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FAST NEUTRON DATA 

H. Feshbach 

I. INTRODUCTION 

The analysis of shields depend.s u.pon accurate neutron. (lata deseri bing the 

interaction of neutrons with matter. This report is concerned with "fast" neutrons, 

Le. neutrons whose enere;y lies between say 200 k.e.v. ana. several million electron 

volta. It .includes a compile.tion a.nd discussion of the available data on substances 

of interest for the shielding problem. The results of a schematic treatment of the 

behavior of neutron crose-sections with energy is given and. thus provides a method 

for anEdy~ine the available data and, for interpolating and extrapolating for those 
(I) 

energy ranges and substances for -which data is not available. It should be 

emphasized t'h..at the theory is rat.her crude au<l can hardly be expected to, yield a 

detailed explanation of n.eutron reaction.s but rather provides a method for making 

educated gu~sses. 

In addition to the introduction the report consists of three sections. In 

Section IIA the behavior of neutron cross-sections in the resonance region is 

diacllssed. Resonances with fast neutrons are of particular interest for the low 

mass m.unber shield constituents" as ~lell ag for the "magic number" nuclei" such as 

Pb" which with respect to their interactions with neutrons behave like light elements. 

Section lIB considers neutron reactions in the non-resonance region, i.e. in the 

enere;r region where the energy levels lie so close together and their widths are 

BO large that the erratic ups and dOynls che,ra9teristic of the resonance region are 

replaced by a: smooth, slowly-varying dependence of cross-section on energy. For­

tunately the theories for these t1VO energy reglons join in the sense that (1), the 

(1) The theory employed here is taken largely from Feshbach" Peaslee a.nd 'Weisskopf" 
P.R. 1!, 145, (1947) and from Feshbach and Weisskopf (in press), and Blatt and. 
Weisskopf (book in preparation). Additional important references are Bethe, 
Rev. of Mod. Phys. 2, 69" (1937); Wigner, P.R. 12, 15" (1946) 
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limit of resonance theor,y as the density of levels increases is the non-resonance 

theory and (2), the average of the results of resonance theor,y over many energy 

levels yields the non-resonance theory. In Section III" the nature of the experi-

mental method for each type of measured cross-section is examined. The available 

data for each element are discussed and then extrapola.ted to fill in energy reg:i.ons 

in which experiments have not been mad.e. 

The cross-sections of in,terest are listed a.nd d:tscussed below. 

A. Total Cross-section ~t 

This is the cross-section determinine; t.he attenuation of neutrons through 

matter. 

B. Elastic Scattering Cross-section erel 

~el determines the manner in which the direction of the incident neutrons 

is changed. upon collision with a nucleus when the target nucleus remains in its 

ground state after collision. Both the total elastic scattering a.nd the ane;ular 

d.:i.stri button w:I.1l be o.iscusseo , the symbol ~ J ( g) will be employed for the latter. e _ 

C. Inelastic Scattering Cross-section crin 

This cross-section gives the probability that a neutron will excite the target 

nucleus, the scattered neutron thus having leas energy than the in,cident one. The 

energy distribution of the scattered neutrons" f" must be known in order to eval-

uate the slowing down power of the target material. The mechanism here is quite 

different from that operating in slowing down in a light material, say hydrogen, 

where the energy lOBb goes into the kinetio energy of the target nuoleus. In 

inelastic scattering, the residual nucleus being left in an excited state, emits 

y-rays which m,,-st be included in any discussion of y-ray attenuation given by a 

shield. 

-6-



D~ Activation Cross-section crac 

Low energy neutrons are frequently absorbed, y-rays being emitted in the 

• process. The process is referred to as the (n,y) reaction. Activation cr088-

sections are very small in the fast neutron region. We are, hOilever, int.erested 

in the emitted 7-rays which are rele'rant to the "I-ray a.ttenl.lation. phage of t.he 

shielding problem. The res:i.dual nuc:leus is v.suelly ran.ioaet.ive. 

E. Absorption Cross-section crab 

crab is the cross-section for the conversion of the incident neutrons :i.nto 

emergent particles T.Thich cannot; interfere with the incident neutron beam. This 

occurs because some quantt1lll number of the inc.ident particle such as charge, mass, 

energy, angular momentum, has been changed by the interaction with the target 

nucleus. For thermal neutrons on heavy elements, y-ray emission is much favored 

over neutron emission. Then O'ab rv 118.C' 

F. Cross-sect.ion for Formation of the Compound Nucleus C1e 

This is a mea.al.l.re of the probe,blUi:;y that a neutron w.i.J.l enter a nucleus 

and merge .. r.t.th it to form a. conrpoutl.d. n11.cleus, "Then the compound nucleus decays 

into the res:i.dual nucleus plus emergent pa.rticles by principally one route, ·the 

cross-section crc and the cross-section for this particular event are equal. For 

example, for thermal neutrons y-ray emission is dominan.t 80 that 

(Jc N lJ"ac 

In the high energy region, Le. energies g-.ceater than the first excited level of 

the target nucleus, formation. of the compo1.U1d nucleus almost always results in 

neutron emission, with loss of energy. Hence here 

:1c N crin ~ crab . 

,. 

-7-
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For light elements and relative~ low energies elastic scattering dominates so that 

here 

(aab = aac)« at .; 

aab F ac because of resonance elastic scattering. 

G. Transport Cross-section atr 
s 

The elastic scattering cross-section includes some very mmall angle scattering. 

The relative value of such scattering in attenuation is very small indeed since the 

neutrons move in a nearly fo~~ direction. For high energy n~utrons small angle 

scattering constitutes an important fraction of <1el~ A more realistic estimate of 

the direction changing power of nuclei is provided by <1tr : 

~ 

atr = ael + 0in - 2~ f 0el(9)cos9 sin9 d9 

o 

which clearly minimizes small angle scattering. 

The transport cross-section weights the differential cross-section <1el (Q) 111. 

a way which is appropriate for applications in diffusion theory. It is not c;l.ear, 

however, that the weighting is the best possible for applications in shielding 

studies. It may be of value in the future to obtain <1el (Q'> in detail and to con­

struct other weighted averages. 

-8-
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II. THEORY 

The non-resonance theory, as far as it goes, involves only two parameters; the 

resonance theory requires others in addition. The parameters in common are the 

nuclear radius Rand the average vmve number ~ inside the nucleus of the particle 

whose total energy is zero. (The zero of energy is taken to be infinitely far 

a~~y from the target nucleus.) Although both R and Ko vary with energy, it is 

assumed that the variation is slow. In the present report XC is placed equal to 

1.2 x 1013 cm~l. The nuclear radius R is determined by comparison of the non-

resonance theory with experiment. It may be expected to fluctuate by as much as 

-13 10 cm about the mean for a given element. Table I gives the nuclear radii 

evaluated in this fashion, together with the energy region in which the determining 

experiment ~s made. 

A. Resonance Theory 

A description of the resonance energy region requires (a) the behavior of the 

various cross-sections at and near a resonance, (b) their behavior between resonances 

and (c) the distance D between resonance energies. 

At or near a resonance, the cross-sections are given by the Breit-Wigner formulas. 

If a represents the quantum numbers associated with the initial state such as the 

spin of the target nucleus ]:Jl, the spin of the incident neutron 1/2 11 t etc., and 

at the quantum numbers associated ldth the final state, then the cross-section aa,a t 

for the formation of state at from state a is: 

C1. = 2J + 1 2 a,a' 2(2f - ~.(" n:~ 
ra f;l 

(;;Y:?/4 (1) 

-9-



TABLE I 

; NUCLEAR RADII 

1. 13 !' N 1m. • '1, _ ... _--- -" ...... - ~-. --- -.. -"'" _ ....... "" ....... _...... ..-."'.- .... ,,- --"' .. ~ 
.. 

Be 2.4 14 
~ .... - -.-- .. -

B 3.4 14 
.. - .. -.~ .. 

C 3.8 21') 
-' 

... __ ... -.--.... --
0 4.3 25, .2 to 1.5 

Mg 4·5 14 

Al 4.6 14, 25 

B 4.1 1.1~, 25 

C1 4.7 25 

Fe 5.6 14 
4.6 .2 ;;'0 1.5 - ---_. 

Ni 4.6 .2 to 1.5 
.----.-~~~. 

Cu 5·5 25 
I 

! 

Zn 5·9 14 I 

I 
~_._ •• ____ .~_,._"._ ........... , ____ .~ ••• 0-

Be 6.3 14 

AS 6.8 14 
6·9 25 
7·5 .2 to 1.5 .. 

Cd. 7.2 1.4 
-,-_ .. 

Sn 7.4 14 

A1.1 7·5 14 

tv 7.8 .2 to 1.5 

He 8.3 14 

Ta 8.4 25 
8·5 .2 to 1.5 • 

Pb 7.8 14, .2 to 1.5 

Bi 7·9 14,.2 to 1.5 
.. --.. _._-- -
Zr 7.8 .2 to 1.5 

-10-



where ~= neutron'tV'avelength/21t', 1/'1. = k; J~ = total angular momentum. of 

the level of~he compound nl!cleus involved in the resonance; Eo = reeonance 

energy. ra, rat are called "widths", r: the total width. A relation between 

~ and r exists: 

r =_2: rN' at .... • (2) 

From expression (1) it is possible to obtain the absorption cross-section 

from state a and the cross-section for the formation of the compound nucleus 

in state J from state a,o The definition of (Jab from state a is 

(Jab = L 
a',a 
a'r a 

O'a,a' • 

Renee 

2J + 1 ~2 ra ra 
(Jab = 2(21' + 1):n: (E-Eo)2 + r2 f4 

(3) 

ra = r- ra . 

Also since 

"'" (1. .... , (J = ~t a, .... c o,a (li) 

2J + 1 ~2 ra r 
(Jo = 2(21 +1}:n: {E-Eo)2 + r2 J4 

(5) 

The relations 

(Ja a' = (J ra , , c-. r 
and 

(J b = 0' ra ( 6) 
a . C r 

now foll~w, and also the intex1>retation of ra,/r as the relative probability 

for the final state a' . Some obvious features of these cross-sections (3) and 

-11-



(4) are the maxima at E= Eo' e.g., 

. (aab)ma.x = 41f ~2 2J + 1 ra ra 
. ' 2(2r + 1) 7 

and the ~etry of the energy d~endence of the cross~aection with respect to Eo. 

The cross-section for elastic scattering, ael' near resonance is considerab~ 

more complex because of. the interference between potential and resonance scatter-

ing. The formula may be broken' up into two parts, one of which corresponds to 

the emission of neutrons by the compound nucleus Which are coherent with the 

incident neutron beam. We shall call this aco = 

a~o 
\')(2 2J + 1 t"'t 

= n'~ 2(2I + 1) ~ , J, 

2 

ill + (e 2lt?t _ 1) 
E-Eo + i r/2 

(7) 

The resonance term, i~/(E~Eo + i r/2) , occurs for those values of ~ which, for 

the given target nuclear spin I, may lead to a compound state of spin J. Thus 

the possible .l values vary from J. = I J - I I to J + Y. ~ is a parameter pro­

portional to the relative probability that the component of the incident plane 

wave of angular momentum 1.lf5. contributeato the process. The remaining term 
2181.. . ' . 

