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FAST NEUTRON DATA
H. Feshbach

I. INTRODUCTION

The analysis of shields depends upon accurate neutron data describing the
interaction of neutrons with matter. This report is concerned with “fast" neutrons,
i.e. neutrons whose energy lies between say 200 k.e.v. and geveral million electron
volta. It includes a compilation and discussion of the available data on substanceg
of interest for the shielding problem. The results of & schematic treatment of the
behavior of neutron cross-sections wifh energy is given and thus provides a method
for analyzing the available data and for interpolating and extrapolating for those
energy ranges and suvbstances for which data ig not available.(l) It should be
emphasized that the theory is rather crude and can hardly be expected to yleld a
deteiled explanation of neutron reactions but rather provides a method for meking
educated guesses. |

In addition to the introduction the report consists of three gections. In
Section IIA the behavior of neutron cross-sections in the resonance region 1s
discussed. Resonances with fast neutrons are of particular interest for the low
mess nunber shield constituents, as well as for the "magic number” nuclei, such as
Pb, which with respect to their interactions with neutrons behave like light elements.
Section IIB considers neutron resctions in the non-resonance region, 1.e. in the
energy region where the energy levels lie so close‘together and their widths are
go large that the erratic ups and dowms characteristic of the resonance region are
replaced by a smooth, slowly-varying dependence of cross;section on energy. For-

tunately the thecries for these two energy regions join irn the sense that (1), the

(1) The theory employed here is taken largely from Feshbach, Peaslee and Weissgkopf,
P.R. 71, 145, (1947) and from Feshbach and Weisskopf (in press), and Blett end
Weisskopf (book in preparation). Additional important references are Bethe,
Rev. of Mod. Phys. 9, 69, (1937); Wigner, P.R. 70, 15, (1946)



limit of resonance theory as the dengity of levels increases is the non-resonance
theory and (2), the average of the results of resonance theory over many energy
levels yields the non-resonance theory. In Section III,.tbe pature of the experi-
mental method for each type of measured cross-section is examined. The available
data for each element are discussed snd then extrapolated to £ill in energy regions
in which experiments have not been made.

The cross-sections of interest are listed and discuesed below.

A. Total Cross~section Oy

This is the cross-section determining the attenuation of meuvtrons through
matter.

B. Elastic Scattering Cross-section LR

Oo1 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 scattiering and the angular
distribupion will be discussed, the symbol oel(e) will be employed for the latter.

C. Inelestic Scettering Cross-sestion Oin

This cross-sectlon gives the probability that a neutron will excite the target
nucleus, the acattered neutron thus having less energy than the incident 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,
vhere the energy los: goes into the kinetic energy of the térget nucleus. In
inelastic scattering, the residual nucleus being left in an excited state, emits
7-rays which must Pe included in any discussion of y-ray attenuation given by a

shield.



D. Activation Cross-section Oac

Tow energy neutrons are frequently absorbed, y-rays being émiﬁted in the
process. The process is referred to as the (n,7) reaction. Achivation cross-
gections are very small in the fast neutron region. We are, however, interested
in the emitted y-rays which are relevant to the y-ray attenuation phase of the
shielding problem. Tie residual opucleus is usually radioactive.

E. Absorption Cross-section %oh

Ogh is the cross-section for the conversion of the incident nreutrons into
emergent éarticles vhich cannot interfere with the incident neutron beam. This
occurs because some quantum number of the incident particle such as charge, mags,
energy, angular momentum, has been changed by the interaction with the target
nucleus. For thermal necutrons on heavy elements, y-ray emission is much favored
over neutron emission. Then o,y ~ Ty,

F. Cross-section for Formation of the Compound FNucleus O

This is a measure of the probebility that a neutron will enter a nucleus.
and merge with it to form a compournd nmucleus. When the compound nucleus decays
into the residual nucleus plus emergent particles by principally one route, the
cross-sectlion o, and the cross-section for this particular event are equal. For
example, for thermal neutrons y-ray emission is dominant so that

C’/’cr_\_/ﬂac .
In the high energy region, i.e. energies greater than the first excited level of

the target nucleus, formation of the compound nucleus almost always results in

neutron emission, with leoss of energy. Hence here

o ~ Oipn &~ gy



For light elements and relatively low energies elastic scattering dominates so that

here
(0gp = Ogc) Koy 5

Onp # O, because of resonance elastic scattering.

G. Transport Cross-section o, R

Therelastic scattering cross-eeqtion includes some very small angle scattering.
The relative value of such scattering in attenuation is very small indeed since the
neutrons move in a nearly forward direction. For high energy neutrons small angle
scattering constitutes an importent fraction of og;. A more reelistic estimate of

the directiqn changing power of muclel is provided by Oipt

b

Oty = Tg]1 + Oip - 21 | 0e1(0)cos6 sind a6
0
which clearly minimizes small angle scattering.
The transport cross-section weights the differential crossfsectiqh 0.1(0) im
a way which is appropriate for applications in diffusion theory. It is not clear,
however, that the weighting ig the begt possible fpr applications in shielding

studies. It may be of value in the future to obtain o,3(6) in detail and to con-

gtruct other weighted averages.



II. THEORY

The non-resonance theory, as far as it goes, involves only two parameters; the
regonance theory requires others in addition. The parameters in common are the

nuclear radius R and the average wave number K., inside the nucleus of the particle

whose totael energy is zero. (The zero of energy is taken to be infinitely far
awey from the target nucleus.) Although both R and X, vary with energy, it is
assumed that the variation is slow. In the present report K, is placed equal to
l.2 x 1013 cm;l. The nuclear radius R is detefmined by comparison of the non-
resonance theory with experiment. It may be expected to fluctuate by as much as
lO-13 cm about the mean for a given element. Table I gives the nuclear radiil
evaeluated in this fashion, together with the energy region in which the determining

experiment weas made.

A. Resonance Theory

A description of the resonance energy region requires (a) the behavior of the
various cross-gsections 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 o represents the quantum numbers associated with the initial state such as the
spin of the target nucleus TH, the spin of the incident neutron 1/2'5, ete., end

! the quantum numbers asgociated with the finel state, then the crosg-section o

o,a!
Tor the formation of state ' from state &@ is:
2F + 1,2 Mo My
= . l
%a,a' = Bt ¥ 1) N (1)

(E'Eo)2 + r?/h



TABLE I

*NUCLEAR RADII

Element R x 1023 om Tncident Neutron Energy in Mev
Be 2.k 1k
B 3.k )1
c - 3.8 25 o
0 L.3 25, .2 to 1% O
Mg h.5 14
Al k.6 1, 25
8 L1 1, 25
c1 h.7 25
Fe 5.6 1k
4.6 2 to 1.5
Ni Y.6 2 to 1.5
Cu 5.5 25
Zn 5.9 1
- - m SO
Ag 6.8 1
£.9 25 .
7.5 .2 to 1.5
ca 7.2 1k
Sn 7.4 14
Au 7.5 14
W 7.8 .2 to 1.5
Hg 8.3 14
Ta 8.4 25
8.5 .2 to 1.5
Pb- 7.8 14, .2 to 1.5
Bi 7.9 1, .2 to 1.5
Zr 7.8

.2 to 1.5

-10-



where % = neutron wavelength/2x, 1/X = k; J¥ = total angular momentum of

the lew_rel of the compound nucleus involved in the resonance; E

o = resonance

energy. [ys [y are called "widths", [ the total width. A relation between
[ end [ exists: o _
re2 . (2)
From expression (1) it is possible to obtain the absorption cross;section

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

in state J from state ¢. The definition of oy, from state @ is

%b = grg ‘o0
a'$a
fHé;ﬁce
=2l < X2 o a (3)
ab = (2T + 1) (B-E,)2 +[2/h

Fa = r"’ ra

Also since
% = 2=, Ty (¥)
o = 2J+1 w2 Faf‘ L (5)

x v
¢ 2T+ 1) "™ (momy)? +p2/
The relations
%t = % I

snd

Tab = % % (6)

now follow, and also the interpretation of I"('!, /" as the relative probability

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

-1]1-



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

“hx X2 27 +1 rara‘a..

