

The transmission of H o 2 0  

6S. Bernstein et al., P h y s .  Rev. 87, 487 (1952). 

derived, and Pomerance’ has reported a value of  
64 barns for the capture cross section a t  a neutron 
energy of 0.025 ev. Transmission measurements 
made in the course of th is investigation a t  0.055 
and 0.071 ev are in good agreement wi th the earlier 
measurements at the same neutron energies. 
Bernstein et aI, assuming that the capture cross 
section varied inversely as the neutron velocity, 
observed that the scattering cross section os = ot, 
- oc decreased from 31 barns a t  0.025 ev t o  14 
barns at 0.5 ev and suggested that the variation 
with energy of the scattering cross section be 
attributed to  paramagnetic scattering from holmium 
ions. This interpretation is  supported by recent 
experimental8 and theoretical investigations of  

’H. Pomerance, P h y s .  Rev. 83, 641 (1951). 

‘W. C. Koehler and E. 0. Wollan, Phys. Rev. 92, 1380 

9G. T. Trammell, Phys .  Rev. 92, 1387 (1953). 

(1953). 

TABLE 1. COMPARISON OF OBSERVED AND CALCULATED IF[’ VALUES FOR Ho203 

Index 

110 0 0 

200 

21 1 

220 

31 0 

222 

32 1 

400 

41 1 

’ 420 

332 

422 

43 1 

52 1 

440 

0 

0.0934 

0 

0 

2.56 

0.058 

0 

0 

0 

0.61 

0 

0.10 

Not measured 

6.95 

0.0042 

0.106 

0.0005 

0 

2.59 

0.0543 

0.0037 

0.03 03 

0.0144 

0.533 

0.01 88 

0.146 

0.0388 

6.76 

*The averages of three separate experiments. 

**Based on the bixbyite parameters and scattering amplitudes of 0.85 x cm and 0.58 X cm for holmium 
and oxygen, respectively. 
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the paramagnetic scattering of  neutrons by rare- 
earth ions and by the present investigation. 

The diffuse scattering in the room-temperature 
neutron-diffraction pattern of  Ho,03 has been 
analyzed, with the result that the incoherent 
nuclear scattering cross section, which for 
holmium must be due to spin incoherence, i s  
approximately 3.0 barns. This result i s  uncertain 
because of the dif f iculty of  accurately evaluating 
multiple scattering in the pattern, but in any case 
an upper l imit of 5.5 barns can be set. The total 
nuclear scattering cross section oC ,, + oinc at 
0.055 ev is  thus about 12 barns, wKich is  well  
within experimental error of the 14 barns measured 
at 0.5 ev by Bernstein et ~ l . , ~  at  which energy 
paramagnetic scattering may be expected to  be 
small. Further, since the coherent nuclear scatter- 
ing cross section measured a t  0.071 ev is, within 
experimental error, equal t o  that measured a t  
0.055 ev, the existence of  a nuclear resonance at 
an energy lower than, but not distant from, 0.025 ev 
seems improbable. Finally, the magnitude and 
energy dependence of the total paramagnetic 
scattering cross section calculated from the 
present observations on the paramagnetic differ- 
ential scattering cross section (to be described 
below) are in satisfactory agreement wi th the 
transmission data i f  it is assumed that the total 
nuclear scattering cross section is approximately 
constant over the energy range studied. The 
variation of the total paramagnetic cross section 
with energy for screening constants within the 
range of experimental uncertainty i s  shown in 
Fig. 1. 

P A R A M A G N E T I C  SCATTERING A T  
R O O M T E M P E R A T U R E  

The neutron-diffraction pattern of Ho203  obtained 
at a neutron wave length of 1.218 8, i s  shown in 
Fig. 2. The coherent reflections are due to  nuclear 
scattering, and the pronounced diffuse scattering 
is  composed of contributions from (1) paramagnetic 
scattering, (2) thermal diffuse scattering, (3) spin 
incoherent nuclear Scattering, and (4) multiple 
scattering. The separation of these contributions 
has been effected as described below. 

It has been shown theoretically9 for the rare- 
earth ions (except samarium and europium, which 
are special cases) and experimentally8 for Er3' 
and Nd3' that the differential scattering cross 
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NEUTRON ENERGY ( e v )  

Fig. 1. Tota l  Paramagnetic Scattering Cross Section 

of Ho3+ as a Function of Neutron Energy. The curve is 

based on  screened hydrogenic wave functions for which 

z - s = 2 0 .  

section for paramagnetic scattering in ,the forward 
direction i s  equal to 

in  which e, m, and c have their usual significance, 
y is the neutron magnetic moment in  nuclear Bohr 
magnetons, g i s  the Lande'splitting factor, and I i s  
the total angular-momentum quantum number. For 
holmium this quantity, equal to  5.45 barns/steradian 
per ion, has been subtracted from the zero-angle 
extrapolation of the observed differential scattering 
cross section, and this gives a value of  0.95 
barn/steradian per molecule for the scattering due 
to spin incoherent and multiple scattering. 