(e d - 1) is called' ttpotenti~l scat£'"eringtl. The phase 8.,t is, for neutrons, 

given by 
• 

where 

t?t 
= _ tan-1 ~+j(K) 

P!l+t Ot) 

I 

x = kR = .222 R fE(Nev) 
. -13 

if R is expressed in 'units of 10 em and E is the inCident neutron energy. 

(8) 

(9) 

In addition to the coherent cross-sectfon, there is an incoherent cross-

section aine which contains those transitions in which the angular momentum of 

the incident neutronS is changed without exciting the target nucleus. Thus 

-12-
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rE •S ~.st (10) -" 1t~2 2J + 1 
ainc - 2(2l + 1) h. (E-Eo)2 + r2/4 

~t 

where the subscript E denotes the common-value of the energy of both the 

incident and sca.ttered neutron. The subscript 13 refers to the quantum numbers, 

other than the energy required to describe the. state of the incident neutron 

plus target nucleus while 13' refers to similar quantities for the final state 

of the system. For incoherent scattering the two groups, 13 and 13', cannot be 

identical; this is the meaning of S F S' in the summation above.· If the spin 

of the target nucleus is zero, the subscripts S,S' reduce to 1, and ..£t, the 

orbital angular momentum of the incident and scattered neutrons respectively. 

The variation i~ J. and .J..t are given in the discussion immediately- below 

equation (1). The terms included in (10) are part of the absorption cross-

section crab' 

The elastic cross-section is then 

ael = aco + ainc 
(11) 

and the total cross-section 

at = crco + aab • 

Because of the interference between potential and resonance scattering which 

appears in (9) the maximum of crel does not occur at E = Eo and the cross-section 

is not symmetric about the maximum; indeed it also exhibits a minimum on the 

_ low energy side of the maximum. As an example, consider the case of S32 for 

which the resonance occurs at lC8 k.e.v., the experimental curve(2) is given 

in Figure 1. For this low energy it may be expected that the J of the level 

(2) Adair, Bockelman and Peterson, Ph:ys. Rev. 16, 308, (1949). 

-13-
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in the compound nucleus is 1/2 Since the spin of S32 is zero. Then 

ir " o + :218 
E-Eo +ir/2 e 0 - 11 + 

ir
l 

ael = 1t' ~2 
2 2 

E-Eo + ir/2 

+ 2 rprl J 
(E-Eo)2 + r 2/ 4 

where we have neglected ~, for 1,)- 1. For a light element we may assume 

that this resonance is almost altogether scattering, there being little, if any, 

activation, so that r = ro + rl • Then the maximum occurs at E ~ Eo + ~o tan 80 
2 

while the minimum occurs at E ~ Eo - [r.. cot 80 6 As we may Bee ~er employment 
o 

of relations (8) for iow energies 8 0 .:C<l"the ~mum cross-section is 

very close to Eo while the minimum is a finite distance away but only a SlIlS.ll 

fraction of the distance to the next resonances. The cross-section at the maxi­

mum is 4~ ).,2 while the cross-section at the minimum is 4~ ~2 Sin
2

&o € -~}. 
In the case of sulfur the minimum value is mostly due to the other sulfur 

isotopes and other contaminants. 

The structure shown in Figure 1 occurs only if (1) there is sufficient 

potentia'l scattering to interfere both constructively and destructively with 

the resonance scattering, and (2) aco » ainc . In the resonance in oxygen (3) 

at 440 k.e.v., there is essentially no minimum (see Fig. '2.2). Further analysis 

reveals that the spin of the level in the compound nucleus is J = 3/2, so that 

J. = 1 and ,l= 2 neutrons participate. At this energy, their potential scattering 

for ~hese values of ,t is too small to give rise to any appreciable destructive 

interference. The second condition, aco >'> ainc' will not be satisfied whenever' 

(3) Adair, Barschall, Bockelman, and Sala, Phys. Rev. 12, 1124; (1949). 

-14-
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there is a large number of ways in which the level of the compound nucleus may 

be formed, as will occur, for example, at high neutron energies. 

The above formulas (1) - (10) are valid as long as only one level in the 

compound nucleus, i.e., just one value of J, is involved in the reaction. If, 

however, the density of levels in the compound nucleus is high, one must sum 

these formulas over J. It is also possible to obtain, because of the high density 

of levels, expressions giving the absorption and scattering of a neutron of orbital 

angular momentum 1.; When the density is low, it would be difficult to give a 

simple general formula inasmuch as the result would depend upon what J values 

were present. For high level density, replacing the widths and resonance energy 

by averages over J, and finally using 

one obtains for 

~ 2J + 1 = 2.J.. + 1 
~ 2(21: + 1} 

rnei ~,.L 2 a~) = n X.
2
(2.t+ 1) (E-E,,)2 + (rJ./2l rn = r. f) + r. . n • "x.. n,.a:; a,...tt 

Here r is a parameter giving the relative probability that a neutron with 
niL ! "\ 

orbital angular momentum 1. will be absorbed by the target nucleus, while P~JL 

in the relative probability that the residual nucleus is not the same as the 

target nucle~s. 

The coherent part of the elastic cross-section may also be found 

2 

aU) = 3t~ 2(21 + 1) 
co 

irn,L 2i61 _ 1 
+ e 

i-Eo + i rJ.. /2 

-15-
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The incoherent term becomes 

. r 
O(R.) :: 1t1f(21. +1) _ n,L 
inc (E-Eor + (Q /2)2 

~ AD, rr /I + (A - 1) r f) 
~ .-to, n,,,," 1., I n,')c" 
j'Jai.. " 

(14) 

where AAI = min(:?I + 1, 2£' + 1). The 
"" ,I 

possible values of )l' are determined 

by the fact that the maximum possible change of the target nucleus without its 

excitation is 2T, and for the neutron it is 1. Thus the maximum value of .J.I is 

,J!. + 21 + 1. The elastic cross-section for '').'' neutrons is given by O~) + ot!~ , 
the total cross-section rft(.l) is ("(i

b
) + or.).,). Finally the cross-sections for the a ." co 

entire incident plane wave are given by: 

°ab =>; (t) 
O'ab (15a) 

~ (i) 
O't = ~ O't • (15b) 

~ 
The energy dependence of cross-s.ections o~) and O'i{) is very similar to that 

given in (3) and (11) and needs no further elaboration. 

Application of the above formulas involve the parameters R and the widths ~. 

The widths are not independent of the energy. However, if the'resonance energy 

is sufficiently high and the resonance 'sufficiently narrow, the variation of the 

widths over the resonance is small. The variation of width with energy for the 

neutron widths r fl have been estimated as: 
n,)t. 

r l or. 2:x 1 Dl 
n, Xolv;t12-;{ 

IvJ = It~x)tH~!1 (x) I 
Xo = K R o • 

In a more precise formula Ka is replaced by 

K =JY@+k2 
" Y' 0 

-16-
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.. (1) (4) 
where ~+1/2 are Hankel functions and have been tabulated. The paramete~ Dot 

is the energy distance between levels of the compound nucleus which are formed 

when the target nucleus absorbs an "1" neutron. It must be determined fram ex-

periment although estimates may be made from statistical theory to be discussed 

later on. From (16) we see that ~,J/D depends only upon the parameter x, regard­

less of the nucleus invt)lved. Relation (16) has been found to hold in order of 

lllg,gnitude for .1 = 0 neutrons. (5) 

The total neutron width r is n 

rn = '5j (2 i+ 1) r~1.) 
The factor (2£+1) is approximate. 

(17) 

For sufficiently high neutron energies it seems reasonable to assume that ~ 

is independent of 1. : 

DJ.. ~ D. 

Then 

1'\# 2x Q r-: 21. + 1 = r( 0) 7: 21.. + 1 
rn - Xo 1( ~ 11.12 n L , Vtl2 

(18) 

The function b (21. + 1). x,2 is plotted in Figure 2 where lit is seen to be 
..R.. l'!t 

one which increases rapidly with x,. Formula (18) will prove to be particularly 

useful in discussing inelastic scattering and, in addition, the deviations to be 

expected from the. average over resonances obtained from the non-resonance theory 

to be discussed in the next section • 

. We now turn to the other two matters pertinent to the resonance region, 

the energy distance D between resonances and the behavior of the cross-section 

between resonances. For D we shall employ an empirical fonnula whose form is 

(4) Morse, Lewan, Feshbach and Lax , issued by NDRC, Div. 6. 

(5) Wigner, Am. J. Phys. 17, 107, (1949). 
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suggested by the free particle model*: 

D~Ce 
-J'AW5 

·!/ 
/ 

where e is the excitation energy in Mev available to the compound nucleus, 

(19) 

A the mass number ,C a constant. The excitation energy will contain the incident 

kinetic energy E of the neutron together with the bind.ing energy ~ available 

once the compound nucleus.is formed. It is clear from (19) that D (and therefore 

1;.) will depend very strongly upon~. Thus both light nllclet a,nd "magic n,umberlt 

D,llclei have laree D values, although for different reasons. For l:i.ght nuclei, 

D is large because A is small, while for magic number nuclei D is large since 

e is comparatively small. 

comparatively large va~ues 

scattering resonances, and 

al 'Ways very small. 

From (18) it follows that these nnclei will have 

of r. Renee most resonances in these nuclei are . n . 

correspondingly the activation cross-section is 

For low lying levels of light nuclei which are revealed in inelastic neutron 

scattering experiments, (d,pJ reactions, and in the r-ray spectrum. emitted in an . 

(n,r) process, D is often rather constant an(l. 5.ndependent of the energy. 

The behavior of the cross-sections between resonances may be obtained. from the 

above formulas by the approximate procedure of simply omitting the resonance terms. 

Rence 

O'ab«O't 

~2 ~ IJ ~. 
O'el ~ O't = 41t'" T(2.rc. + 1) sin:~. (20) 

* Aotually the free particle model gi vee the form D "'" e 4 e -~ const • We do 
not include this factor, £ , inasmuch as (1) it affects D in a weak fashion so 
that it is difficult to check it experimentally, and (2) the derj.vation involves so 
many weak links that it seems hardlY likely that the proper exponent for e could 
have been determined. 

-18-
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This is called repulsive sphel"e scattering since it is the scattering which results 

if the neutron wave fllnction must go to zero at the surface of the nucleus. For­

mulas (20) are approximate since crab I 0 between resonances. However, if D » ~ 
the val~e of crab here should be very small. Cross-section (20) is 'given in 

Figure 3. At zero energy it has the value 4JrR2 and monotonically' approaches the 

a,sym,ptotic value of 211R2 at infinite energy. It is important to note that the 

d~viations from the asymptotic value are fairly large at even large values of x. 

2 2 2 In this region crt tV 2:n:R (1 + l/x) so that the approach to 211R is very gradual. 