(%ab)max 2(2f + 1) (2

and the symmetry of the eﬁergy dependence of the cross-section ﬁth respéct to E,.

The cross-section fér elastic scattering, o.;, near resonance is considerably
more complex because of, the interference between potential and resonance scatter-
ing. The formule may be‘b.'roken' up into two parts, one of which corresponds to
the emission of reutrons by the compound nucleus which are coherent with the

incident neutron beam. We shall call this o,

e 22J+1 \ .1’2 olgy
%eo “x m%‘ E-E, + 1 [/2 + (e vf-- (D

The resonance tezﬁ, i&/(EQEO + 1M/2), occurs for those values of £ which, for
the given_ta.rgét nuclear spin I,’ may lead to a compound state of spin J. - Thus
the possible A values vary fi'ém L=]7- II to J + T. [Z is & parameter pro-
portional to fhe relative broba.bility that the component of the incident plane

wave of angular momentum 4% contributes to theA process. The remaining term

215 ' o )
(e. £ - 1) is called‘“potentiga]_. scatiering”. The phase &y 1is, for neutrons, .
given by ‘
Jp,r(x)
-1 Y+t
§e = -~ tan ﬁ? Cx (8)
AT S
vhere ’

= R = .222 R {/E(Mev) (9)
if .R is ¢xpressed in ynits of 10—13 cn; end E is the inciden'b neufron energy.-v
In addition to the coherent crossQBecti:on, there is an incoherent cross-
section %ine which céntains those transitions in which the angular momentum of

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

]2



r’E,B G‘-.B'
(E-Eo)2 + M2/h

inc (10)

where the subscript E denotes the cormon value of the energy of both the
incident and scattered neutron. The subscfipt B refers to the quantum numbers,
other than the energy required to describe thehstate of the incident neutron
plus target nucleus while B' refers to similar quaentities for the final state
of the system. For incoherent scattering the two groups, f and 8', cannot be
identical; this 1s the meaning of B # B' in the summation above. - If the spin
of the target nucleus is zero, the subsc;-:lpts B,B* reduce to 4 and _£', the
orbital anguler momeﬁtum of the incident and scattered neutrons respectively.
Thé variation in £ end 4! are given in the discussion immediately below
equation (7). The terms included in (10) are part of the absorption cross-
- section oy, |

The elastic cross-section is then

+q | (11)

Og1 = C ne

el co

and the total cross-section

. dt=dco+aab -
Because of the interference between potential and resonance scattering which
appears in (9) the maximum of o1 does not occur at E = Ej and the cross-section
ig not symmetric about the maximm; indeed it also exhibits a minimum on the

. low energy side of the meximum. As an exemple, consider the case of S32

for
which the resonance occurs at 108 k.e.v., the experimental curve(a) is given

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

(2) Adair, Bockelman and Peterson, Phys. Rev. T6, 308, (1949).

-13-



in the compound nucleus is 1/2 since the spin of 32 is zero. Then

- 2 .r 2

- 1 2i8

o =nX2)|_to oo q| 4|1
E-E, + i[}2 : E-E + 1[}/2

(E'Eo)2 +-P2/h

where we have neglected SL for £ » 1. For a light element we may assume

that this resonance 1s almost altogether scattering, there being little, if any,

Ic

activation, so that M= l':) + Fl‘ Then the meximm occurs at E2 E, + —22 ten 8,
' 2
vhile the minimum occurs at E =~ E, - Er%‘— cot 845. As we may see after employment
o ,

of relations (8) for low energies &, <{l,-"the maximum crosig-section is..

very close to E, while the minimum is a finite distance away but only a small
fraction of the distance to the next resonances. The cross-section at the' maxi-
mum is bx 7\,2 while the cross-section at the minimum is Y4x %2 sineao( - ::2—Z> .

In the case of sulfur the minimum value is mostly due'té the other suifur
isotopes and. other contaminants.

The structure shown in Figure 1 occurs only if (1) there is sufficient
potential scatﬁering to inteffere both constructively and destructively with
the resonance scattering, and (2) o,, > Oype+ In the resonance in o:qygen(3)
at 440 k.e.v., there is essentially no minimum (see Fig. 22). Further analysis
réveals that the spin of the level 1n the compound nucleus is J = 3/2, so that
/e = l_ and 4= 2 neutrons participate. At this energy, their potential scattering

for these values of A is too small to glve rise to any appreclable destructive

interference. The second condition, °co. >» %ipcs Will not be satisfied whenever-

(3) Adair, Barschall, Bockelman, and Sela, Phys. Rev. 75, 112k, (1949).

~1h-



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
angulary momentum £ . VWhen the density 1s 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 levgl density, replacing the widths and resonance enefgy

by averages over J, and finally using

2d +1
:§:‘222f +1) 24 +1

one obtains for

L) 2 _ Gaelee ro |
%y = 7 A (244 1) (E-E,)? +a(r'f7£/a)2 Tg=The * e 3

Here [ 1s & parameter glving the relative probability that a neutron with
n e

s K \
orbital angular momentum £ will be absorbed by the target nucleus, while [, 2
)

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

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

2
u(‘e) = ﬂ%z(Ql + 1) l — ‘0,4 T (23)

co

-15-



The incoherent term becomes

@) _ % n, L A (o _ -1
g = A (24 +1) = 5 0 If'n e (14)
inc . . 7 ’ ’ £,I n, 2
(E Eo)zl- (’:é/2) ﬂ’él ? : St .
where Aﬁ' I = min(2I + 1, ofr + 1). The possible values of ,ﬂ' are determined
J

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 _{' is

@), A

# +2T + 1. The elastic cross-section for "£" neutrons is given by °co + 0o s

 the total cross-section d(£ is ”CL\ + UQL). Finally the cross-sections for the

entire incident plane wave are given by:

%an %_%Gﬁg) | (152)
o 3 o

The energy dependénce of cross-sections oé%) and ogf) is very similar to that
given in (3) and (11) and neeas no further elaboration.

Appiication of the above formulas involve the parameters R and the widths E;.
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' have been estimated as:

n,{
P g 22
D,Q XO IVL T
L
2 (1
g -\ HIS*_% () (16)
X, = KR .