This level is then taken as the isotropic base 
l ine from which to evaluate the paramagnetic and 
thermal diffuse scattering a t  scattering angles 
different from zero. It i s  not str ict ly true that the 
multiple scattering is  isotropic, but, because of the 
relat ively high capture cross section of holmium, 
i ts  magnitude i s  small and the assumption of 
isotropy, i s  a good approximation. The thermal 
diffuse scattering has been taken equal to  that 
of Er,03 in view of the close similari ty of the 
two compounds. 

The angular variation of the paramagnetic differ- 
ential-scattering cross section was obtained, and 
this i s  shown in Fig. 3. As in  the case8 of Er3' 
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Fig. 2. Neutron-Diffraction Pattern of Ho203. Room temperature; A = 1.218 A. 
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Fig. 3. Paramagnetic Differentiol-Scattering Cross 

Section of Ho . The solid curves are calculated for 
screened hydrogenic wave functions with 2 - S = 20 
and 22. 

3 +  

the form factor i s  strongly influenced by the 
orbital contribution to the moment. An approximate 
theoretical calculation of the angular dependence 
of the cross section has been made by following 
the general treatment of Trammell.9 For scattering 
angles up to  those for which moderate experimental 
accuracy can be obtained, the cross section can 
be represented to  about 4% by the expression 

and /o(k.)  and g o ( k )  are expl ic i t ly  evaluated by 
Trammel1 i n  terms of screened hydrogenic radial 
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wave functions. The parameter k i s  equal to 

4 n - - - - ,  (si;e z2:s) 

where 8 is half the scattering angle and a. i s  the 
Bohr radius. The calculated curves for Z - s = 20 
and 22 are shown in Fig. 3 also. 

The cross section obtained by integrating th is 
calculated, cross section over a l l  scattering angles 
is  the one plotted in Fig. 1. 

D E T E C T I O N  O F  LONG-RANGE MAGNETIC 
ORDER IN Ho20g 

Observations made on Ho,O, a t  liquid-helium 
temperatures indicate the development of magnetic 

ordering a t  these temperatures. At 4.2OK there is  
observed a pronounced broad maximum, which may 
possibly be due to antiferromagnetic short-range 
order. As the temperature is further reduced sharp 
coherent reflections appear at angular positions, 
suggestive of antiferromagnetic or ferrimagnetic 
ordering. 

Although a definite structure has not yet been 
worked out, it may be noted that the magnetic 
structure of Ho,O, i s  unl ike that of  any so far 
observed for face-centered cubic structures even 
though the distribution of  holmium atoms i s  
approximately (neglecting the parameter) that of a 
face-centered cubic arrangement. 

RAPID SEPARATION BY ION-EXCHANGE. YIELD FOR ANION-EXCHANGE SEPARATION OF 
PbZo7"J FROM BiZo7 

E. C. Campbell 

For establishing genetic relationships in nuclear 
decay schemes, the techniques of  chemical 
separation have for many years been an invaluable 
tool of nuclear chemistry. The object of  the 
present study was to investigate in  some detail 
an ion-exchange technique for rapid separation. 
The study was carried out with the decay series 

8 years 0.8 sec 
Be207 - Pb207m - Pbz07(stable) 

and makes use of the earlier observation2*3 that 
Pb20Trn could rapidly be separated from a shallow 
bed of anion-exchange resin on which the long- 
l ived parent Bi207, as Bi(lll), was adsorbed. 

Dry-screened quaternary amine res in beads 
(Dowex 1, 230 to 270 mesh, 10% div inyl  benzene) 
in the chloride form were used. The average 
"wet" radius, based on photomicrographs of the 
beads, was 3.5 x lo-, cm. About 15 mg of resin 
was equilibrated for a day with B iZo7  in about 

' Chemistry Division. 

,E. C. ComDbeIl and F. Nelson, Phvs. Ouar. Prop. 
Rep.  Dec. 20,' 1952, ORNL-1496, p 8, bnd T h y s .  Rev.  
91, 499 (1953). 

3E. C. Campbell, Phys .  Serniann. f r o g .  Rep. Sepf. 10, 
1953, ORNL-1620,  p 14. 