We shall close this section with some remarks on the application of the 

above results to fast neutron data. For the energy region in question resonances 

will appear in light nuclei and also for the so-called lfmagic number" nuclei which, 

as has been pointed out above, behave very much like light nuclei. Resonances for 

fast neutrons are scattering resonances. They may exhibit the structure illustrated 

in Figure I if they occur at low enough energy. We estimate that the minima which 

give rise to "windows" in the energy spectrum will not occur for neutron energies 

larger than about I Mev for light elements and about 1/2 Mev for the magic n~unber 

heavy nuclei. 

B. Non-Resonance Region 

As the ellergy of the incident neutron increases, the width r associated with, 

the levels increases rapidly' with respect to the level distance D (see Fi'gure 2 

for ~ variation) so that levels begin to overlap and the irregtllar behavior of 

the croBs-sections with energy which is eo characteristic at 10lrer energies dis-

appears. The prediction of the consequent smooth energy dependence will form the 

subject of this section. We shall also find useful the result that the formulas 

obtained. apply as well in the resonance region if they are interpreted as average 

cross-sections averaged over an energy region containing several resonances. 

-19-
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The theory employed here is based on the theoretical expectation and the ex-

pe~imentaL evidence that, in t~s energy region, if a neutron has combined with 

the ta.rget nucleus to form a compound nucleus the probability for its re-emiasion 

with ~ of its original quantum numbers unchanged is negligible. Rather, these 

neutrons may be re-emitted with either their energy changed, i.e. inelastic scat­

tering; ~hei~ angular momentum may be changed; or both. The neutr8n may not be 

rA-emitted a~ alII but rather some other particle, etc. Thus the target nucleus 

acts as a sink for neutrons labelled by a specific set of quantum numbers. 

This statement may be mathematically formulated. One may then obtain the cross-

section Gtot and Ge • The elastic cross-section may be obtained only if it is 

assumed that if the neutron is re-emitted,its energy is almost certain1y not the 

same as that of the incident neutron. Thus all of the elastic scattering will be 

due to the repulsive sphere scattering plus the shadow scattering associated with 

the formation of the compound nucleus. For sufficiently high energy this will be 

tru.e. Then G 1 = Gt - G· We shall later in this section extend the theo'1"'V so e c ,-~ , 

as to permlt the evaluation of It average" j.nelastic cross-section and the average 

of the incoherent elastic scattering. 

The results of the theory are summarized in Figures 3,and 4, where the 

croBs-section for Gt,Ge, and Gtr are plotted for various values ofKo' We have 

included in the Gt curve the comparison curve 2iR2(1 + 1/x)2 which gives the high 

energy behavior of the Gt curves. The Gtr curves tend asymptotical~ to iR2 for 

large x. For small x they become identical with the Gt curves. The calculation of 

Gtr involves the assumption that that part of the process which 1~volves the forma-

tion of the compound nucleus leads almost always to isotropic neutron emission. At 

small values ofx 

. 2 [1 21C C j' _'1:)2'[ 4] . ' ..1'1:1' n.g ='L,I;\ _ , 
G_ ",,<II JL,I;\ i2 D xXO '(21) 

also 
a. III Go • t x4o() (22) 
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For the larger values of Xo" the O'c cUrve shows a minimum in the neighborhood 

of x = 1. 5 oorresponding to energies of 1 Mev and 1/2 Mev for Xo = 8 and 11 re­

spectively. At larger values of x, the 0'0 curve for Xc ;;: 8 is almost oonstant 

" 2 " 2 with O'cirrR = 1.2; while for Xo = 11" iJc/r(f( = 1.05 is acourate to within l~. 

The Xo = 5 curve is monotonic and more rapidly varying than the other curves. 

Between x = 3 and 12, iJc frR2 = 1.35 is accurate to within 10%. This approxi­

mate constancy permits the evaluation of experiments involving neutron beams 

whose energy distribution is broad. 

The non-~esona.nce theory may also be used to estimate the cross-section 

for inelastio scattering and the energy distribution of the emitted particles. 

Let the wave number of the inoident neutron be k(x = kB),its energy E, and let 

the wave number of the emitted neutron leaving the target nucleus in the ith 

excited state of energy Eibe kf(xi = kiR). Let the corresponding neutron 

widths be r. (x) and ~ (Xi)" Then approximately n n 

O'in = O'c 
)' f;(x:d . ~ . r: (x) jl _~-=--_~_.;....'. 1 + ~..;;;;.n __ 

Tit(x) + Ern(Xi) = O'c r:rn(Xi) 
i . i 

(23). 

where it has been assumed that the only important processes are those of neutron 

,emission,which is reasonably aocuratefor fast incident neutrons. The summation 

in (23) includes, of course" only those levels for which Ei is less than the 

incident neutron energy. The fractional number of particles fj having an energy 

corresponding to X J = .222 R VE-Ej is 

r:(Xj) 

fJ = ~ rn(~) (24) 
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From the eatj,mate of ·r ID given in Figure 2, (23) and (24) may be evaluated 
n 

if the energy levels of the target nucleus are known. Note that P, which is 

the distance between levels in the oompound nucleus, is a common factor of 

both numerator and denominator in (23) and (24) and therefore need not be known. 

If, as is common at present, the level scheme is not known, an estimate 

of (23) and (24) may be obtained. This will also furnish a rule of thumb which 

will prove useful even when complete information is available. To obtain the 

estimate we first assume that the levels are distributed continuously so that 

E 

1: r,,(Xi) ~ f p(~) rn(Xi)~ (25) 

Eo 

where pfEi) is the density of levels of the target nucleus. ·Eo is ·the energy 

of its first excited level. Equation (24) becomes 

fj 
. rn(Xj) 

E J p(Ei) J;(Xi ) (lEi 

Eo 

and fj(Ej)fjdEj is the fractional number of particles in dEj at Ej • 

.(26) 

Before proceeding, it is useful to have some approximate analytic form for 

. ~/D. Statistical theory' suggests r:/n,... x2,. while at higher energies (x ..... co) 

. ~/D ,... x3• Upon fitting the curve for ~/D, it was found that xf2 was a good 
. . 

fit up to x = 2, but that for larger values of x it fell below the correct value 

as expected. up to x = 4; an excellent fit is obtained with x{l + x + .9~). Thus 

1tXo rn ~ 3x2 
'2 D 

~ x(l + x + .9'X;2) 

-22-
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In Table 2 these are compared with values computed directly from (18) •. 

Table 2 

- ......... _-- 8 - _ ...... _-- ~ 

0 0 0 0 

·5 .75 ·96 .86 

1 3.0 2·91 2.9 

2 12 13.0 13 

3 27 34.1 36 

4 48 70·5 78 

We shall now evalua.te (25) and (26) for two ca.ses. In case (1) p is 

roughly independent of energy, so that p ·may be replaced by an average value 

.p = lID. This should apply when low lying levels of light or magic number 

nuclei are excited. Then 

11'Xo ~ fn(Xi) = ~ ., X~(E-Eo) 
2D 1 

in approximation A (28a) 

or 

= 0 xo(E-E ) (g + ! x + .36 x~] in approximation B (28b) 
J. 0 t~ 2 0 

where Xc = .222R fi";"Eo • Note that D in the above formula. is the level distance in 
'":"" 

the compound nucleus while p = lIn 1.e the average level density in the final nucleus. 

Consequently, 

and. 

O'in = 0'0 [1 + ~ J1 
(E-EO)J 

a
1n 

= a
c 
r1 + E

1
/2yj 

[ (E~Eo)372 

in approximation A 

""=,,",,,(..::l~+:....:::..x ....;.+....:.~9:x2==--~] ... l 
g + 1. Xo + .36 x'2 . 
320 
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It is' clear from these formulas that 

( 2-
<1in=::! <1c if E-Eo) »DE • . (30) 

The energy distribution ia obtained from (26). Let C
j 

= E-Ej be the energy 

of the emitted neutrons 

2 eij 
fj = 2 

to 
1/2_ 2 

f _ ~ 1 + X,l + .9x ,1 
j - g3/2 g + ~ + • 36~ 

~o 3 2 0 

We turn now to case (2). Rere p is given. by the statistical theory: 

feE} ~ c-l loE 

(3la) 

(31b) 

(32) 

In equation (19) a 'WaS placed equal to A/5 if E is in Mev. Formula (e8) should 

apply in this context to heavy nuclei which have low closely spaced levels. We 

find that (uXO/2D) ¥ rn(xt) is proportional to 

12,,(E)X2 (aE- 3(aE)1/2 + 3) 

rl-if 

and proportional to 

?xF,o(E) rJK 1 
---:--y L1 2 , x II. 

+:+ 0' .,2 1 
(aE)5J4J 

in approxtmation A (33a) 

in approximation B (33b) 

- .yaE under the addition approximations e « 1 and E »Eo. Then in approximation A 

aD(E)(aE) 

ain - ac . f + l> [erE - 3(QE)1!2 + 3J ]

-1 

(34a) 
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-1 
while 

CJin = CJc r 
1/4 

1 + aD(E) (aE) 

2 [Ie (aE)lj2 + 2x(aE)lj4 + 1- x"3 
(34b) 

in approximation B. 

The rapidity with which CJin~ac as the energy increases ia indicated in 

Figure 5 where we have plotted 

~ = k • -{ciE (aE) ~ - 3(aE)lj2 + 3f 
where C is the level distance for zero excitation energy. We repeat that equation 

( 34) is valid only when 

a-raE « 1 and E »Eo. (35) 

In applying (34) it is necessary to determine the parameters C -and ex from whatever 

is known about the density of levels in the target nucleus. Relation (16) is often 

valuable in this connection. In the absence of any experimental ir..::f'ormat1on: the 

empirical relation q = A/5 is useful. 

The energy distribUtion is given for approximation A by 

p/j = a
2 -[-raE -ia(E"tJTI ~ (~)lj2+ l ee 4aE-3 J . _ (36a) 

where ej is th~ energy of the emerging neutrons, E-Ej = Ejo - Equation (36a) is 

already normalized, but the dependence on t; is clearer if the normalizing factor 

is dropped: 

plJ ~ ~ .- [.;<ii - ,ja(E-OJ )1 
(37a) 
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In the event that ~ «E, the exponent may be expanded so that 

.p f """,fe 
j j j 

-~/?: 

where 't", lithe nuclear te~erature" is 

t' = 2 {E/a . 

tj <.< E (38) 

(39) 

Formula. (37) waa originally derived by Weisskopf in the ao-called "evaporation" 

theory of nuclear reactions. We see that its validity is restrioted to the lower 

energy domain. The more accurate distribution given by (3') does not falloff as 

rapidly as approximate (38). 