In a more precise formula K, is replaced by

T = AKe 2
K =K + k

~-16-



L
where are Hankel functions and have been tabulated.( ) The parameter DZ

1)
Bp41/2 ,
is the energy distance between levels of the compound nucleus which are formed
vwhen the target nucleus absorbs an "{" neutron. It must be determined from ex-
periment although estimates may be made from statistical theory to be discusgsed
later on. From (16) we see that I I/D depends only upon the parameter X, regard-

2
less of the nucleus involved. Relation (16) has been found to hold in order of
magnitude for L=o0 neutrons.(5)

The total neutron width rn 1s

= 3l . (17)

The factor (24+1) is approximate.
For sufficiently high neutron energies it seems reasomable to assume that ]ze

is independent of ﬁ 3

%gD,

Then

Alg

l"n2

Ealls

2L +1 _ (o) 2£+1 8
RN L o

The function 2 <2ﬂ + 1)‘ |2 is plotted in Figure 2 where it is seen to be
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 hetween resonances and the behavior of the cross-section

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

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

(5) Wigner, am. J. Phys. 17, 107, (1949).

-17-



/ i
suggested by the free particle model¥:
! -JAE[5 A
, DxCe - (19)

where g i3 the exﬁitatién energy in Mev available to the compound nucleus,

A the mags number, C a constent. The excitation energy will contain the incident
kinetic energy E of the neutron together wifh the binding energy Eb available
once the compound nucleus is formed. It is clear from (19) that D (and therefore
r;) will depend very stronély upon Eb.v Thus both light nuclei and "magic number"
miclel have large D values, although for different reasons. For light nuclei,

D is large because A 1s small, while for magic number nuclei D is large since

€ is comparatively small. From (18) it follows that these nuclei will have
comparétively large va}ues of f;. Hence most resonances in these nuclel are
scattering resonances; and cofrespondingly the activation cross-section is
always very small.

For low lying levels of light nuclel which are revealed in inelastic neutron.
scattering experiments, (d,p) reactions, end in the y-ray spectrum emitted in an
(n;7) process, D is often rather constant and independent of the energy.

i The behavior of the cross-sections between resonances may be obtained from the
above formulas by the approximate procedure of simplj omitting the resonance terms.

Hence

°ab<3:°t

Oy %2 Oy = b X2 ;(22 + 1) sint’"ﬁﬂ. -I(2O)

Actually the free particlﬁ model gives the form D ~ Eh 1A EJCOHSt We do
not include this factor, » inasmuch as (1) it affects D in & weak fashion 80
thet it is difficult to check it experimentally, and (2) the derivation involves so
many wesk links that it seems bardly likely that the proper exponent for § could
have been determined. .

- 18-



This is called repulsive sphepe gcattering since it is the scattering which results
if the neutron wave function must go to zero at the surface of the hugleua. For-
mulas (20) are approximate since %b # 0 between resonances. However, if D > [
the value of 0,; here should be very small. Cross-section (20) is given in
Figure 3. At zero energy it has the value hnRz and monotonicelly approaches the
agymptotic value of 21fR2 at infinite energy. It is important to note that the
deviations from the asymptotic velue are fairly large at even large values of X.
In this reglon o ~ 2ﬂ32(1 + 1/x)2 so that the approach to 2nR2 is very gradual.

We shall close this section with some remsrks on the application of'the
above results to fast neutron data. For the energy region in question resonances
will appear in light nuclei end also for the so-called "megic number" nuclei which,
as hag 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 1 if they occur at low enough energy. We estimate that the minime which
give rise to "windows" in the energy spectrum will not occur for neutron energiles
larger than about 1 Mev for light elements and about 1/2 Mev for the megic number
heavy nuclei.

B. Non-Resonahce Region

As the energy of the incident neutron increases,the width [ associated with.
the levels increases rapidly with respect to the level distance D (see Figure 2
for r; variation) so that levels begin to overlap and the irregular behavior of
the cross-sections with energy which is so characteristic at lower energies dis<
appears. The prediction of the conseguent 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

croes-sections averaged over an energy reglion containing several resonances.

-19-



The theofy‘employed hefe is based on the theoretical expectation and the'ex-
perimental evidence that, in this energy region, if a neutron has combined with
the target nuclevs to form a compound nucleus the probability for its refemission
with all of i1ts original quantum numbers unchanged is negligible. Rathér, these
neutrons may be re-emitted with either their energy changed, i.e. inelastic scat-
tering; their- angular momentum may be changed; or both. The neutrén may not be
re-emitted at all;, but rather some other particle, etec. Thus the target nucleus
acts as a sink for neutrons iabelled by a specific set of quantum numbers.

This statement may be mathematically formulated. One may then obtain the croés-
section gy,¢ and cc; The elastic cross-section may be obtained only if it 1s
assumed that if the neutron is re-emitted,its energy is almost certaiﬂiy not the
same ag that of the incident neutron. Thus all of the eiastic scattering will be
due to the repulsive sphere scattering plus the shadow scattering associated with
the formation of the compound nucleuq. For sufficiently high energy this will be
true. Then g, = 0 - g . We shall later in this section extend the theory 80,
as to permit the evaluation of "averagé" inelastic cross-section and the average
of the incoherent elastic scattering.

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

cross-section for o, ¢

! and Opm are plotted for various values °fob' We have

included in the oy cur%e the comparison curve 2ﬁ32(1 + l/x)2 vhich gives the high
energy behavior of tﬁe 0y curves. The Oi,. curves tend asymptotically to nRe fbr
large x. For small x they become identical with the o curves. The calculation of
Oy, involves the assumption that that part of the process which involves the forma-

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

amell values of x

o ) ‘v]_ enf? | - w2l L :(21)
x>0 B [}2 __Bngg% = R [Ef_ 5
: L o
also 5
% %0 7% "' _ (22)

-20- -



For the larger values of XB, the 0o curve shows & minimum in the neighborhood
of x = 1.5 corresponding to energies of 1 Mev and 1/2 Mev for X, = 8 and 11 re-
spectively. At lgrger values of x, the g, curve for X, = 8vis almogt constant
with o /iR® = 1.2; wnile for X_ = 11, o /R" = 1.05 18 accurate to within 104.
The Xo = 5 curve is monotonic and more rapidly varying then the other curves.
Between x = 3 and 12, oc/&Re = 1.35 is accurate to within 10%. This approxi-
mate éonetancy permits the evaluation of experiments involving neutron beams
whose energy distribution is broad.

' The non-resonance theory may also be used to estimate the cross-section
for inelastic scattering and the energy distributlon of the emitted particles.
Let the wave muber of the incident neutron be k(x = kR), its energy E, and let
the wave number of the emitted neutron leaviﬁg the target nucleus in the 1th
excited state of energy E; be ki(#i = kiR). Let the corresponding neutron

widths be [;(x) and f;(xi).' Then approximately

;ré(xi) : r;l(x) 51

N = . — = l+ ==———
Oin -‘ Uc r;l(x) +Zi\ r;l(xj.) GC( + Zi:\r;l(x].')

(23).