F. Nelson1 

5 ml of 0.5 M hydrochloric acid to  transfer most 
of the Bi207 as a Bi( l l l )  chloride complex to the 
resin phase. The beads were placed in a small 
column (0.12 an2 x 0.1 cm) and then eluted rapidly 
with 0.5 M hydrochloric acid. The decrease in 
the counting rate of the small resin bed under 
conditions of rapid flow was followed wi thanNaI  
crystal counter biased at 380 kev. Typical results 
are shown in Fig. 1, in which it may be seen that 
the counting rate of the resin decreases about 
17% during the period of rapid f low (16.7 cm/sec) 
and then increases to  a new equilibrium value 
when the flow is  stopped. Most of the observed 
decrease i s  associated with the removal of Pb207m 
from the resin into the f lowing l iquid during the 
short interval between production and decay. The 
new equilibrium value of the counting rate observed 
on stopping the flow is  5% less than the original, 
indicating that 5% of the Bi207 had diffused out 
during the run and that Bi(l l l) diffuses relat ively 
more slowly than the Pb207m species. 

From the decay scheme it can be estimated that 
approximately 93% of the gamma counting rate o f  
B i207 in  an Na l  crystal biased a t  380. kev is  
associated with the isomeric state, while the 
remaining 7% is associated with the prompt 
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Fig. 1. Counting Rate of Anion-Exchange Resin Con- 

taining Bi207 Under Conditions of Fast  Liquid F law and 

of No Flow. The drop in counting rate is associated 

with diffusion from the resin beads of the 0.8-sec 

Pb207m formed in the decay of Bi207. The Pb207m is 

transported downstream by the liquid flow. 

transition to the stable ground state of Pb207. 
The actual yield, defined as the fraction of  the 
Pb207m produced which decays outside the resin, 
i s  therefore somewhat larger than the percentage 
decrease in the counting rate by the rat io 1/0.93. 
This gives a yield of 18.3%. 

It i s  evident that the y ie ld  o f  the process 
depends on the relative magnitudes of the rate 
of diffusion of the Pb20Tm from the resin and of  
i ts  rate of decay. The yield can be calculated on 
the basis of a simple dif fusion model. It i s  as- 
sumed that the Pb207m i s  produced uniformly a t  
a rate Q per unit volume throughout a resin sphere 
of radius R. The flow rate of the l iquid i s  assumed 
to  be rapid enough that a l l  Pb207m which diffuses 
out of the resin sphere is  very quickly washed 
downstream, The boundary condition on the concen- 
tration of diffusing species @(r) i s  @(R) = 0. The 
diffusion equation may be written 

fl -v2@(r) + A @  = Q , r S R ,  

where Q i s  the dif fusion coefficient of Pb207m 
inside the resin sphere and X is the radioactive 
decay constant of the Pb20Trn. A solution satis- 
fying the boundary condition is 

@ [ R sinh 4m)r  ] 
Q(r) = - 1 - 

r s i n h  m ) R  

The yield Y as previously defined i s  given by 

4vR2  [- fl(d@/dr) I,=,. 3 
Y(U) = -- - (U coth II - I ) ,  

(4/3) v R 3 Q  U2 

where u = m) R. The function Y(u)  i s  plotted 
in  Fig. 2. ::! > 0.4 

0.2 

0 
0.4 

Fig. 2. 
Separation 

For u >> 1 (small yield) Y ( u )  = 3/u. 

4 
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Theoretical Y ie ld  Y ( u )  far Ion-Exchange 

of Diffusing Radioactive Species (Decay 

Constont A) from Single Resin Sphere (Rodius R) with 

Diffusion Coefficient fl Under Conditions of Rapid 

Flow. Y ( u )  is plotted as a function of the dimensionless 

parameter u = & R .  

The theoretical y ie ld for the separation may be 
calculated i f  the diffusion coefficient, 8, of the 
Pb207m species formed in  the resin phase is  
known. Since Pb(ll) i s  the more stable oxidation 
stote of lead, it i s  reasonable to assume that 
Pb(ll) (chloride complexes) is formed in the resin 
on decay of Bi207. Separate elution experiments 
were therefore carried out to determine the rate of  
diffusion of Pb(ll) in the same resin wi th separated 
P b 2 l 0  (22-year RaD) being used as tracer. 
Daughter Bi2’0 activi ty was f i rst  removed from 
the Pb2lo tracer, by anion-exchange methods 
described earlierI4 and the purified Pb210 in 