Approximation B yields formulas which are somewhat more accurate at higher 
. .' -[(ciE - jCi{E- ( 4)1 

neutron energies. From Pjfj - f(x.j) e tJ one finds: 

f'lJ ~ (XJ + X~ +.9x3l 0 -!{tiE - /a(E- EJ~ (37b) 

In passing note that the cross-section for incoherent elastic scattering 

O'inc is given by 

O'inc = O'c - O'in' 

We conclude this section on non-resonance theorY by recalling that it applies 

as well if averages are taken over an energy range large enough to contain several 

resonances. To complete this picture it is necessary to discuss the deviations 

from the average. An estimate may be readily made in·the energy region E n.t 1 Mev, 

for here the effects of the interferenoe between potential and resonance scattering 

are no longer an important fraction of the total cross·section. In other words, 

above 1 Mevi t is expected that there should be no energy "window" in O't. In 

that event 

(O't)m1n ~ 0'0 .(40) 
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where 0'0 is the infinitely repulsive sphere scattering (Fig. 3). The maximum 

cross-section is computed by comparing it with the average. Then 

(O't)max - 0'0 A ~ ~ (at - 0'0)' 

The choice of the constant 2/~ is based on results for D »r, i.e. when the 

resonances are widely spaced. Moreover an average level distance D is used. 

Actually the level distance between individual levels fluctuates around this average. 

This fluctuation would result in a fluctuation in the energy dependence of at which 

is not included in the above formula. This effect may be included by increasing 

the constant 2/~. It is found that the constant 2 is more realistic. Hence 

( '" ) '~D ( 
v t max ~,"fJo - 2 r at - 0'0) • (41) 

We have discussed the evaluation of rID above so that it becomes possible to 

determine (O't)max o 

We may also employ the above analysis to determine the energy at which the 

fluctuation,s and therefore the resonances have mostly-disappeared.' In (41), we 

equateO't ,=' (O't)max to obtain the equation r, == 2i:>. This equation may be solved 

for the energy E required. Precise solution of this equation carl be obtained only c· , 

if sufficient information about the levels of the compound nucleus is available. 

An upper bound may be obtained by assuming that most of the scattering is elastic. 

Then r,.... rn " Employing the sta.tistical approximation (27a) it is easy to solve 

for Ee: 

Ec ='- 20lt .1fo. _ 8~ 
. 3 R - R • (4~) 

Energy is expressed in Mev, and length in 10-13 em. Formula (42) should be a 

fairly good estimate if the excited levels of the target nucleus are high as they 

woUld be in a light nucleus. In oxygen, for exe.mple J we find Eo ~ 5.8 Mev. 
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A lower li~it to the critical energy may be obtained it it is assumed that 

inelastic scattering is dominant at E = Ec' Then r = ~ r;(Xi)' Empl~ying 
the result obtained by statistical theory (33a),we tind Ec is a solution ot 

2 
3x = 1... (43) 

teXoa£ a£ 

where (tjac) is a tabulated :function ot.yaE given in Figure 5. As an example 

let 
a = 40 

C = .1 Mev Then Ec ~.3 Mev. 

R = 8 

Xc = 9.6 

Equation 43 should be applied to heavy nuclei where one may expect ma.ny low 

lying levels and apply (42) to light nuclei whose tirst excited level occurs at 

a rather large (Ec <: Eo) energy value. 

,# 

" 
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III. DATA 

A. Neutron Sources 

The neutron sources employed in fast neutron experiments bave been described 

in two reports:; Ranson and Tasohek, "Monoenergetic Neutrons fram Charged Particle 

Reactions", preliminary report No.4, Nuclear.Science Series; and A. Wattenberg, 

"Photo-neutron Sources", preliminary report No.6. We shall discuss here only 

those points which are pertinent to the analysis of the data given in this report. 
4"' 1. Bombarding particles eithetnl, "If-, or He • .' 

a} 77' Li (p,n)Be. The threshold for this reaction is 1.88 Mev. The neutrons 

produced are monochromatic for a given angle with respect to the initial proton 

direction. This source has been utilized at Los Alamos and later by Barschall's 

group at the University of Wisconsin and by Williams and his co-workers at the 

University of Minnesota. The neutron energy range covered in their research extends 

from about 50 k.e.v. to 1.5 Mev. Extension to higher energies is limited by the 

maximum energy of the protons which are produced by the Van de Graaff generators 

available at each laboratory. Excellent energy resolution is possible and has 

been employed in some of the experiments. 

b) D(d,n)He3• This reaction is exoergic, the Q valuebe1:og 3.31: Nev •. ,The:: 

neutron energies are monochromatic for a given angle. The neutron energies avail- . 

able for incident deuteron of 4 Mev extends from 1.65 Mev in 1800 direction to 

7.45 ~ev in the zero degree direction. This neutron source was very popular prior 

to World War II because it provided neutrons of hi~'energy for incident deuterons 

whose energy was of the order of a few hundred kilovolts. 

This energy. source has been utilized by Zinn, Seeley, and Cohen (2.85 and 2.46 

Mev), X1kuchi and Aoki (2.46 Mev), Aoki (2.2 to 2.8 Mev), McPhail (2.3 Mev - 2.8 Mev) 

and Nuckolls, Bailey, Bennetij Bergstrahl, Richards and Williams (2 - 6 Mev). 
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c) 
7 8 

Li (d,n)Be. In this reaction, the neutrons produced at a given angle and 

deuteron energy are not monochromatic. However, by-using threshold detectors it is 

possible to isolate the upper end of the neutron spectrum. For example, Amaldi, 

. ~oc~1arelli, Caecia-;puoto" Trabacchi, and Soltan use a eu63(n,2n)Cu62 detector to 
12 11 

isolate the 14 Mev group. Sherr uses a similar carbon reaction, C (n,2n)C 

'With a 21 Mev threshold, to isolate a neutron group running from 2l to 25.4 Mev. 

d) C12(dn)~3. This reaction yields monochromatic neutrons. Since the Q 

value is -.26 Mev, neutrons in the 0.5 to 2 Mev range ~ be obtained with deut-
-7 7 

eron energies that are considerably lower than those required in the Li (p,n)Be 

reaction. For example, if the deuteron energy. is 1.5 Mev,neutrons from about 

l.5 Mev at 00 to .75 Mev (1800 ) are made available. This reaction was utilized 

by Nuckolls et al.in measuring the oxygen cross-section. 

e) H
3

(d,n)He
4

• The Q for this reaction is 17.6 Mev. It yields monoenergetic 

neutrons whose energy for an incident deuteron energy of 2.5 Mev lies between 

12 and l8 Mev. In this report experiments on inelastic scattering by Gittings, 

Everhart, and Barschall, and by Phillips and Davis employ l4 Mev neutrons obtained 

from this reaction. 

2. Photoneutron Sources 

Fields, Russell, Sachs, and Wattenberg employ neutrons generated by the 

photodisintegration of ~ and Be9• The photon energy must be at least 2.23 Mev 

and 1.63 Mev respectively. The required r-rays are produced in the disintegra-

tionof artificially radioactive substances which may be obtained in same quantity 

from the pile. The principal advantage of this type of source is the ._relatively 

monoenergetic chAracter of the emitted neutrons. Actually absorption ~d scat­

terj.ng in the r-ray source gives the neutrons an energy spread of about 25% of 
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the neutron energy. The 1.ow neutron intensity and. the high "I-ray background 

gi ve rise to the main experimental difficulties. We list the neutr'on energies 

utilized by Fields at al. 

Source 

Sb+Be 

Ga+D:20 

Mn+Be 

Na+D20 

La+Be 

Na+Be 

B. Total Cross-section* 

Table 3 

Photoneutron En.e:rgi.es 

of r-rays as 
ded.uced from neutron 

Neutron Energy ene~ies 

.025 Mev 1.66 Mev 

.13 2.36 

.14 1..77 

.22 2.45 

.62 2.25 

~83 2.46 

A list of the elements for 1lrni,ch ').L., for fast neutrons has been m.easured 
IJ 

together 'With references is given :i.n the table belo'w'o The v,rork of Barschall 

and his collaborators; and those of lVillirun8 et al are too d.eta51ed to permit 

numerical quotat.ion. It is inc:l1.lo.ed in graphical form (Figs. 6 - 13). In this 

report we have concentrateo. uponB;> 0,:> Fe, VI,? Fb, a.nd t.hese are discussed later. 

The data t;a.ken below 1..5 l-1ev by Bars(lv_<tll et aI, tV'illiams et al, and Fields et al 

are in excellent ae;reement for the ea.se of boron where Fields' points lie 

* Authors of papers will 1)e ref'3rred. to by giiring a. list of the first letter in 
the natJ1ElS of the contributing a1.1.thors whenever this is possible lrithout confusion .. 
For example, Barschall, Battat and Bright will be referred to as BBB. A list of 
the E'.bbreviations is given i.n Table IV. 
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well above those of' BBB~ The data taken in the :2 - 3 !l1ev region employing D-D 

neutrons often violently quantitativ-sly, though in their qua,litative 

energy dependence they agree. Part of' r.U.screps,uciee are l.mo.o1Jbt€oI1.1y due 

to the strong resonances which are still present at these enere:i6f.' for the lighter 

elements. Agreement between nOrl-resonanc;e theory and exp''3riments is 

for the cases discussed. :i.n a.etai.l in together several others 

discussed in Feshbach and. Weisskopf. 'I'hree elexnents do not seem. to have the 

behavior predicted. hy theoI'Y) O't almost GOn8t,ant irrith Buergy. are 

Sb, I, and In. 

Examination of the (i.ata re'reals tr...at there are fe,;" e.xperiments in the gap 

between 1. 5 and :2.:2 Mev. The above :2.2 Mev' 8,re not in 

with each other and are not srct'ficient to yield the detailed. structure of the 

cross-section de:pendence on ene:rgy. Above 3 Mev there are very' f:et!tJ measure.ments 

indeed. There are; measurementl3 on o:;,;y-gen taken NBBBRW up t,o 6 Hev, some C),t 

14 Mev by ABeT, an.d. several lllore a:t 25 ~lev t,aken. Sherr. 

Most of theae data are i.nchlded in the reV'ie'\,r art-tela GoldsrU t.n... I118er" 

and Fe1d (Rev. Mod. Phys. 12... 259, 1947) 1;ihere they are present-eli in graphical 

form. 
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Table 4 

References Quoted on Total Cross-section Data 

A I Aoki I Proe. Ph..V8. Math. Soc. of JeDan, 
21, 232, 1939 

AABT Ageno, Amaldi; Bocciarelli, Trabocchi Phys. Rev. ~ 20, 1947 

i\BBS Adair, Barschall, Bockelman and Sala Phys. Rev. 12, 1J2*, 1949 

ABP Adair, Bockelman, Peterson Phys. Rev. 76, 308, 1949 

ABeT Amaldi, Bocciarelli, Caciapuoto, Nuovo Cimento J., 203, 1946 
Trabacchi 

BB.'B Barschal1, Battat, and BriBht Phys. Rev. 70, 458, 1946. 

BBB Barscha1l, BockeLYJl8J:l, and Seagondollar Phys. Rev. 13, 659, 1948 

BBBNRW Bailey, Bennett, Bergatrah1, Nuckolls, Ph..vs. Rev. 70, 583, 1946 
Richards and Williams 

~4 Bretscher and Murrell -- quoted by Goldslnith, !baer and Fe1d 

BPAB I Bockelman, Peterson, Adair, Earachall 

B".. I Barschall et al 

F Frisch, D. H. 