‘where it.hae been assumed that the only important processes are those of neutron
emission,which is reasonably accurate-for’fast incideht neutrons. The sumation
in (23) includes, of course, only those levels fér which Ei is less than the

incident neutron ehergy. The fractional number of particles f, having an energy

. J
corresponding to Xy = 222 R Y/E-Ey is
£y = ——r;l(x'j) 3 (2#)’
J };; r;(xi) ' : |

-21-



From the estimate of ~r‘n/D given in Figure 2, (23) and (24) may be evaluated

if the energy levels of the target nuéleus_ are known. Note that D, which 1s

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

both numerator and denominator in (23) and (2%) and therefore need not be known.
- Ify, as is common at present, the level acheme is not known, an estimate

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

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

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

E . ) .
2 L) =£ PE;) T(xy)am; (25)
B

o

where Jo('Ei) is the density of levels of the target mucleus. ‘Eg 18 the energy

of its first excited level. Equation (24) becomes

£y=% Talxp : | | (26)
[ ptes) 1y amy |
B,

and p j(}-:J)'fja}u: 5 is the fractional number of perticles in dEy at Ej.

vBefore p;'oceeding, it is useful to have some spproximate anaiy'bic form for
) I':I/D; Statistical theory suggests l':l/D ~ x2,‘ while at higher emergies (x—» 00)
' /D ~ z3. Upon fitting the curve for [/D, it was fPound that x° was a good
fit up to x = 2, but that for la.fger value-s‘ of x»it fell below _‘l'the correc'f value

a8 expected. Up to x = h, an excellent fit is obtained with x(1 + x + .95{2). Thus
7t
?Xo % ~ 3X2‘ Approximation A (272)

=3 x(L +x + .91;2) Approximation B (27b).
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In Table 2 these are compared with values computed directly from (18).

) Table 2 .
X Approxima;oion A From Eq. 18 Approximation B
o o 0 0
5 .75 : .96 .86
|1 3.0 | 2.91 2.9
2 12 : 13.0 13
3 | e ' 3.1 36
L 48 70.5 78

We shall now evaluate (25) and (26) for two cases. In case (1) p is
roughly independent of energy, so that p may be replaced by an average value
fo' =1 /D-. This should apply when low lying levels of light or magic number

nuclei are excited. Then

% z;_rn(xi) = :} F xi(E-Eo) in approximation A ‘ (28a)
or

= E xo(E..Eo) _23_ + % x, + .36 xg in approximation B  (28b)

where X, = 222 R E—‘.Eo . the_ thé,t. D in the above formula is the level distance in

the compound nucleus whileF = 1/5 1s the average level density in the final nucleus.

Consequently,
_ -1
O3, = 0g |1+ 2L2 in approximation A (29a)
n (E-E,)
and -1
' 1/2_ A
Oy = O, |1+ E 1;/2 (1 +x+ .9x2 in approximation B
- 2,1
(E-E,) S+ 5 Xo + <36 xi. (29b)
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It is clear from these formulas that

L 2 - N . .
Oy 0y 1If (E-E,)">>DE . - (30)

The energy distribution is obtained from (26). Let 63 = E-EJ be the energy

of the emitted neutrons

2 £.D
£q = —3 (31a)
J 82
o
1/2
€ D 14+x,4+ 9x2
P= —d el BRI | ' _ (31p)
J 3/2 2 2 :
E’OFE + %9 + .36::0
We turn now to case (2). Herep is given by the statistical theory:
1 faE
}Q(E) =C ey_ . (32)

In equation (19) a was placed equal to A/5 if E ig in Mev. Formula (28) should
apply in this context to heavy nucleil which have low closely spaced levels. We

find that (xX,/2D) [} (x4) is proportional to
n\41

128p(E)x? {GE = am)/? + 3) in approximation A (332)

oFF ‘

and proportional to
2xFp(E) f Wl + 2% 4 Jfx = in approximation B (33p) -

under the addition approximations e vaE << 1 and E>)»E,. Then in approximstion A

-1 : .
=0 1 + dD(E)(@) : (3’43)
Y [aE - 3(»;::;‘.)1/2 + 3]

).



while L -t
. e (aE)l/

[yr‘(aE) 1/2 + 2x(aE + 47 2

(34b)

in_approximation B.
” The rapidity with which Oy 0, 88 the energy increases 15 indicated in
Figure 5 where we have plotted
* -l
L Aei A [am - 3(em) M/ 3]
where C 1s the level distance for zero excitation energy. We repeat that equation

(34) 1is valid only when

T

<&<1 @eand EDE,. . - (35)

In applyiﬁg (3%) it is necessary to determine the parameters C and & from whatever
ig known about the demsity of levels in the target nucleus. Relation (16) is often
valuable in this connection. In the absence of any experimental informetion, the
empirical relation @ = A/5 1s useful.

The energy distrivution is given for approximation A by

. h[aE - 3(°1E)1/2+3:]

2 .
pify=a &e (362)
where 65 is the energy ofiﬁhe eﬁerging neutrons, E-Ey = EB.' Equation (36a) is
already ﬁormaiized, but the'dependence on fa is clearer if the normalizing factor

is dropped:

- [/ - Ty

_ijl""gj € . (37a)



In the event that %((E, the exponent may be expanded so that

&7
_ijjr\-é:je J/ E'J << E (38)

where T, "the nuclear temperature" is

T=24Ek . | (%)
Formula (37) was originally derived by Weisskopf in the so-called "evaporation"
theory of nuclear reactions. We see thatzits validity is restricted to the lower
energy domain. The more accurate distribution given by (3T) does not fall off as
rapidly as aspproximate (38).
Approximation B yields formulas which are somevhat more accurate at higher

~I"‘(x) e E'[’— /alE- J]one finds:

neutron energies. From_‘oJfJ

E/ - Ja(E-& ] ‘
PJ 3 "‘(XJ + xJ + 9XJ) (37b)
In passing note that the cross-section for incoherent elastié scattering
Oyne 18 given by

We conclude this section on non-resonence theory by recaliing that it applies
as well if averages are taken over an eénergy range large eno&gh to contain several
resonances. To coﬁpléte this picture it 1is necessary to discuss the deviations
from the average. An estimate may be readily made in the energy region E ~ 1 Mev,
for here the effects of the interference between potential and resonance scattering
are no longer an important fraction of the tdtal crosg-gection. In other words,
above 1 Mev it 1s expected that there should be no energy "window" in g,. In

that event
(04) pin = % (20)
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vhere Og is the infinitely repulsive sphere scattering (Fig. 3). The maximum

crogs-gection is computed by comparing it with the average. Then
2D
(Ut)max " Gos g (o - 05).

The choice of the constant 2/n is based on results for D ) [7, 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 oy which
is not included in the above formula. This effect may be included by increasing

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

(04 )uag = %0 =2 B (o = 0o) - (41)

We have discussed the evaluatior; of r“/D above go that it becomes possible to
determine (ot)pax- |

We may also employ t’he above ana;iffsis to determine t'he:_e"'nergy at which the
fluctuations and therefore the resonénces have mostly-disappeared.’ In (41), we
equate’ '°'t'="(°'t)max to obtain the equa.fion j I = 2D. This equation mey be solved
for the energy E required. Precise solution of this equation can be obtained only
if sufficient information about the 1evels of the compound nucleus is available.
An upper bound may be obtained by assuming that.most of the scattering is elastic.
Then T"~ Pn., Employing the statistical approximation (27a) it is easy to solve

for Ec:

aly

e & 3 1 . | (42)

Energy 1s expressed in Mev, and length in 10713 cm. Formule (42) should be a

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

woitld be in a light nucleus. In oxygen, for example, we find E, £ 5.8 Mev.
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A lower limit to the criticel energy may be obtained if it is assumed that
inelastic scattering is dominant at B = E,- Then [= 20 [i(x;). Employing
the result obtained by statistical theory (33a), we find E, 1s a solution of

.
3x £

Xt of | | (43)

.

vhere (f£/0C) is a tabulated function of 4/aE given in Figure 5. As an example

let
a =40
C = .1 Mev Then Ec > -3 Mev.
R=28
X, = 9.6

Equation 43 should be applied to heavy nuclei where one may expect many low
lying levels and apply (42) to light nuclei whose first excited level occurs at

a rather large (E,< E,) energy velue.
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III. DATA

A. Neutron Sources

The neutron sources employed in fast neutron experiments have been described
in two reports: : TWanson and Taschek, "Monoenergetic Neutrons fram Charged farticle
Reactions", preliminary report No. 4, Nuclear Science Serieeg and A. Wattenberg,
"Photo-neutron Sourcee",.preliminaryvreport No. 6. We shall discuss here only

those points which are pertinent to the analysis of the data given in this report.