4F. Nelson and K. A. Kraus, I .  Am. Chem. SOC. ‘76, 
5916 (1954). 
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0.5 M HCI was equilibrated with resin for several 
hours before carrying out rapid-elution experiments. 
The results of a typical elut ion experiment with 
Pb210 are shown in Fig. 3. It can be seen that 
the plot of log counting rate of the resin corrected 
for room background and a small B i 2 l 0  background 
vs time is approximately linear. The average half 
time for removal from three separate experiments 
was 1 1  .O k 0.3 sec. According to  diffusion theory, 
the concentration of diffusing species in the resin 
decreases as where hr = f l n 2 / R 2 ,  after an 
in i t ia l  transient effect associated with the decay 
of higher diffusion modes has died out. From 
the slope of  the curve of Fig. 3, A, was calculated 
to be 0.063 sec”, corresponding to  a diffusion 
coefficient, J!J, of Pb(1l) in the resin of 7.8 x lo-* 
cm2/sec. From u = m) R ,  the decay constant 
for Pb207m, h = 0.845 sec, and R = 3.5 x cm, 
a value u = 12.1 i s  calculated. The yield corre- 
sponding to u = 12.1 (Fig. 2) i s  22.7%. The 
observed experimental yield of  18.3% is in fair 
agreement with this value. The discrepancy might 
be associated with the formation to some extent 
of  a different lead oxidation state or metastable 
chemical species of Pb(ll) which diffuses out of  
the resin more slowly. Lead(IV), for example, i f  
formed in i t ia l ly  in the decay process, might be 
expected to be more di f f icul t  to remove, since it 
absorbs strongly5 from hydrochloric acid solutions. 

From these results the conclusion can be drawn 
that ion-exchange separation of daughter act ivi t ies 

having half l ives even of the order of milliseconds 
should be possible by the present techniques. 
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(22-yeor ROD) i n  Rapid Elution Experiment (0.5 M HCI, 
F low Rote 4.4 cm/sec). The decrease in counting rate 

is due to diffusion of  Pb2l0 from the resin and subse- 

quent removal by the liquid flow. The half time for 

removal was 11.0 f 0.3 sec. (Note - This is not a 

radioactivedecay curve.) 5Unpublished results, F. Nelson and K. A. Kraus. 
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EXTENSION OF PEAK EFFICIENCY OF 3 x 3  in. Nal(TI) TO HIGH ENERGIES 

N. H. Lazar H. B. Willard 

In order to determine the peak efficiency of  the 
3 x 3 in. Nal(T1) crystals to 7.5 MeV, a number of 
gamma rays have been observed in  reactions of 
nuclei with protons produced in the 5.5-Mv 
Van de Graaff generator, The rat io of  the area 
under the full-energy peak to the total area was 
determined from these spectra, and this factor, 
when multiplied by the theoretically evaluated 
total efficiency, yields the peak efficiency.’ 
Thus it was necessary to find reactions i n  which, 
primarily, only one gamma ray i s  obtained, The 
crystal, for these measurements, was placed at 
90 deg to the incident beam, and essentially a l l  
scattering material was removed from i ts vicinity. 
Most of the targets were mounted on a tantalum 
backing, and the background was obiained with 
a clean tantalum fo i l  of the same thickness, in the 
place of the target. Bremsstrahlung and coulomb- 
excited gamma rays from the tantalum were 
observed at low energies, and thus none of the 

I N .  H. Lazar,  R. C. Davis, and P. R. Bell,  P h y s .  
Semiann. Prog. Rep. Sept. 10, 1955, ORNL-1975, p 72. 

spectra obtained were due to the “pure” high- 
energy spectrum. In many instances, other peaks 
also appear at low energy, and they tend to distort 
the spectrum. These were neglected, and an 
arbitrary l ine was extrapolated down to zero energy 
for the determination of peak area to total area, 
However, excellent agreement with the previously 
obtained curve of peak efficiency vs energy was 
obtained for two gamma rays at 1.78 and 2.14 
Mev (Table l ) ,  and thus the higher energy values 
are probably not too badly in error, However, it 
is  d i f f icul t  to place numerical l imits of uncertainty 
on the computed values, since they depend so 
severely on the extrapolation of the curve to zero 
energy and on possible scattering from the “snout” 
of the beam tube, 

Figures ,1 through 4 show the gamma-ray spectra 
obtained with a 3 x 3 in. Nal(TI) cylinder at 9.3 cm 
from the targets for the reactions Si  28(p.p’)Si 28’, 

Be9(p,a)Li6, Nls (p ,a )C12 ,  and Be9(p,y)Bl0, 
respectively. The results of the evaluation of 
peak area to total area are given in Table 1, 
together with the peak efficiency. 

TABLE 1. RESULTS OF PEAK-EFFICIENCY DETERMINATIONS FOR HIGH-ENERGY 
GAMMA RAYS WITH 3 X 3 in. Nal(TI )  CRYSTAL 

Gamma-Ray Energy Peak Area Peak Efficiency, 
Reaction 

€0 
(MeV) Total Area 

1.78 0.298 0.136 si2*(p,p’)si28* 

2.14 0.256 0.112 ~ l ’ ( p , p  ’ 1 ~ 1 1 ’  

3.57 

4.43 

7.48 

0.140 

0.107 

0.062 

0.056 

0.043 

0.025 

Be9(p,a)Li6* 

N15@,U)C12* 

Be9(p,y)B1 O *  
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TRANSMISSION CHARACTERISTICS OF LIGHT PIPERS 

C. C. Harris 

INTRODUCTION 

In order t o  understand better the fundamental 
factors involved in the transmission of  l ight from 
Luci te l ight pipers, some investigations into their 
properties have been carried out. The results of  
these investigations have stimulated interest in 
several other aspects of the problem, and these 
are being pursued. 