GS Go;)d and Scharff-Go1dhaber 

Phys. Rev. 76, 277, 1949 

Unpublished 

Phys. Rev. 1.Q, 589, :;1.911-6 

Phys. Rev. 22., 917, 1941 

KA Kikuchi and Aoki I Proc. Phys. Math. Soc. of Japan, 

:M. 

NBBBRlf 

S 

SB 

If •••• 

lfa 

ZSC 

21, 75, 1539 

McPhail. Phys. Rev·. 21., 669, 1940 

Nuckolls, :Bailey, Bennett, Bergstrahl,l Phys. Rev. 70 , 805" 1946. 
Riclw.rds and lfilliaJ.us 

Sherr 

Seagondol1ar and Barschall 

iUl1iams et a1 

'ifattenberg 

Zinn, Seeley a·ud Cohen 
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Phys. Rev. 72, 1:·39, 1947 

Unpublished 

Phys. Rev. 71. 1:-97) 

Phys. Rev. :2£) 260, 1939 



T~lJl~2 

Table of Elements and References for Total Cross-sections 

E1ement 

B 

C 

N 

o 

F 

Ne 

Na 

Mg 

AI 

6i 

P 

6 

Cl 

A 

K 

Ca. 

Sc 

Ti 

V 

Cr 

:Mn 

Fe 

Co 

Ni 

Reference 

]'RSW, BBB, .lffiCT, A, Kl\. 

i-1a, F, EM, BBBNRlv, 1)., ~" AAJ3T, 8, KA 

F, A, M, ZSC, KA 

]'RSW, NBBBRW, A, ZSC, S, VI ••• " ABBS, KA· 

FRSW, A, KA 

FRSW J A, H, ZSC, ABBS, KA 

]'RSW) ."!.., ABCT, KA 

SB, FRSW, GS, M, A, ZSC, ABeT, 8, KA 

KA 

FRSW, A, FA 

FRSW, A, ZSC" JI..BCT, ABP, KA 

S, Kl\. 

FRSW, A, ZSC, KA 

ABBS, KA 

KA 

KA 

KA 

A, ZSC, ABCT, FRSW, BBS, KA 

KA 

FRSW, A, ABCT, BBS, KA 

-3)~-
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Element 

Cu 

Zn 

Os. 

Ge 

As 

Se 

Br 

Rb 

Sr 

y 

Zr 

Cb 

Me 

To 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 

Cs 

Tabl.e 5 (oontfd) 

Reference 

FRSW, GS, A, ZSC, AA13T, S, KA 

ZOO, ABeT, KA 

It/\. 

fl.BCT 

KA 

KA 

BPAB 

FRSW, A, ABeT, BPAB, S, KA 

ABeT, KA. 

FRm-l, A, ZSC, lU3CT, IrA 

FRmv, A, ABCT, BPAB, KA 

FRSW, A, BPAB, KA 
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Table 5 (cont 1 d) 

Element Reference ~ ___ "'---, 
Be. KA 

La. 

Ce 

Pr 

Nd 

Pm 

8m 

Ell 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta BPAB 

W' FRSW, A, B .•.• , KA 

Re 

Os 

Ir 

• IPt 

Au ABeT 
• I 

Rg ABeT, S, KA. 

cont 'a. . . • . • 
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Element 

T1 

Pb 

Bi 

. Np237 

Table 5 (cont' d) 

Reference 

FRSW, OS, A, ZSC, ABCT, 13M, BPAB, KA 

FRffi'l, A, ABeT, BBS, Kl\. 

K 

Ageno, Ama1di, Bocciare11i, Trabacchi 

Energy 

4.1 .Mev 

12·5 

13·5 

O't on carbon­

O't(barns) 

1.99 

1.40 

1.23 

Source 

(D + Be) 

(D + B) 

(D + L1) 

Ama1di, Bocciare1l1, Caciapuoto, Trabacchi 

(Li + D neutrons) 

Element 

Be 

B 

Mg 

A1 

s 

Neutron energy 14 Mev 

O't(barns) 

.65 

1.16 

1.83 

1.92 

1.58 cont t d ................ ,. 
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!ma1d1 Bocc1are111, Cac1aptloto, Trabacch1 (conttd) 

Element (1t(barna) 

Fe 2.75 

Zn . 3.03 

Se 3·35 

Ae 3·82 

Cd 4.25 

Sn 4.52 

Sb 4.35 

Au 4.68 

Hg 5.64 

Pb 5.05 

B1 5.17 

Aok1 (D + D) neutrons 

(1t(barns) 

Energy (Mev) .. 2.85 2.70 2·55 2.~8 2.2 

B 1.95 2.27 1.86 

C 1.95 1. 69 1.64 1.52 1.56 

N 2.12 1.83 2.35 

0 1.29 1.14 1.23 

F 1.73 2.10 1.95 

Na • 2.80 3.18 3.09 

Mg 2.00 1.94 2.02 
t:l 

cont'd •.....• 
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Aoki (cont'd) 

Energy (r46V) )r 2.85 2.70 2·55 2.38 2.2 

Al 2. 2·56 2. 2.45 2.66 

Si 2.25 2.43 2.88 2.25 2.29 

p 3·05 3·02 2-93 2·71 3·12 

S 2.68 2.66 2·50 2·52 2.03 

C1 2.84 2.66 2.67 

K 3·67 3.66 3.62 

Ti 2.00 2.11 1.85 

Cr 3·29 3.08 3·02 
! 

Iv.In 3·31 3·30 3.08 

Fe 2·9 2.84 3·02 2.64 2·55 I 

Ni 2.78 2.64 2.48 

Cu 2.68 2·71 2·59 2.61 2·50 

" Zn 2.72 2.74 2.62 

Ag 3·57 3·73 3·81 

Cd 3·75 4.14 4.03 

Sn 3.82 3.80 3·90 4.01 4.15 

Sb 4·50 4.62 4.71 4.70 4.80 

I 4.75 4·95 ~ .. 88 

Be. 6.51 6.89 6.69 

IV 5·94 6.10 5·77 

Hg 5·27 5· 4.75 

Pb 5·46 5·19 5.24 5.38 4.82 

Bi 6.01 '5.79 5.64 5· 5·35 
• 

1 
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.. 

• 

Bailey, Bennett, Bergetrahl, Nuckolls, Richards, .Vil11ams 

(Li + p, C12 + D, D + D neutrons) 

Neutron Energy at 

.35 Mev 3.15 

.46 3.15 

.72 2.49 

.97 2.40 

1.0 :': .1 2.38 

1.6 1.90 

2.0 1.63 

2.6 1.60 

2.85 1.57 

3·0 1.59 

3.25 1.69 

3·5 2.39 

3.75 2.43 

4.0 1.85 

4.25 2.16 

4·5 1.93 

4.75 1.60 

5·0 1.18 

5·5 1.07 

6.0 1.11 
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• 

Be 

B 

c 

0 

F 

Na 

Mg 

Al 

P 

S 

Ie 

Barscha11, Battat, Bright 

(Li + p neutrons, D + D neutrons) 

O't(barns) 
B11 B

10 
En Normal 

.2 3.5 3.4 4.1 

.6 2.4 2.2 3.5 

.8 1.8 1.6 2.6 

1.0 1.6 1·4 2·3 

1.2 2.0 2.2 1.5 

1.5 1.9 1.9 1.8 

3 1.6 1.6 1.1 

Fields, RU6sell,Sachs, Wattenberg (Photoneutron source) 

O't(barns) 

- - -

5 4.3 4.3 4.2 3.3 

5·5 4.9 4.1 4.3 

4.6 4.3 4.3 4.1 3·3 

3.6 3·5 4.1 3·0 3·5 

3·5 5.1 6.9 4.6 

5·1 3.9 4.2 3.8 5.9 

4.4 4.9 5·1 8.1 4.2 

.8 5·3 3.2 3.2 4.1 

3.8 3.1 3.1 3.2 3.1 

1.0 4.2 4.5 2·9 

r 
1.2 1.6 1.9 1.1 2.3 

-

3.1 

2.3 

2.9 

4.9 

4.1 

4.6 

3.4 

3·5 

3.5 

2.2 

2.1 

conttd . 
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.. 

• 

Fields, RUBse11, Sachs, Wattenberg (cont'd) 

Energy {Mev}~ .024 

Fe 2.2 

N1 2·3 

Cu 8 

Zn 9.9 

Ag 8 

Cd 6·9 

Sn 5.9 

Sb 6.3 

I 7.0 

W 13.8 

Pb 11.4 

Bi 12.1 

.13 .14 

4.1 3·9 

6.4 4.2 

6.2 5·9 

6.6 5.4 

8.1 8.1 

7.6 7.3 

6.4 6.4 

6.9 6.4 

6.6 6.5 

10. 9.4 

10.6 10.6 

10.2 9.7 
-

D H. Frisch 

(Li + p neutrons) 

O't(barne) on Carbon 

~eutron Ehergy 

.35 Mev 

·95 

.265 

.490 
--_. 
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.22 

3.3 

5.8 

5·3 

5.1 

7.8 

7·3 

6.3 

6.1 

6.1 

8.0 

8.6 

8.0 

! 

at 

4.63 

4.65 

3.85 

3.26 

.62 ·t53_ 

2.7 

3.7 3.5 

3.8 

4.7 4.3 

7·3 7.2 

7.1 

6.8 6.7 

5.7 6.4 

6.8 6.7 

7.8 7.7 

6.1 5.8 

5·9 



. 

• 

Good, Scharff -Goldhaber 

(B.<i·Th + Be. neutrons), 
Neutron Energy 0.9 Mev 

O't(barns) 

Be 2.82 b 

C 2.66 

.Al 3.39 

Cu 2.78 

Pb 6.83 

u 8.00 

Kikuchi and Aoki '* 
(D + D neutrons) 

Neutron energy 2.46 .Mev 

O't(barns) 

B 1.65 

C 1.5 

N 1.56 

0 1.41 

F 2·3 

Na 3·33 

Mg 1.89 

.Al 3.15 

81 2.95 

cont'd . . . . • . • . . 

'* The paper containing this data was unavailable. The results here are quoted 
from an artiole by C. G. Goodman to appear in Nucleonics. 
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K1kuch1 a.nd Aoki (cont' d) 

p 3.24 

s 2.38 

C1 2.78 

K 4.15 

Ca 3.85 

T1 1.73 

Cr· 3.38 

Mn 3.02 

Fe 3.20 

Co 2·59 

N1 2.66 

Cu 2.59 

Zn 2.68 

As 3.39 

Br 2.69 

Sr 4.14 

Ag 4.30 

Cd 4.07 

Sn 3.82 

Sb 4.81 

I 5.40 

13a 6.19 
.. 

W 6.21 
Hg ,.13 

l?b 5·25 

B1 6.30 
L-
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;. 

McPhail 

(D + D neutrons) 

ED.en'lV (Mev) -.- 2.60 2.6'5 2.57 2.49 2.41 2.31 

A1 

Mg 

c 

Na 

N 
...... 