1. Bombarding particles eithernH}, H2, or Heh.

a) Li7(p,n)Bet The threshold for this reaction is 1.88 Mev. The néutrons |
produced are monochromstic for e given angle with respect to the initial proton ‘
direction. This source has been utilized at Los Alamos and later by Barschall's
gfoup at the University of Wisconsin and by Williams and his co-workers at the
University of Minnesote. The neutron energy range covered in their résearch 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 Ven de Graaff genératore
availab;e at each lsboratory. Egxcellent énergy regolution is pogsible and has
been employedlin some of the experiments.

b) D(d,n)He3.: This feacﬁion is exoergic, the Q value being 3.31 Mev...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 180° direction to
7.45 Mev in the zero degree direction. This neutron source was very popular prior
to World War II because it provided neutrons of high'énergy for incident deuterong
whose energy was of the ofder of‘a few hundred killovolts. )

This energy. source has been utilized by Zinn, Seeley, and Cohen (2.85 and 2.46
Mev), Kikuchi and Aoki (2.46 Mev), Aoki (2.2 to 2.8 Mev), McPhail (2.3 Mev - 2.8 Mev)

and Nuckolls, Bailey, Bennett Bergstrahl, Richards and Williams (2 - 6 Mev).
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c) Li7(d,n)Be8. In this reaction, the neutrons pfoduced at & given angle and
deuteron energy are not monochromatic. However, by using threshold detectors it is
pbssib;e to isglate_the upper end of the neutron spectrum. For example, Amaldi,
Bocclarelli, Cacciapuoto, Trabacchi, and Soltan use a Cu63(n,2n)Cu62 detector to
isolate the 1k Mev group. Sherr uses a similar carbon reaction, C}z(n,Qn)C
with a 21 Mev threshold, to isolate & neutron group rumning fiom 21 to 25.4 Mev.

d) Cla(dn)Nl3-. This reaction yields monochromstic neutrons. Since the Q
value is -.26 Mev? neutrons in the 0.5 to 2 Mev range may be obtained with deut-

' 7
eron energles that are considerably lower than those required in the Li7(p,n)Be

- reaction. For exemple, if the deuteron energy is 1.5 Mev,neutrons from about
1.5 Mev at 0° to .75 Mev (180°).are ﬁade available. This reaction was utilized
by Nuckolls et al.in measufing the oxygen cross-section.

e) H3(d,n)Heh. 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 end 18 Mev. In this report experiments on inelastic écattering by Gittings,
Everhart, and Barschall, and by Phillips and Davis employ 1% Mev neutrons obtained
from thls reaction.

2. Photoneutron Sources

Flelds, Russell, Sachs, and Wattenberg employ neutrons generated by the
photodisintegration of H2 and Be9, The photon energy must be at least 2.23 Mev
and 1.63 Mev respectively. The required y-rays are produced in the disintegra-
tion of artificially radioactive substances which may be-obtained in some quantity
from the'pile. The principal advantage of this type of source is the relatively
monoenergetic character of the emitted neutrons. Actually abaorption and scat-

tering In the y-ray source gives the neutrons an energy spread of about 25% of
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the neutron energy. The low neutron intensity and the high y-ray background
give rise to the main experimental difficulties. We list the neutron energies

utilized by Fields et al.

,

Takle 3
Photoneutron Fnergies

Energy of y-rays as
deduced From neutron

Source Neutron Inersy energies
Sb+Be 005 Mev 1.66 Mev
Ga+Do0 .13 2.36
Mn+Be 14 1.77
Na+D,0 , 22 2,45
LatBe .62 2.25
Na+Be .83 2.46

B. Total Cross-section¥

A list of the elements for wkich o, for fast neutrons has been measured
together with references is given in the table below. The work of Barschall
and his collaborators, ard those of Williams et al are too detailed to permit
numerical quotation. It ig included in graphical form (Figs. 6 - 13). In this
report‘we have concentrated upon B, 0, Fe, W, Ph, and these are dlscussed later.
The data taken below 1.5 Mev by Barschall st al, Williams et al, and Fields et al

are in excellent agresment except for the case of boron where Fields' points lie

¥ Avthors of papers will ke referred to by giving a list of the first letter in
the names of the contributing authors whenever this is pogsgible without confusion.
For example, Barschall, Battat and Bright will be referred to as BBB. A list of
the ahbreviations is given in Table IV,
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well above those of BBB, The data taken in the 2 - 3 Mev region employing D-D
neutrons often disagree violently quantitatively, though in their gqualitative
energy dependence they agrse. Part of thess discrepsncies are undoubitedly due
to the strong resonsnces which are still present at these erergies for the lighter
elements. Agreement between non-resonance theory and expsriments ie excellent
for the cases discussged in detail in this report togsther with several others
discussed in Feshbach and Welsskopf. Three elements do not seem teo have the
behavior predicted by theory, Oy being almost constant with energy. These are
Sb, I, and In.

Exeamination of ths data raveals that thers are few experimemts In the gap
between 1.5 and 2.2 Mev. The eypsriments ahove 2.2 Mev are not in agresement
with each other and are not sufficient to yield the detailed struchture of the
cross-section dependence on energy. Above 3 Mev there are very few messurements
indeed. There are measurements on oxygen taken by NBRBRW up to 6 Mev, soms at
14 Mev by ABCT, and fimally several more at 25 Mev taken by Sherr.

Most of these data are ineluded in the review articls by Goldmsmith, Ibser,
and Feld (Rev. Mod. Phys. 19, 259, 1947) vhere they are presented in graphical

form.
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Table b

References Quoted on Total Crosg-section Data

AART
ABP
ABCT

BBB
BBS

BBBNRW

“BM

BPAB

GS

M

NBBERW

o

Aoki

Ageno, Amaldi, Bocciarelli, Trabocchi
Adair, Barschall, Bockelman and Sala
Adair, Bockelman, Peterson

Ameldi, Bocciarelli, Caclapuoto,
Trabacchi

Barschall, Battat, and Bright
Barschall, Bockelman, and Seagondollar

Bailey, Bennett, Bergstrahl, Nuckolls,
Richards and Williams

Proc. Phys. Math. Soc. of Jepan,
21, 232, 193¢

Phys. Rev, 71, 20, 1947
Phys. Rev. 75, 112k, 19L9
Phys. Rev. 76, 308, 1949

Yuovo Cimento 3, 203, 1946

Phye. Rev. 70, 458, 19h6.
Phys. Rev. 73, 659, 1948

Phys. Rev. 70, 583, ioL6

Bretscher and Murrell -- quoted by Goldsmith, Tbser and Feld

Bockelman, Peterson, Adair, Barschall
Barschall et al

Frisch, D. H.