EXPERIMENTAL EQUIPMENT AND METHODS 

The l ight sources for the transmission measure- 
ment were the scint i l lat ions in Nal(TI) in response 
to the 661-kev gamma rays of C S ' ~ ~ .  Two $-in.- 
thick crystals sealed in aluminum-glass cans were 
used. The diameters of the crystals are 11/4 and 
\ in. 

The Luci te for the experiments was selected 
from a large stock of "optical-grade Lucite, non- 
ultraviolet-absorbing,'' and only one rod was 
deemed of sufficient whiteness for use. The 
majority of the stock was definitely greenish in 
color. From the accepted stock, a highly polished 
cylinder, 3 in. in diameter and 20 in. long, was 
made. It was on this large piper that the majority 
of reflector tests were made. Fol lowing those 
tests, the smaller pipers, 1 '/4 and '/2 in. in diameter, 
were made from the big cylinder. The coupling 
sections described later were made from similar 
stock that was the.nearest in  quality to  the stock 
selected for the pipers. 

One photomultiplier was used for a l l  the experi- 
ments. A Du Mont 6363 3-in. photomultiplier 
was selected for resolution, photosensitivity, and 
uniformity of photocathode. It was oriented with 
respect to the magnetic f ield of the earth, and the 
focus-plate potential was adjusted to  secure the 
most uniform response as the 1 \-in.-dia crystal 
was coupled to various areas of the photocathode, 

Relative transmissions were obtained by com- 
paring the pulse height yielded by a crystal-piper 
combination with that yielded by the crystal 
coupled direct ly to  the phototube. The pulse 
heights were measured with an MC3 multichannel 
pulse-height analyzer. In that manner comparative 
resolutions could also be determined. The high- 
voltage supply for the photomultiplier was moni- 

P. R. Be l l  

tored with a potentiometer and checked a t  every 
measurement. 

The dry reflectors chosen for study were the 
specular and diffuse sides of 0.0005-in. aluminum 
foil, an a-alumina-sodium si l icate spray paint, 
and the specular and diffuse sides of 0.0002-in. 
aluminum foil. (The 0.0002-in. f o i l  i s  from a 

special ro l l  and has been the ref lect ivi ty standard 
for our group for some time.) In addition, special 
tests were run on Tygon paint and foi l  reflectors 
optically coupled to the pipers wi th Dow-Corning 
silicone o i l  DC-200 and with Del  cement, grade 
B-95 (David E. Long Corp., New York). Tests 
were also made with black paper over the piper 
or coupler, instead of a reflector. 

Certain curved coupling devices were used and 
may be seen in Fig. 1. The largest was designed 
so that the angle of any light ray from the crystal 
strikes the wall  of the coupler at an angle less 
than the cr i t ical  angle of reflection. Its prof i le 
approximates a section o f  a logarithmic spiral. 
The other large-diameter coupler has straight 
walls sl ightly less steep than the cr i t ical  angle. 
For the 1 t-in.-dia piper a paraboloid was con- 
structed so that the crystal i s  coupled on in the 
plate of the latus rectum. A sjmilar paraboloid 
section was made on the end o f  several $-in.- 
dia pipers. 

The coupling medium used in the majority of the 
cases was DC-200 si l icone oil, except where 
mineral o i l  was used to join sections of  piper 
to each other. 

DISCUSSION O F  RESULTS 

Some of the properties of the critical-angle 
couplers used may be seen in Fig. 2. It i s  to  be 
noted that they are of no particular value as 
crystal-to-phototube couplers, and it i s  also to  
be noted that the use of various-reflectors does 
not vary their transmission greatly. The improve- 
ment when using a reflector i s  perhaps due to  
increased chances of  recapturing the l ight which 
in i t ia l ly  reflects from the coupler-tube or the 
coupler-piper interface. The best reflector tested 
was the sprayed a-alumina paint, perhaps because 
of i ts  diffuse nature, but more probably because it 
i s  by far the brightest of the reflectors used. 
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However, Figs.3 and 4 show the improvement in  
the transmission of a long piper due to  using the 
coupler, These figures show that use of a coupler 
minimizes the difference i n  reflector, i f  wal l  
polish i s  very good. Further experimentation is 

planned to determine quantitatively the effect of 
wall polish in these cases. It may also be seen 
that the specular side of 0.0005-in. aluminum foil, 
which gives the best transmission when dry, i s  
very poor when optically coupled t o  the wall of the 
piper. Figure 3 gives also a direct comparison of 
several reflectors. Figure 5 shows the paor 
ref lect iv i ty of Tygon paint for the scinti l lations 
of sodium iodide. In addition, a 6-in.-long by 
\-in.-dia l ight piper was wrapped in specular 
0.000sin. aluminum foil, which was coupled to  the 
piper by Del cement, grade B-95. The relative 
transmission of such a piper was 12% compared 
with 52% when the reflector was the same foil, dry 
wrapped. 