2.48 2.94 2.94 2.18 2.19 2.49 

2.34 2.54 2.14 1.76 1.94 2.19 

1.57 1.45 1.38 1.38 1.39 1.41 

2.38 2·50 2.69 2.69 2.69 2.74 

1.25 1.28 1.39 1.27 1.22 1.33 
- - ~ 

Nuckolls, Bailey, Bennett, BergstrabJ., Ricb.a.rds and Williams 
12 

(Li + p, C + D, D + D neutrons) 

O't(barns) on ox;rgen 

Neutron Energy O't 

.35 Mev 4.80 

.• 46 3.61 

.72 2.01 

·97 . 5.06 

1.0.:1:. .1 3.86 

1.6 1.43 

2.0 .89 
2.6 1.09 

3.0 .96 

3·' 2.39 

4.0 2·90 

4., 1.83 
cent td • • • • • • • 

-45-



Nuckolls, Bailey, Bexmett, Bergstrahl, Richards and Williams (cont' d) 

Neutron Energy 

5.0 

5·5 

6.0 

R. Sherr 

O't 

1.66 

·96 

1.04. 

Neutron Energy 25 Mev 

(Li + D neutrons) 

. Element O't(barns) 

C 

0 

Al 

Cl 

Cu 

AS 

lIe; 

Zinn, Seeley and Cohen 

(D + D neutrons) 
O't(barns} 

1.29 

1.6 

1.85 

1.88 

2.50 

3.70 

5·25 

Energy (Mev) -,.. 2.85 . 2.46 

I B I 1.98 

C 

N 

1.97 

1.38 
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1.37 

1.40 

cont'd 



Zlnn, Seeley and Cohen (cont'd) 

Energy (Mev J ~ 2.85 2.46 

0 1.25 1.05 

We. 2·37 2.70 

Mg 2.25 

Al 2.34 2·99 

81 2.77 

8 3.12 2.77 

C1 3.42 

K 3.13 3.44 

. M:n 3.82 

Fe 3.15 

Cu 2.82 

Zn 3.28 

Se 4.05 

Mo 4.06 

8n 4.39 

Hg 5·34 

Pb 6.74 
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*' 

A. Wattenberg 

(Photoneutron Source) 

O't(barns) on carbon 

Neutron Energy 

.024 Mev 

.13 

.13 

.14 

.22 

.62 

.83 
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O't 

4.55 

4.3 

4.3 

4.3 

4 .. 1 

3.4 

2·9 



ABeT 

All 

BJ3BGJM 

.CG 

F 

FSS 

GEB 

GrS 

PD 

Sa 

SR 

So 

. Table 6 

References for Inelastic Scattering 

A:maldi, Bocciare11i, Caciapuoto, Trabacphi 

Allen and Hurst· 

Barschall, Ilattat, Bright" Graves, 
Jorgensen, and Manley , 

,C~llie and Griffiths 

Fe1d, B. T. 

Fe1d, Sca1ettar, and Szilard 

Gittings" Everhart and Barschall 

Graham and Seaborg 

Phillips and Davis 

Sagaue 

Salant and Ramsey 

Soltau 

49-

Nuovo CtmentoJ" 203, 
1946. 

Proc. Pbys. Soc. London" 
~,_501, 1940. . 

Pbys • Rev. ,lg" 881,1947 

. Proe • Roy. Soe .: London, 
~ 434 (1936) 

Phys. Rev. 12" 1115, 
+949. 

Phys. Rev. 1!1 464A, 
1947. 

phis. Rev. 12" 1610L, 
1949· . 

Phys. Rev. .2J.., 795, 
1938. 

Unpublished. 

Phys. Rev. 2J,' 492" 
1938. 

Phys. Rev. 21, 1075A" 
1940. '. 

Nature, 1938. 



C. Inelastic Scatt~r1Aa Cross-sections (For table of references see Table 6) 

The neutrons emitted in inelastic scattering processes have been observed 

by means of two types of threshold detectors (1) radioactive and (2) recoil. 

In the radioactive threshold detectors neutron reactions, which require at 

least a minimum neutron energy, called the threshold energy Etl are utilized 

to detect neutrons with energies greater than Et. Recoil detectors ~mploy 

the effects of the recoil particles, .. usu.aJ..J..y protons. In the experiments of 

BBBG-JM the ionization of the recoil protons ~.ra;s : mee.sured; the instrument was 

biased so that recoils with at least a certain energy were measttred. In recent 

work by a Los Alamos group (to be" published in Rev. Sci. Inst.) photographic 

plates are used as detectors of the recoil particles. The radioactive detectors 

have the advantage of operational ease, but the disadvantage of a very gradual 

approach of the sensitivity to maximum value, and its irregular behavior once 

the maximtun sensitivity is achieved. The ionization recoil detector has the 

advantage of flexibility with regard to energy threshold, and a better deter-

mination of Et. The disadvantages lie mostly in the low intensity resulting 

from the necessary collimation, and some uncertainty in the value of Et. The 

photographic film recoil detector overcomes most of these disadvantages and 

should prove very' useful in the energy range above sa;y 5 Mev. :Below this the 

ionization recoil detector ,dll probably be most useful ~ 

The various radioactive threshold detectors employed in the measurement of 

inelastic scattering together with a nominal threshold energy and the radioactive 

half life are given in Table 7 below. Immediately below this, in Table 8, we 

quote the theoretical results of FSS on the energy sensitivity of· some of the 

detectors. As mentioned earlier there is.1iI- gradual approach of radioa.cti ve de-

tectors to their full sensitivity as the neutron energy is increased. The nominal 

threshold employed in Table 1 is placed approximately at the energy at which the 

yield 1s 500/0 of the me.:ximum. 
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Detector 

C12 

A127 

A127 

8;[.28 

p3l 

p3l 

S32 

Fe56 

Cu~3 

AglO7 

Detector 

A127 (n,p)Mg27 

AJ.27(n,a) Na24 

28( .) .28 Si n,p Al 

p3l (n,?p)S:i.3l 

p31(n,O:)Al28 

Table 7 

Reaction Half Life 
Nominal' 

Threshold 

C12(n,2n)Cll 
20.5 m 

Al?7(n,p)Mg27 10.2 m 

Al27(n,a):Na24 14.8 h 

Si28(n,p)A128 2.4 m 

p3l (n,p)s.i3l 170.0 m 

p3l (u,a)AJ.28 . 2~4 m 

S32(n,p)p32 14.3 d 

F5,6(n,p)Mn56 2.6 h 

Cu63(n,2n)eu62 10.5 m 

AglO7(n,2n)AglO6 24.5 m 

Table 8 

Threshold 

1.95 Mev 

2.39 

2.6$1 

1.02 

·90 
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20.4 Mev 

4.5 

9· 

5· 

4. 

8·5 

4. 

7. 

12. 

5· 

Energy for Which 
yield is 10% of 

maximum 

3.6 Mev 

7·5 

4·5 

2·9 

6.6 

Reference 

S 

FSS 

FSS 

FSS 

FSS 

FSS 

FSS, GrS 

Sa 

BE 

Sal GrB 

Energy for which 
;yield is 5O~ of 

maximum 

4.6 Mev 

9·1 

5·5 

3·9 I 

.1 

8.3 
I 



Table 9 

Inelastic Cross-sections Obtained \-lith Radioactive Thresholo. 
Detectors 

Neutron Energy 14 Mev (detector Cu(n,2n» 

Element Observed C1 Theory Reference 

Al .90 b .93 b ABCT 
1.06 PD 
1.25 So 

Fe 1.45 1.3 ABCT· 
1.43 PD 
1.25 So 

C't~ 1.5 1.25 So 

Ag 1.7 1.8 So 
, 

Cd 1.89 1.9 PD 

Sn 1.8 2.0 So 

.Au 2·51 2.2 PD 

Hg 2.47 2·5 ABeT 

:l3i 2.56 2.3 PD 
2.7 So 

Ph 2.22 2.3 ABeT 
2.29 GEB 
2.56 PD 
2·7 So 

Table 10 

(Ra~Beneutrons) (Detecto:r:, Fe56(n,p)Mn56) 
El ,t Observed C1 Th Bef 

Al ·93 .± .13b .9 b OrB 

Zn 1.54 ± .15 1.33 GrB 

Sb 1..79 + .23 1.93 C·rS - . 

:131 2.32 ± .20 2.2 GrS 

Ph 2.13 .± .24 2.1 GrS 

-52-
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The experimental values for the total inelastic cross-section are given in 

Table 9 together 'With t;he theoretical predictions., In Table 10 measurements of 

Graham and Seaborg utilizing a (Ba-Be) source are given together "rith theoretical 

prenictions. The theoretical values Biven in these 't"lO"tables' (9a.ndlO),are' 

computed on the assumption that inelastic and other absorption}?rocesses are 

dominant for the energies involved. In the Graham-Seaborg date ,,1e have employed 

average values :for O'c above 7 Mev lmich are in error by at most 10'/;. The com­

parison with theory and 6..1:periment is excellent. On the lrhole the experimental 

values obtained by So seem high relative to those of ABeT, GrEB a,nd GrS. \{e 

suspect that only the first figt~e of Soltan's data is significant. 

Some of the elements listed in Table 9 haYe been measu.red 'With other radio ... 

active threshold detectors of 10ller: Et. In principle, this lrould yield some 

inf'ormatj,on 1-nth regard to the energy distribution of the emerging neutrons. 

Similar dataare available for Table 10 but because of the broad enermr spread of 

the incident neutrons it is very difficult to obtain equivalent information. Un-

fortunately the data are poor so that not much can be said. Qualitatively, ho't'Tever, 

one may safely say that it is probable for hic.;h enerr;y neutrons to lose a ereat 

deal of their energy upon their first inelastic collision so that the enerBY' 

dietrib'l.lt1on of the emerging neutrons has a maximum j,n the 1011 enere;y region. 

The, results obtained by So, OrS, GEB have been tabulated in Tables 11 and 12 

below for the sake of completeness, 

31( ) .31 ~er1mentB employing P n,P S;l, detector and D-D nel~trona at 3.25 Mev 

have been performed by Allen and Hurst. Examination of Table 7 81vine the 

cb~f\c~er1Btics of this ,dGtector reveals that these, "au1;i1;lors 'tvort;'j "'rorl"J.ng ;tn , 

an enere;r region for which the detector "laS relatively im:ens1tive, thus malt1~ 

it probable that serious background difficulties developed. The values e;j.ron 
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Table 11 

Inelastic Cross-sections w1thRadioactive Threshold Detectors ldth 
. Relatively Small Et. Neutron Energy 14 Mev 

Detector a) A127(n,p)Mg27 

107 106 
b) • Ag (n,2n)Ag 

Element Detector a Detector b Reference 

.Al. 1 barn. 1.1 barn So 

Fe 1.6 1.6 So 

Cu 1.8 1.1 So 

Zn 1.8 1.6 So 

Ag' 2.1 2.2 So 

an 1.8 2.0 So 

Ph 2.2 GEB 
2.1 2.7 So 

Bi 2·5 2·5 So 

Table 12 

Inelastic Cross-sections with Radioactive Threshold Detectors with 
Relatively Small Rt. Neutron Energy 14 hlev 

Ra-Be neutron source. 