Good and Scharff-Goldhaber

Kikuchi and Aoki

McPhadll

Nuckolls, Bailey, Bemnett, Bergstrahl,
Richards and Williams

Sherxr

Seagondollar and Barschall
Williams et al

Wattenbery

Zinn, Seeley and Cohen

Phys. Rev. 76, 277, 1940
Unpublished

Phys. Rev. 70, 589, 1946
Phys. Rev. 59, 917, 1941

Proc. Phys. Math. Soc. of Japan,
21, 15, 1539 .

Phys. Rev. 57, 669, 1940

Phys. Rev. 70, 805, 1946.

Phys. Rev. 68, 240, 1945.

Phys. Rev. 72, 439, 1047
Unpublished
Phye. Rev. 71, %97, 1947

Phys. Rev. 56, 260, 1039




Table 5

Table of Elements and References for Total Cross-sections

- Element : Reference

B FRSW, BBB, ARCT, A, KA

C Wa, ¥, EM, BBBNRW, A, M, AABT, S, KA
N ¥, A, M, 2SC, KA

0 TRSW, NEBERW, 4, 25C, S, W..., ABBS, KA.
F FRSW, A, XA

Ne

Ne FRSW, A, M, ZSC, ABBS, KA

Mg FRSW, A, ABCT, KA

Al SB, FRSW, GS, M, A, ZSC, ABCT, S, KA
Si KA

P FRSW; A, KA

S FRSW, A, ZSC, ABCT, ABP, KA

c1 S, KA |

A

K FRSW, A, ZSC, KA

Ca, ABBS, KA

Sc

Ti KA

v

Cr KA

Mn KA

Fe A, ZSC, ABCT, FRSW, BBS, KA

Co XA

Ni FRSW, A, ABCT, BBS, KA

cont'd .
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Table 5 (cont'd)

Element Reference

Cu " FRSW, GS, A, ZSC, AABT, S, KA
Zn z5C, ABCT, KA

Ga

Ge

As KA

Se ABCT

By FA

Rb

Sr KA

Y

Zr BPAB

Cb

Mo

Te

Ru

Rh

Pa

Ag FRSW, A, ABCT, BPAB, S, XA
ca ABCT, EA

In

Sn FRSW, A, ZSC, ABCT, KA

Sb FRSW, A, ABCT, BPAB, KA
Te

I FRSW, A, BPAB, KA

Xe

Cs cont
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Element

Table 5 (cont'd)

Reference

Ba

La

Ce

Pr

na

Pn

Sm

Eu

Gd

g

Iu

HY

W

Re

Os

Ir

Au

KA

BPAB

FRSW, A, B...., KA

ABCT

ABCT, S, KA

-36-
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Table 5 (cont'd)

Element Reference

T1

Pb FRSW, GS, A, ZSC, ABCT, BM, EPAB, KA
Bi FRSW, A, ABCT, BBS, KA

| mp237 K

Ageno, Amaldi, Bocciarelli, Trabacchi

g, on carbon”

t
Energy c 1_‘(ba.rns) Source
k.1 Mev 1.99 (D + Be)
12.5 1.40 (D + B)
13.5 1.23 (D + 11)

Analdi, Bocclarelli, Caciapuoto, Trabacchi

(ILi + D neutrons)
Neutron energy 14 Mev

J":llement oy (varns)

Be .65

B : 1.16

Mg 1.83

Al 1.92

S | 1.58 CONE'A vuvuavoriiaann.




Amaldi Bocciarelli, Caciapuoto, Trabacchi (conttd)

Element o4 (barns)
Fe 2.75
Zn - 3.03
Se 3.35
Az 3.82
cd k.25
Sn k.52
Sb 4.35
Au 4.68
He 5.64
Pb 5.05
Bi 5.17
Aokl (D + D) neutrons
oy (barns)

Energy (Mev)———» 2.85 2.70 2.55 2.38 2.2
B 1.95 2.27 1.86
o 1.95 1.69 1.6k 1.52 1.56
N 2.12 1.83 2.35
0 1.29 1.1k 1.23
F 1.73 2.10 1.95
Na 2.80 3.18 3.09
Mg 2.00 1.94 2.02

cont'd .......
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Aoki (cont'd)

Energy (Mev)—p—2.85 2.70 2.55 2.38 2.2
Al 2.35 2.56 2.83 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
Cl 2.8k 2.66 2.67
K 3.67 3.66 3.62
ii 2.00 2.11 1.85
br 3.29 3.08 3.02
‘Mn 3.31 3.30 3.08
Fe 2.9 2.84 3.02 2.6k 2.55
Ni 2.78 2.64 2.48
“Cu 2.68 2.71 2.59 2.61 2.50
Zn 2.72 2.7 2.62
Ag 3.57 3.73 3.81
ca 3.75 .14 k.03
Sn 3.82 3.80 3.90 4.o1 L.15
Sb L.50 L.62 L.T71 L.70 4.80
I .75 4.95 4.88
Ba, 6.51 6.89 6.65
W 5.9% 6.10 577
Hg 5.27 5.16 .75
b 5.46 5.19 5.2h 5.38 4.82
Bi 6.01 '5.79 5.64 5,52 5.35
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Bailey, Bennett, Bergstrahl, Nuckolls, Richards, Williams

(11 + p, c1? + D, D + D neutrons)
o+(barns) on Carbon
Neutron Energy ot
.35 Mev 3.15
A6 3.15
T2 2.ho
97 2.ko
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
L.25 2.16
k.5 . 1.93
k.75 1.60
5.0 1.18
5.5 1.07
6.0 ‘ 1.11
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Barschall, Battat, Bright

(1Li + p neutrons, D + D neutrons)

oy (barns) 11 1b
E, Formal B B
.2 3.5 3.k k1
.6 2.k 2.2 3.5
.8 1.8 1.6 2.6
1.0 1.6 1.k 2.3
1.2 2.0 2.2 1.5
s 1.9 1.9 1.8
3 1.6 1.6 1.7
Fields, Russell, Sachs, Wattenberg (Photonsutron source)
04 (barns)
Energy (Mev)—>= .02k .13 .1k .22 .62 .83
Be 5 k.3 4.3 k.2 3.3 3.1
B 5.5 k.9 k.7 k.3 2.3
C k.6 k.3 4.3 h.1 3.3 2.9
0 3.6 3.5 h.1 3.0 3.5 k.9
F 3.5 5.7 6.9 4.6 4,1
Na 5.1 3.9 4.2 3.8 ‘5.9 4.6
Mg h.h k.9 5.7 8.7 'h.a 3.k
Al .8 5.3 3.2 3.2 .1 3.5
P 3.8 3.1 3.1 3.2 3.1 3.5
S 1.0 k.2 k.5 2.9 2.2
K 1.2 1.6 1.9 1.7 2.3 2.7
cont'd . .
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" Fields, Russell, Sachs, Wattenberg (cont'd)