When the piper was cut down to  1 &-in. in 
diameter, it was found that the parabolic coupler 
caused a significant increase in  transmission, as 

L 
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end, as is  seen in the smallest object in Fig. 1. 
The space around the paraboloid and the unused 
face of the crystal were packed with a-alumina. 
It was hoped that the coupling section would 
increase the transmission, but it appears that such 
improvement would occur at greater lengths only. 
Experimentation i s  continuing in this case in an 
attempt to  improve the resonse of probing medical 
counters. 
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CONCLUSIONS 

On the basis of experimental evidence so far, it 
is believed that the following conclusions may 
be drawn: 

1. For long pipers, where a piper larger than the 
crystal may be used, a coupling section (log 
spiral or parabolic) improves transmission and 
lowers the apparent attenuation. The attenuation 
approaches exponential only with great piper length 

I. 



P E R I O D  E N D I N G  M A R C H  10. 1956 

'/2-in.-DlA LUCITE PIPER I I  
-- Cs'37 ON N01(Tl)('/2 X 1'/2 -in.) ON DUMONT 6363 

LOW POINTS SHOW EFFECT OF POOR POLISH 
PIPER REFLECTOR: SPECULAR SIDE 0,0005-in. AI 

Y 

UNCLASSIFIED 
2-04-077-2-22-56-LP-7 

400 

- 
E 50 
P 
E 
5 z 
a n c 

z 
u) 

W ?\:--- 
CRCSTAL ON PARABOLICLENDED PIP& /*' 

0 

Fig. 7. 
a ?$-in.-dia 

5 40 15 

PIPER LENGTH (in.) 

Relative Transmission vs  Piper Length for 
Lucite Piper. 

and does not appear wholly due to  absorption in 
the Lucite. 

2. The polish of the side walls of the piper 
should be as nearly perfect as possible, 

3. If the polish i s  good and a coupling section 
i s  used, then dry reflectors, from the best to the 
poorest, make l i t t le  difference in transmission. 

4. The reflector for the coupling section makes 
l i t t le  difference, from best to  none. The best 
tested was a-alumina paint, wi th specular fo i l  
nearly as good. 

5. For the side reflector, specular fo i l  appears 
best, but the diffuse side of foil, because of i ts  
brightness, i s  nearly as good. Optical ly coupled 
foi l  and Tygon paint are very poor, (Accidental 
coupling of fo i l  at the ends due to coupling medium 
running in between,foi l  and piper can decrease 
transmission greatly.) 

6 .  The smaller diameter pipers appear to  be 
extremely cr i t ical  of surface pol ish and reflector. 
The length-to-diameter rat io i s  probably important 
here. 

ELECTROSTATIC LENS FOR THE 3-Mv VAN de GRAAFF 

C. H. Johnson J. P. Judish 

An electrostatic lens incorporating a unipotential 
lens has been installed at the high-voltage terminal 
of the 3-Mv Van de Graaff to reduce magnification 
and aberrations. The unipotential lens was 
designed by Parker and King' for a pulsed source, 
It was chosen for low aberrations from the data of 
Liebmann2 and i s  used for focusing with and 
without beam pulsing. 

Figure 1 i s  the compound lens. Ions from the 
source canal are focused by the unipotential lens 
into the f ield produced by the main lens voltage 
V 1  across the gap K , .  An image i s  formed in the 
f ield region'for a l l  V , .  This image i s  the object 
for the lens a t  the accelerator tube entrance. 

'V.  E .  Parker and R. F. King, Phys.  Semiann. f r o g .  
Rep. Sepf. 10, 1955, ORNL-1975, p 65. 

2G. Liebmann, Proc. Phys. Soc. 626, 213 (1949). 

A beam envelope i s  drawn nearly t o  scale in 
Fig. 1 to illustrate the lens action. 

The condition for focus of a beam beyond the 
tube exi t  may be written as L ,  = L ,  (P,,  K,, D,, 

wifere 
N 1, 

L ,  = distance from the tube ex i t  to  target, 
P2 = distance from object to tube entrance, 
K ,  = tube length, 
D 2  = tube diameter at entrance, 
N, = ratio of ion energies at entrance and ex i t  

Here P2 = 8.7 in. and K = 57 in. One finds from 
expl ic i t  formulas by Eh ind3 that a t  L ,  = 100 
and 150 in., N, = 52 and 49, respectively. At a 
fixed unipotential and probe voltage, the main lens 
voltage was varied to  focus at L, = 100 and 150 in. 
for several accelerator voltages. Figure 2 shows 

to  tube. 