Detector a) AJ. 21 (n, p )J.1g 21 

b) Bi28(n,p)AJ.28 

Element Detector a Detect.or b 

Ie .42 barns 

Al .18· 

eu 1.3 

Zn 1.59 

Cd 1.5 1.0 barns 

Sn. 1.11 
1.4 
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GrB 

GrB 

CG 

'CG 

CG 

GrS 
eG 
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-. 

Table 12 (cont'd) 

~ .. -... _.,.,.. .... 'W'.'W"._ . ___ ..... _._--- .. -

Sb 1.76 GrS 

Ph 1.97 OrS 
1.8 1.4 CG 

Bi 1.98 OrB 
1.3 CG 

-_._ .......... _--

by Allen and Hurst are ml.l.ch too large. The-y- are considcrebly larger than 

(1) those obtained by BBl3GJU at ap:prmriw..ate1y the same energy, (2) the inelast.ic 

cross-sections obte.ined a,t hiGher energios al1d (3) the crcsD-sections el::pect.eo. 

theoretically'. 

gydrogen filled recoil 'chresho1d detectors have been employed by Barachell 

et a1 (BBBG~4) to determine inelastic scattering cross-sections and the energy 

distribution of the emitted neutrons for incident neu.trol1s, .1.5 Mev (Li -1- P source) 

and 3.0 Mev (D+D source). These experiments required. correcti01llS for multiple 

scattering. These corrections have been applied to Fe, ~J, Pb only. In the 

tables be1m., vTe list all elements measured together with these for Fe, W, Fb, 

for which we list both the corrected and uncorrected value so that some idea 

as to the order of magn1tuo.e of the correct~on may be obtained. The former is 

uno.erlined. The value of' E;; corresponding to each bias voltage was taken from 

Feld. The elements Fe, W, Ph id11 be discussect in. detail later :in this report. 

The main conclusions are: (1) W and ?b obey the etatistica1 theory; in H prac-

tica11y from zero excitation enere;y; in Pb from above 1 Mev; (2) experimente,l 

results for Fe do not agree ,·11th theoretical results employing the level scheme 

56 56 
for Fe obtained from the radioaotive decay of MIl ; (3) the me,gnitude of the 

cross-sections is considerably larger than theory predicts. Thds d1scr~pancy 
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Tab!~~ 

Cross-sections for the Inelastic Scattering of l~2-Mev~~Etr~~ to 
Energies Less than the Threshold Energies * 

Element Threshold Ener~ies ._-
~ 

.40 :Mev .90 1·1ev _ 1.30 Mev --
Fe 0 barns .6 barns 

7t 
Ni 0 .1 .6 barns 

Co 0 .2 .8 

Cu ·3 .6 ·9 

Ta 1.4 2.0 2.7 

lv 1 2.1 
i76 

Ph 0 .4 
:4 

* All values quoted have not been corrected except those underlined. 

3.0 ~ev neutrons incident 

Element Threshold Ener£ies - . 0- -
- . 95 Mev 1.5 Mev 2 • ..??_MeX 

Fe .:1 barns ..:1. barns 1.1 barns 
·5 1.0 1.4 

Cu .6 1.3 1.5 

Au 2.1 2.8 3.0 

w 1.4 2.4 2.8 
1.8 2·5 2.8 

Ph .!l 1.2 1.6 
.7 1.2 1-:1) 

--
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is especially marked. in tungsten. In vievT of the rather nice agreement of 

theory and crt in this energy range, it would seem that the experime~tal values 0 

are suspect. other qualitative conclusions which we may obtain fram the table 

include (1) Ta and Au have 10v1 lying excited levels and probably conform to 

statistical theory and (2) the light elements Ni, Co, Cu, :have but a fei-T levels 

in this energy region. We may expect that Ni and Co have no excited levels 

below .4 Mev w·hile Cu has one. 

In summal""lJ, inelastic scattering cross-sections are a.vailable for several 

elements for 14 Mev and Ra.-Be neutrons. Some idea 8.S to the energy distribution 

of the emitted neutrons may be obtained. This will not be very accurate. HOvTever, 

one may make the qualitative statement that the peak in energy distribution occurs 

at relatively low energies. Inelastic scattering has also been observed for 

3 Mev and 1.5 Mev neutrons. M11ltiple scattering corrections have been made for 

Fe, W, and Pb but not for the other few measured elements. These experiments 

are difficult to perform and difficult to evaluate. It would be stretching a 

point to put too much reliance on the final results. Since these are the only 

data in the Mev region, it would be extremely valuable if ~lrther experiments 

were performed. 

D. :!'ransport .. .Qross-t?ectiol'l.: 

Transport cross-sections bave been measvxed by BBBGJM for incident neutrons 

with energies of .2, .6, 1.5 and 3 Mev. We tabulate beloioT those cases for 'Thieh 

the multiple scattering corrections have been made. Theoretical estimates based 

on non-resonance theory are given. 
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Table 14 

Transport Cross-sections 

Neutron Energy .2 Mev .6 Mev l.t: Mev . 3 Mev 
Element obs. theo. obs. theo. obs. theo. obs. theo. 

:Be 3.4b 1.8b 1.4b 1.4b 

]310 
3·9 2.1 

:Bll 2.1 2.0 2.2 1.5 

C 2.8 2.1 1.8 1.6 

Al. 3·0 2.4 1.7 1.8 1.4b 1·5b 

Fe 3b 3.4b 2.0 2.4 2.2 1.8 2.0 1.5 

Pb 1 6.1 3.4 4.5 3.4 3·7 3.8 3.2 

w 6 6.4 4.7 4.7 4.7 3 .. 8 4 .• 1 3·4 

Au 6.4 5·9 

Agreement with the non-resons.nce theqry is relatively good consider1De tbat in 

this energy region it holds only on the average. 

These are the only measurements made of transport cross-sections although 

some of the. experiments performed by the Japanese may be evaluated to obtain O'tr' 

These, however, have not been oorrected for inelastic scattering. 

E.. Particular Elements 

1. :Boron 

The most recent measurements on neutron transmission through boron have 

been made by Barschall, :Battat and Bright (Phys. Rev. 70, 458, 1946) and Fields, 

Russell, Sachs, Wattenberg (Ph;ys. Rev. 71, 508, 1947). The former used a L1(p,n) 

source and measured the cross-sections up to 1. 5 Mev for both natural and enriched 
10 11 

boronp so that O't for both B (abundance, .184) and B (abtmdance, .816) are 
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known. They also obtained one point at 3 Mev with a D-D source. We have plotted 

these results in Figs. 20 and 21. FRSW employ photoneutron sources. Unfortunately 

their data disagree with EBB. For example, at .8 Mev BBB obtain at = 1.8 b, while 

FRSW obtain at = 2.3 b at .83 Mev. Pre-war measurements have been made by Aoki 

(Proc. Phys. Math. Soc. of Japan, 21, 232, 1939) by Kikuchi and Aoki (Proc. Phys. 

Math. Soc. of Japan, 21, 75, 1939) and Zinn, Seeley and Cohen (Phys. Rev. 22, 
260,1939) with neutrons from the D-D reaction. Aoki data are given earlier in 

this report. Kikuchi and Aoki obtain at = 1.65 b at E = 2.5 Mev; Zinn, Seeley 

and Cohen obtain 1.98 b at 2.88 Mev, while Aoki finds 2.4 b at 2.5 Mev and 2 b 

at 2.8 Mev. It is clear that the data are not consistent. The differenaes 

may be in part caused by voltage calibration errors. They may also indicate 

resonances in the 1.5 - 3 Mev region which would have been missed by BBB. A 

resonance at 1.85 Mev is indicated by their data and also shows up in the cross­

section for the (n~) reaction on B10 as obtained by Bailey et al quoted by 

Goldsmith, Ibser and Feld. It is clear that more measurements in the fast 

neutron energy region are needed. 

We have compared the experimental data with the predictions of the non­

resonance theory with the experiment of ABCT who give at = 1.16 b at E = 14 Mev. 

The comparison indicates that this is the proper radius in this energy range 

as well and permits the extrapolation indicated in the figures. The theory 

has also been compared with the measured (n,a) cross-section for B10. The 

effect of the Coulomb field on the a particle was neglected and the widths 

involved were computed via equations,(28a) and (27a) of the text (with, 

of ,course, the necessary changes for the mass of the a particle). The 

agreement is excellent permitting the extrapolation of this cross-section as well 
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.. 

as the prediction of the inelastic cross-seetion for both 1310 and 1311, and,the 

11 (n,a) reaction on 13 which has a threshold at 6.66 Mev. (Hornyak and Lau:r~tsen, 

Bev. Mod. Pby's." 20, 191, 1948). Lauritsen (Pre1. Rep. No.5, Div. Math.~a:iid Pby's. 

Sciences, NRC) has tabul.ated the knOw. levels in 1310 and 1311 permitting the estimate 

of D, the average level separation. For:alO, D = .7 Mev, Eo = .411 Mev while for 
11 - ,-

13 , D = 2.2 Mev and Eo = 2.1 Mev. Eo is the energy of the first excited level 

above'the ground sta.te. The figures give the resul.ts up to E = 4.8 Mev. The non­

resonance theor;r predictions are given in the table below for two energies a.bove 

this one. 

Bl~ Bll natural 13 
E Vi at ain a(n,a) ain a(n,a) ain a(n,a) 

7.0 2.64 1.33b .27b ·32b .25b .07b .25b .12b 

15·7 3.96 1.15 .38 .165 ~18 .16 .22 .16 

We have not given the energy distribution of the :!.nela.stically scattered neutrons. 

This may be obtained from (3la). 

a) Transport Cross-section. The transport cross-section including a.bsorpt1on 

10 11 has been measured for Band B by the Los Alamos group (BBBGJM). The results are: 

Element Neutron-I1hergy 
.6 Mev 1.5 Mev 

1310 3.9 b 2.1 b 

13
11 2.1 2.2 

2. Iron 

a) Total Cross-section (See Fig. 16). The recent meaS\1rements of :BBS are in .. 
excellent agreement with those of FRSW. Barschall's experiments below 500 k.e,v • 
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employed neutrons whose energy spread was 20 k.e.v. permitting the discovery of 

the resonances and close level spacing (60 k.e.v.) in that 'energy region. The 

width of the resonance at 30 k.e.v. is mostly due to the spread in energy of the 

incident neutrons; the corrected maximtun cross-section is eBti~mated to be 65 b. 

Above 200 k. e. v.} Barscball et al utilized neutrons vrith an energy spread of 100 

k.e.v.} thus smoothing out the dependence of the cross-section on energy. It is 

expected that the resonances exhibited belm. 500 k. e. v. continue above that energy. 