[

(Li + p neutrons)

ot(barns) on carbon

%eutron Energy

%
-35 Mev 4.63
.95 k.65
.265 3.85
RTeTo} 3.26

o-

Energy (Mev)—> .02k .13 24 .22 .62 .83
Fe 2.2 b1 3.9 3.3 2.7
Ni 2.3 6.4 k.2 5.8 3.7 3.5
Cu 8 6.2 5.9 5.3 3.8
Zn 9.9 6.6 5.4 5.1 h.7 k.3
Ag 8 8.1 8.1 7.8 7.3 7.2
cd 6.9 7.6 7.3 7.3 7.1
Sn 5.9 6.4 6.4 6.3 6.8 6.7
Sb 6.3 6.9 6.4 6.1 5.7 6.4
I 7.0 6.6 6.5 6.1 6.8 6.7
W 13.8 10. 9.k 8.0 7.8 7.7
Pb 11.4 10.6 10.6 8.6 6.1 5.8
Bi 12.1 10.2 9.7 8.0 5.9

D H. Frisch




Good, Scharff-Goldhaber

(Ré.--Th + Be neutrons).

oi(barns)

Neutron Energy 0.9 Mev

Be

2.82
2.66
3.39
2.78
6.83

8.00

Kikuchi and Aoki *

(D + D neutrons)

Neutron energy 2.46 Mev

ct(bgrns)

51

¢
H

1.65
1.5

1.56
1.

2.3

3.33
1.89
3.15
2.95

contt™d « ¢« ¢ v 4 e e e W

* -
The peper containing this date wes unavailable.

The results here are quoted

from an article by C. G. Goodman to appear in Nucleonics.
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Kikuchi and Aokl (cont'd)

cl

X

Ca

Ti

Cr

Fe

Co

Bi

3.2k
2,38
2.78
h.15
3.85
1.73
3.38
3.02
3.20
2.59
2.66

2.59
2.68
3.39
2,69
b1
k.30

3.82
}.81
5.40
6.19
6.21
5.13
5.25
6.30

bhe




Energy (Mev)~d»2.80 7

McPhail

(D + D neutrons)

2.31

2.65 2.57 2.49 2.4 2
A 2.48 2.94 2.94 2.18 2.19 2.49
Mg | 2.34 2.54 2.14 1.76 1.94 2.19
c 1.57 1.h45 1.38 1.38 1.39 1.4
Na 2.38 2.50 2.69 2.69 2.69 2.74
N 1.25 1.28 1.39 1.27 1.22 1.33

Nuckolls, Bailey, Bennett, Bergstrahl, Richerds and Williams

(11 + p,

12
c

+ D, D + D neutrons)

oy(barns) on oxygen

Neutron Energy 0y
.35 Mev h.8o:
46 3.61
T2 2.01
97 5.06

.04 .1 3.86
1.6 1.43
2.0 .89
2.6 1.09
3.0 .96
3.5 2.39
k.0 2.90
L5 1.83

=45
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Nuckolls, Bailey, Bennett, Bergstrahl, Richards and Williams (cont'd)

Neutron Energy Oy
5.0 1.66
55 .96
6.0 1.0k4
R. Sherr

Neutron Energy 25 Mev

(Li + D peutrons)

Element | o, ( barns)
c | 1.29
0 | | 1.6
Al 1.85
Cl1 1.88
Cu 2.50
Ag 3.70
Hg 5.25

Zinn, Seeley and Cohen

(D + D neutrons)

o, (barns)
Energy (Mev) =9 2.85 . - 2.46
B 1.98
C 1.97 1.37
N 1.38 1.k0

cont'd . . . . .
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Zinn, Seeley and Cohen (contta)

Energy (Mev) —= 2.85 2.1_;6
0 1.25 1.05
Na 2.37 2.70
Mg 2.25
AL 2.3 | 2.9
Si 2.77
S 3.12 2.77
cl 3.k2
K 3.13 3.4k

" Mn 3.82 |
Fe 3.15
Cu 2.82
Zn 3.28
Se 4.05
Mo 4,06
Sn k.39
Hg 5.34
Pb 6.7h
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A. VWattenberg
(Photoneutron Source)

at( barns) on cerbon

Neutron Energy | gy

024 Mev k.55
.13 5.3
.13 4.3
1k 4.3
.22 b1
.62 3.4
.83 2.9
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_Table 6

References for Inelastic Scattering

ABCT

FSS

GEB

GrS

PD

So

Amaldi, Bocciarelll, Cacilapuoto, Trabacchi

Allen and Hurst.

Barschall, Battat, Bright, Graves,
Jorgensen, and Manley

Collie and Griffiths

Feld, B. T.

Feld, Scalettar, and Szilard
Gittings, Everhart and Barschall
Greham and Sesborg

Phillips and Davis

Sageane

Salant and Ramsey

Soltan

Nuovo Cimento 3, 203,
1946. .

Proc. Phys. Soc. lLondon,

52, 501, 1940.

Phys. Rev. T2, 881, 1947

. Proc. Roy. Soc. ' London.

1558, 43k (1936)

Phys. Rev. 75, 1115,
k9.

Phys. Rev. 1, 46ua,
1947,

Phys. Rev. 75, 1610L,
1949.

Phys. Rev. 53, 795,
1938.

Unpublished.

Phys. Rev. 53, 492, .
1938.

Phys. Rev. 57, 10754,
19%0. '

Nature, 1938.
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C. Inelastic Scattering 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) recolil.
In the radioactive threshold detectors neutron reactions, which require at
least a minimum neutron énergy,‘called the threshold energy Ei, are utilized
to detect neutrons with énergies greater than Ey. Recoil detectors employ
the effects of the recoil particles, usually protons. In the experiments of
BBBGJM the lonlzation of the recoll protons vas: meagured; the Instrument was
biased so that recoils with at least a certain energy were measured. In recent
work by e Los Alamos group (to be published in Rev. Sci. Inst.) photographic
plates are used as detectors of the recoill particles. The radioactive detectors
have the adventage of operational ease, but the disadvantage of a very gradual
approach of the sensitivity to maximum value, and its irregular hehavior once
the maximumm sensitivity is achleved. The lonization recoil detector has the
.advantage of flexibility with regard to energy threshold, and a better deter;
mination of Ei. The disadvantages lie mostly in the low 1ntensity resulting
from the necessary collimation, and some uncertainty in the value of E;. The
photographic film recoii‘detector overcomes most of these disadvantages and
should prove very useful in the energy range above sey 5 Mev. Below this the
ionization recoll detector will probably be most useful.