3M. M. Elkind, Rev. Sci. fnsfr. 24, 129 (1953). 
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Fig. 1. Electrostat ic Lens Assembly for 3-Mv Van 

de Graaff. The beam envelope i l lustrates how ions 

from the source canal are focused by the unipotential 

lens into the f ie ld  region across K 1  and thence are 

accelerated into the accelerator tube. The unipotential 

lens voltage Vu i s  proportional to probe voltage, and 

the main lens voltage V ,  i s  proportional t o  accelerator 

tube voltage. The assembly i s  stainless steel wi th a 

beryllium liner to minimize x rays. The posit ions of 

def lectw plates for beam pulsing are indicated. 

the observed focus conditions; the N, rat ios for 
the two curves are 49 and 45 and are in good 
agreement with theory. 

An i r i s  diaphragm was placed at L ,  = 150 in., 
and the focused beam transmitted to a Faraday 
cup was measured as a function of aperture 
diameter at several accelerating voltages from 
0.38 to 2.47 Mv. Figure 3 shows these data. 

UNCLASSIFIED 
ORNL-LR-OWG 42674 

I 60 / I  
> X 

50 . 
W 
(3 a 
5 
> 40 

m 

0 

W 

0 

30 
In 
3 
J a 
In 20 z 
W 
J 

z 
z 40 
I 

I I I 1 I I  0 
0 4 .O 2.0 

ACCELERATOR VOLTAGE (Mv)  

Fig. 2. The Main Lens  Plus Probe Voltage for Focus 
at Two Target Distances vs Accelerator Tube Voltage. 
The rat ios o f  the voltages for the two curves are 
constants and agree in  absolute value with the theory. 

,The 90% l ine in Fig. 3 gives the beamdiameters 
for 90% transmission. The over-all magnification 
was defined arbitrorily as the rat io of the diameter 
for 90% transmission to nine-tenths of the source- 
canal diameter (0.9 x 0.04 in.), Figure 4 i s  the 
magnification thus defined as a function of the 
accelerator voltage. The unipotential lens has 
magnification near unity, and the tube magnification 
for L = 150 in, is 5.8 according to Elkind. The 
fact h a t  the observed magnification i s  generally 
less than 1 x 5.8 probably results from a converging 
action at the entrance to the f ie ld across K1. 
The magnification produced by th is converging 
lens was calculated by assuming that the unipo- 
tential lens image was at the lower end of K,. The 
f inal over-all magnification was multiplied by an 
arbitrary factor (2.25) i n  Fig. 4 to i l lustrate the 
agreement i n  energy dependence of this curve 
with experiment. 

The discrepancy in magnitude is attributed to 
aberrations which must be present, even though 
the lenses were chosen for small aberrations. 
The magnification appears to increase with the 
age of the ion source; th is  probably results from a 
more divergent beam and greater aberrations. 
Used ion sources have a si l icate deposit on the 
wall  of the source canal, which could become 
charged and cause large beam divergence. 
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An additional feature of th is lens i s  i t s  con- 
struction of stainless steel wi th a beryllium 
8 8  cone” to stop back-streaming electrons. The 
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Fig. 3. The Beam Transmitted Through an Aperture 
Placed 150 in. from the Tube Ex i t  vs Aperture Diameter 
for Accelerator Tube Voltage from 0.38 to  2.47 Mv. The 
90% l ine indicates the diameter for-transmission of 90% 
of the total  beam. 

x-ray background is  about 50 times less with th is 
structure than with the previous all-aluminum lens, 
The Van de Graaff has operated momentorily 
with an analyzed 3.5-Mev proton beam, This  
increase in  voltage is  attributed partly t o  the 
reduction in x rays and partly to  the refinished 
interior wal l  of the Van de Graaff tank. 
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Fig. 4. Magnification vs Accelerator Voltage. Magni- 
f icat ion is arbitrarily defined as the rat io of beam di- 
ameter for 90% of the beam to  nine-tenths of the source- 
canal diameter. The theoretical curve gives the correct 
energy dependence but must be multiplied by 2.25 to 
agree i n  absolute value. \ 
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LIFE TESTS OF FILAMENTARY SUBMINIATURE TUBES 

2 -  

C. C. Harris 
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L i fe  tests have begun to show definite indi- 
cations of the optimum filament voltage of f i la- 
mentary subminiature tubes at given emission 
currents. 