The non-resonance region is estimated to start at about 4 to 5 Mev. The data below 

l.~ Mev are consistent with the average as predicted by the non-resonance theory 

if a radius of 4.6 x 10-13 cm is employed. The data bet'VTeen 2 8..."ld 3 Mev, taken 

i-Tith D-D neutrons, fall somewhat above the theoretical curve. The only other 

datum is given by Amaldi et al who measure ~tot = 2.75 b for neutrons of 14 Mev 

" 6 -~ energy. This requires a radius of 5. x 10 cm_ This energy dependence of the 

nuclear radius is not inconsistent 'Vdth theoretical expectations. Note that the 

values obtained by Aoki at 2 - 3 Mev and by .A.maldl et al !:l.re the same, so that it 

would be consistent vdth the data to assume a constant cross-section of 2.75 b 

for Fe for neutron energies from 2 Mev to 14 Mev. 

b) Tra!l..sport Cross-se!?tion (See Fig. 17). The experimental results which have 

been obtained by the Los Alamos group are plotted in Fig. 17iV'here they are 

compared with the average computed from non-resonance theory utiHzing" the radius 

of 4.6 x 10-13 cm determined by the experimentc~l values of at- The theory and 

experiment are in substantial agreement. Actually one would expect the atr de-

pendence to roughly parallel that of atot so that more precise measure~ents would 

show many resonances. The rather large deviation from the average curve at 3 Mev 

may be caused by a resonance; however, if Aoki's results are taken at face value, 

the deviation is probably experimental error. Note that the. theoretical transport 

cross-section even at 9 Mev, atr/(~2) = 1.9, is still very much larger than the 

as,rmptotic value of 1. 
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c) Inelastic Cross-section. The inelastic cross-section at 14 Mev has been 

measured by Amaldi et 13.1, and by Phillips and Davis s.t Los Alamos. They obts,in . 

1.43 b and 1.45 b respectively. The theory ass1..uning Gin ~ 0'0 elld R = 5.6 x 10-13 

em gives Gin = 1.3 b. 

Measurements have also been made by the Los Alamos group at 3 Hev and 1. 5 

Mev and are presented in the table belov1: 

Incident Th:reshold Cross-section for Inelastic mereies of the 
Neutron Energy Scatterine of Neutrons to Em.::i.tted 
Energy Energies Less Th,!:'Jl the Thres- Neutrons 

hold Energy 

1.5 Mev .40 Mev o b ---
·90 .6 -55 Mev 

... ----- ,...------- ----------------~ ---------
3·0 .75 . ·3 .4 

1·50 .7 .9, .4 

2.25 1.0 2 .. 15, .. 9} .4 

Feld has pointed out (Phya. Rev. ~ 1115, 1949) the qualitative behavior of 

these results :may be und,eratood in terms of excited level.e of Fe at .85, 2.1, 

2.6 Mev, whioh have been o'be,erved by Deutsch et 0.1. The consequent energies of 

the neutron groupe included in each measurement are Siven in the fmlrth eOl\uml 

of the table. If theee are assumed to 'be the onl~ excited levele of Fe, one m\tst 

oonOlude that the em1s~1on of eaoh of the three poma1ble groupe oocurs with about 

eQ.\\e,J. probability. This 1e not in asreament. ,d th eet1ne. tee 'ba.sed on the average 

results d:l.scusaed in Section II of thie report. Thera it :h ~et:bne..tad that thft 

relative weisht of each neutron e;roup 1£1 proportional. to its enereY. The total 

'\, 
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inelastic cross-section of 1.1 b at 3 Mev is large,for the predicted Gc is 1.06 b, 

and one ~ expect appreciable incoherent scattering at these energies. This 

deviation is precisely the one noted for atr above. A similar situation prevails 

at 1.5 Mev; the theoretical Gc is found to be 1.26 b. To obtain the experimental 

results at this energy it would be necessary to assume equal probability for the 

emission of neutrons of 1.5 Mev and of .55 Mev. 

3. Tungsten 

a) Total Cross-section (See Fig. 18 ). Barschall et al have measured the total 

cross-section of W for neutrons up to neutron energies of 1.4 Mev. FRSW have made 

measu:rements at energies below 1 Mev. In the D-D neutron energy range, we have 

the measurements of Aoki, a..'rld Kikuchi and Aoki. The experimental data agree very 

well with the theoretical curve computed from non-resonance theory vihen a radius 

-13 . R = 7.8 x 10 is employed. There are not any strong resonances present; indeed 

on a statistical model, the non-resonance behavior is expected to be dominant at 

an energy somewhe.t greater than .3 Mev. 

b) Transport Cross-sect.ion (See Fig. 19),. The experimental values obtained by 

the Los Alamos group agree fairly well with the non-resonance theory curve employ­

-13 ing R = 7.8 x 10 em. Th.e experimental values do exceed the predicted values at 

three of the foU"r energies and by a particularly large amount at 1.5 Mev. This 

last deviation must be considered excessive inaamuch as there do not se~m to be 

~~y resonances present in this energy region. 

c) Inelastic Scattering. Th.e only measurements of inelastic scattering of tungsten 

are those performed by the Los Alamos group quoted below: 

(over) 
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Incident Neutron Threshold Cross-section for Inelastic 
Energy Energy Scattering of Neutrons to 

Energies Less Than Threshold 
. Enersrr 

1..5 Mev .40 Mev .9 b 

·90 2.1 

3·0 .75 1..4 

1.·50 2.4 

2.25 2.8 

Experimental evidence indicates that the distance between levels in tungsten is 

small and suggest using the statistical method. In agreement with Feld we find 

that 
D - ., Ir."llE "....,; e V'1"VJ:I 

Using this level distance and assuming 2.8 b for the threshold energy of 2.25 Mev, 

we find 

--~ .. 
Threshold Cl'exp a( predicted) I 
Enerror 

2.25 Mev 2.8 b 

1.5 2.4 2.58 b 

.75 1.4 1..55 . 

3.0 2.82 

In the 1.5 Mev case; ass~e 2.1 b for threshold energy of .90 Mev with the . . 

foliowing results: 

Threshold aexp a( predi cted) 
Energy 

.90 Mev 2.1 b 

.40 ·9 l.Ob 

1.5 2.33 
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The predicted values of the total inelastic cross-section are not in agreement 

with the. non-resonance theory, for empIoying.H = 7.8 x 10-13 em it yields 2.1 and, 

2.0 b for 3 and 1.5 Mev respectively. Again, in view of the absence of resonances 

in this region, the difference between experiment and theory seems excessive. 

4. Lead -
a) Total Cross-section (See Fie;. 14). The measurements of Barsehall, Bockelman, 

and Seagondollar, Fields, Russell, Sachs and Wattenberg, and Bretscher and .r:iurrall . 

(quoted in Goldsmith, Thaer and Feld) are in remo.."t"kably good agreement. Several 

D-D neutron measurements aTe given, and at 14 Mev AmaId! et al find at = 5.05 b. 

From the non-resonance theory the craBs-section at 14 Mev yields R = 7.8 x 10-13 em. 

This va1ue of R is used in calculating the theoretical curve in the energy region 

up to 3 Mev. -13 A slightly smaller R, 7.5 x 10 ,vlOuld yield much better 8.c.,"Teement 

,dth theory and experimen'c in this energy region. \-1e note tl1..at l3arschall et a1 

uaed fine resolutions belovT 500 k.e.v. only. Scattering resonances 'With the 

typical min1:ma seem to be present at E ........,.33 Mev and E,........ 5 k. e . v. 

b) TransEort Cro~s-secti9F (RAe Fig. 15). The transport cross-sections as 

measured~ .. by the Los AlElJI10S group are in excellent e.greement in th theory if a 

-13 radiua of 7..8 x 10 em is em:ployed. If, hOvTever, the somewhat smaller radius 

indicated by at behavior (see above) is used, the experimental points would be 

found to be systematically above the theoretical curve. 

c) Inelastic Scatterins_ At 14. IvJev, Amaldi et al report O'in = 2.22 b, Gittings, 

Barscha~l, and Everhart report a1n = 2.29 b, while Phillips and Davis obtain 2.56 b. 

Theo~with R = 7.8 x 10-13 required to match 14 Mev 0' t of Amaldi yield~ 2.2 b. to . 

Gittings et al employed an Al(n,p) detector as well as the Cu(n,2n). TheBe have 

nominal thresholds at 4.5 and 11 Mev respectively. With Al detector, they obtain 

2.22 b, a rather small change. Ass1..m.dng· statistical theory this yields some informa.-

-1 
tion about flat' in the formula for level density. 1j.je find that a ~ 20(Mev) if the 
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aluminum threshold is taken as 4.5 Mev. 
-1 

If a~ l5(Mev) ,it is neoessary to 

raise the effeotive threshold to 7 Mev. 

Inelastio soattering experiments have also been made at lower, energies by 
• 

the Los Alamos group. 

Incident CroBs-section for Inelastic 
Neutron Threshold Scattering of Neutrons to 
Energy Energy Energies Less Than the Thres-

hold Enere:v 

1.5 Mfv .40 Mev Ob 

·90 .4 

-------- --------_ ........ --... - - -----------------
3.0 .75 .7 

1.50 1.2 

2.25 1.6 
---------

The results indicate that neutrons with energies between 2.25 and 1.5 Mev 

are somewhat less, important than the neutrons with energiee between 1. 5 and .75 

Mev, and that this latter grO'tlP of neutrons is somewhat lees important than the 

n:eutrons with energies between. 75 and zero. This implies an increasing density 

of levels as ,expected. The following guess as to levels, etc., leads to the 

correot total oross-seotion as well as eneroy dist:ribut.ion of the emitted neutrons. 

Let there be no levels between 0 and .75 Mev inasmuoh as Pb should behave like a, 

light nucleus and beoa.use of some slight e:r.pe:rimontal evidence to this effect_ 

Let there be one level between. 75 a:n,d 1., Mev with a weight of 2 correBpondin~ 

to a level at 1 Mev. Let there be :3 levalo 'bet,ween 1.; and 2.2; Mev correspond1n/7: 

to em average enerSJl' of e Mev end thus having e. total. w~,sht of :3 and between 2.2; 8,n.d, 

3 let there be 9 levels having an averase enerBY' of 2.6 Mev and thus & total we:l.Sht 

of 3.6. ~ oross-section for the formation of the eampO'tlnd nucleus ag is 2.1~ b, so 
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that the predicted cross-sections for this model are 1.62 b, 1.24 b, and .63 b. 

The predicted croBs-section at 1.5 Mev for a threshold of .9 Mev is .5 b. The 

level scheme is not as UllI'easonable as might, first appear for it agrees '!tlith an 

-V20E 
average spacing D /V e predicted from the 14 Mev experimentg discussed 

above. It suggests that the magic number character of 1ea(l. is no longer in evi-

dence once sufficient excitation energy is available. Ii. level scheme .in which 

D does not decrease 80 rapidly is employed by Feln who asstunes that only Q = 0 

neutrons participate in these reactions. However this implies a rather rigid 

selection rule for these relatively large '~lues of x. 

A,dditional Note About the Curves 

The curves of total cross sections for the elements 0, C, l.\tTg, Si, 

S, (figures 22 to 29), were obtained from the Minnesota group under Prof. Willia..'1ls, 

after the main body of this rEport had been prepared. 
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FIG. 1. The total cross section of sulfur as a function of neutron energy. 

The circles represent data taken at an angle of 1150 with respect to the 
protons incident on the Li target. Other symbols show data taken in the 
forward direction. The height of the symbols is a measure of the statistical 
errOr . 
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