Three tests are in operation. The f i rst  consists 
of 192 CK5854’s i n  scalers, 22 CK5854’s as 
register amplifiers, and 22 lAG4’s as interrogated 
scaler drivers. These have operated for approxi- 
mately 7500 hr, and three CK5854’s have failed. 
One of these failures was the low-emission failure 
of a register amplifier at about 300 hr. The second 
was a low-emission failure of a scaler tube at 
6000 hr, and the third was the previously reported 
“wh is ker” fa i I ure, 1 

The second test, as previously reported,2 con- 
sists of 50 nonselected CK5854’s operating 
continuously conducting at scaler conditions 
(0.5-ma plate current), Although 25 tubes are 
being operated at a filament voltage of 1.25 v 
and 25 at 1.35 v, both groups are tested at 1.3 and 
1.1 v. The amount of r ise of  plate voltage (see 
Fig. 1) as the filament voltage is reduced i s  a 

’G. G. Kelley, P. R. Bell, and C. C. Harris, f h y s .  
Semiann. frog. Rep.  Sept. 10,  1955, ORNL-1975, p 102. 

2C. C. Harris, P. R. Bell, and G. G. Kelley, P h y s .  
Semiann. frog. Rep .  Sept. 10, 1955,  ORNL-1975, P 103. 

UNCLASSIFIED 
2 - 01 - 07 7 - LT - I  

+ ! 5 0 v  

I I- I 

Fig. 1. Life-Test Conditions, 1AG4 and CK5854. 
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measure of the lack of emission reserve at the 
tube and of approaching failure. The amounts of 
adjustment made by grid and screen voltages are 
also valuable measures of tube quality and reserve, 
Figure 2 shows histograms of number of tubes vs 
plate voltage and shows the quality of each group 
at a normal and a reduced filament voltage. At 
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Fig. 2. Number of Tubes vs E CK5854, 15,000 hr, 
P’ 

Continuously On. Each block represents one tube. 

15,000 hr and E /  =. 1.3 v, tubes in both groups are 
of sufficient quality to operate in scales of  16. 
The 1.25-v group shows only one possible failure 
at El = 1.1 v, while the 1.35-v group shows eight 
probable and two possible failures. This would 
indicate that, for this particular emission current, 
longer l i fe  w i l l  be obtained at the lower filament 
voltage (1.25 v). This corroborates the tests and 
experiences of the manufacturer, which indicate 
that for each emission current there i s  an optimum 
filament voltage (higher than nominal voltage for 
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high emission and lower than nominal for low 
emission or cutoff conditions): 

The optimum-f i lament-voltage evidence i s  
strengthened greatly in  the findings of the third 
test. One-hundred twenty nonselected 1AG4 type 
of tubes are on test at scaler conditions in groups 
of 40 at El  = 1.3, 1.1, and 1.2 v. The group at 
1.2 v was run for the f irst 6800 hr at 0.9 v. The 
tubes were tested for 10,700 hr at E J  = 1.2 and 
0.96 v (see Fig. 3). It is seen that the 1.1-v group 
shows the best over-all group quality at 1.2 v and 
shows the least shift as the filament voltage i s  
reduced to 0.96 v. Hence it may be concluded 
that, under these emission conditions, E l  = 1.1 v 
is  a better operating condition than E ,  = 1.3 V, 

but cathode-interface faults are indicated, es- 
pecially in view of the fact that this tube has a 
nickel filament - as contrasted with tungsten for 
the subminiatures - and is  operated normally 
cut off. Investigation to determine how the l i fe  
may be improved is  being continued, 

UNCLASSIFIED 
2-01-077-LT-3 

6 

8 4  
2 2  

: 6  

2 2  

U O  

;4 

0 
9 IO I I  12 I 3  I4 15 I6 17 I8 19 20 21 22 23 24 25 

and i s  slightly better than the 0.9 v f i r  6800 hr "(") En ABOVE 

followed by 1.2 v for 4000 hr. An interesting point 
is  that the histograms shown for 10,700 hr are 
almost identical to those for 8250 hr. This indi- 
cates that these tubes, especially the 1 .I-v group, 
w i l l  have exceedingly long l ife. 

These results may be summarized as follows: 
1; 214 CK5854's and 22 lAG4's operated for 

total, 2,760,000 tube 

2. 50 CK5854's operated for 15,000 hr, with no 

3. 120 lAG4's operated for 10,700 hr, wi th no 

7500 hr, with 3 failures: 
hours. 

failures: total, 750,000 tube hours. 

failures: total, 1,274,000 tube hours; grand total, :4 
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4,780,000 tube hours wi th three failures, or $ 2 

1,590,000 tube hours per failure. 0 
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GROUP C, NORMAL E, = 4 2 v 

Filamentary tubes of the miniature type 3A4, E&) I 
which are being used for register drivers, do not 
show these long-life qualities. Tube l i fe of only Fig. 3. Number of Tubes vs E 1AG4, 10,700 hr a t  

2000 hr is  common. The causes are not yet known, 
P' 

Scaler Conditions, 50% Plate Duty Cycle. 
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