The various raedioactive threshold detectors employed in the measurement of

inelastic scattering together with a nominel threshold energy and the radi&active
half life are gilven in Table 7 below. Iﬁmediately below this, in Table 8,.we
guote the theoretical results of FSS on the energy semsitivity of-éoﬁe of the
detectors. As mentioned earlier there is a gradual approach of radiocasctive de-
tectors to thelr full sengitivity as the neutron energy is increased. The nominal
threshold employed in Table 7 1s placed approximately at the energy at which the

yield is 50% of the maximum. L
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Table 7

| Nominal®
.. Detector Reaction Half Life Threshold Reference
ct? Clz(n,an)cll 205 n 20.4 Mev S
a2t 2127 (n, )27 10.2 m 4.5 FSS
n27 2127 (n,0)ma2* 14.8 h 9. FSS
5128 5128(n,p)a128 2.4 m 5. FSS
p3L P3(n,p)st3t 170.0 m k. FSS
po p3(n,0)a128 24 m 8.5 FSS
s32 832(11,13)P32 4.3 4 L. FSS, GrS
pe? F5f-6(n9p)Mn56l 2.6 h 1. Sa
o3 ou®3(n,2n)cub2 0.5 m 12. SR
Ang Aglo7(n,2n)Ag106 24,5 m 5. Sa, Gr8
Teble 8 |
Energy for which Energy for which
yield is 10% of yield is 50% of
Detector Threshold maximum meximum
A127(n,p)Mg27 1.95 Mev 3.6 Mev 4.6 Mev |
4127 (n,0)me2* 2.39 7.5 9'.1
3128(1:1,1;>)A128 2.69 h5 5.5
p31(n,p)s43t 1.02 2.9 3.9
p3(n,q)a128 .90 6.6 8.3
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Table ©

Inelastic Cross-sections Obtained wilth Radioactive Threshold
' . Detectors _

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

Ileméent Obgerved o Theory . Reference
A .90 b .93 b ARCT
1.06 PD
1.25 So
Fe 1.hs 1.3 ABCT”
1.43 FD
1.25 So
Cu 1.5 1.25 So
Ag 1.7 1.8 So
ca | 1.89 1.9 D
Sn 1.8 2.0 So
Au 2.51 2.2 PD
Hg 2.47 2.5 ABCT
Bi 2.56 2.3 PD
' 2.7 So
Pb 2.22 2.3 | ABCT
2.29 GEB
2.56 PD
2.7 So
Table 10
56 56
(Ra-Be neutrons) (Detector, Fe (n,p)Mn"7) -
Elenment Observed ¢ Theoxry Reference
Al .93 + .13D 9b GrsS
Zn 1.54 + .15 1.33 Grs
Sb ' 1.79 + .23 1.93 Grs
Bi 2.32 + .20 2.2 Grs
Pb 2.13 + .24 2.1 Cxr3

-52-

WA




v The experimental vﬁlues for the total inelastic cross;sectiqn are glven in
Téble 9 together withvthg theoretical predictions. In.Tablequnegsurements of
.Graham and Seeborg utilizing a (Ra-Be) source are given together with theoretical
predictions. The theoretical velues given'in“theSe”tvb”tableS“(9“and-lQ)vare"'
compﬁfed on the assumption that inelastic and other absorption processes aré
dominant for the energies involved. In the Graham-~Seeborg date we have émployed
average values for G, above 7 Mev vhich are in error by at most 10%. The com-

- parison with theory and experiment is excellent. On the vhole the experimenta;
values obtained by So seem high relative to those of ABCT, GrIiB and CGr3. We

. suspect fhét only the first figure of Soltan's date is significant.

| Some.of the elements ligted in Table O have been measured with other radio-
 active threshold detectors of lower Et. In principle, this would yield some
~Information with regard to the energy distribution of the emerging neutrons.

Similar dataare available for Table 10 but because of the broad enerpgy spread of
-the incident meutrons it is very difficult to obtaln equivalent 1nfbrmat10r.. Uh-ff;

‘fortunately the data are poor =o that not much can be said. Qualitatively, however,

- one may sefely say that it ls probable for hich enerpy neutrons to lose a great

deal of their enersy upon thelr first Iinelastic colllsion o that the energy

@iﬁ?gibutiop‘ofrthe gmerging neutrqns has a maximnmwin the 1ov energy region.. , »
ThéAresults obtained by So, CGrS, GEB have been tabulated in Tables 11 aﬁd 12 T
below for the sake of completeness. |

Experiments employing P (n,p)81 detector and D-D ﬁeutrons at 3.25 Mev
~have been performed by Allen and Hurst. ZEvamination of Table 7 glving the
characteristics of this detector reveals that these_authors wero vorking in

en energy reglon for which the detector was relatively incensitive, thus maeking

1t probable thet serious background difficulties developed. The values given



Table 11

Inelastic Cross-sections with Radioactive Threshold Detectors with
- Relatively Small E.. Neutron Energy 14 Mev

Detector a) A127(n,p)Mg27
b) Aglo7(n:2n)A8106
Element Detector a ~ Detector b Reference
Al 1 barm 1.1 barn So
Fe 1.6 1.6 So
Cu 1.8 1.7 So
Zn 1.8 1.6 . So
Ag 2.1 2.2 - So
Sn 1.8 2.0 So
Pb 2.2 GEB
2.7 2.7 So
Bi 2.5 2.5 So
Table 12

Inelagtic Cross-sections with Radioactive Threshold Detectors with
Relatively Small E;. Neutron Epergy 1% Mev

Ra-Be neutron source.

2
Detector a) A_127(n,p)Mg 1
p)  512(n,p)n®
Element Detector a Detector b . Reference 1
c 42 barns Grs
1 Al .18 GrS
Cu 1.3 CG
Zn 1.59 CG
ca 1.5 1.0 barns ce
Sn . 1.71 Grs
1.4 CG

‘conttd .
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Table 12 (cont'd)

gﬂement Detector a Detector b Reference
Sb ‘ 1.76 Grs
Pb : 1.97 ' GrS
1.8 1.4 CG
Bi 1.98 Gr3
‘ 1.3 CG

hy Allen and Hurst are much too large. They are considerably larger than

(1) those obtained by EBBGJM at aporoximately the same energy, (2) the inelastic
cross-pections obtained at higher enerpies and (3) the cross-sections expected
theoretically.

Hydrogen filled recoil threshold detectors have been employed by Barschall

et al (BBBGJIM) to determine inelestic scattering cross-sections and the energy
distribution of the emitted neutrons for inecident neutrons, 1.5 Mev (Li + p source)
and 3.0 Mev (DfD source). These experiments required corrections for multiple
scattering. These corrections have been apvlied to Fe, W, Fb only. In the

tables below we 1list ail elements measured together with these for Fe, W, Pb,

for which we list both the corrected and uncorrected value so that some 1dea

as t6 the order of magnitude of the ccrrect;on may be ohtained. The former 1s
underlined. The value 6f E, corresponding to each blas voltage was taken from
Feld. The elemenps Fe, W, Pb will be discusgsed in detall later in this report.

The main conclusioﬁs are: (1) W and Pb obey the statistical theory; in W prec-
tically from zero excitatlon energy; in Pb from above 1 Mev; (2) experimental
results for Fe do not agree with theoretical results employing the level scheme
for Fes6 obtained from the radiocactive decay of Mn56; (3) the megnitude of the

erogs~-sections ie considerably larger than theory predicts. This discrepancy
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. Cross-sections for the Inelastic Scattering of 1.5 Mev meutrons to

Table 13

Energies Less than the Threshold Energles *

. Element ) Threshold Snercies
L0 Mev .90 ﬁev 1.30 Mev
Fe 0 barns .6 barns
T
Ni 0 d .6 barns
Co 0 .2 .8
Cu . .6 .9
Ta 1.4 2.0 2.7
" 3 %
Pb 0 R
I
* Al)l values gquoted have not been corrected except those underlined.

3.0 Mev neutrons incident

Element Threshold Energies
.95 Mev 1.5 Mev 2.25 Mev
Fe +3 barns »{ barns 1.1 barns
.5 1.0 1.k
Cu .6 1.3 1.5
Au 2.1 2.8 3.0
W 1 2.k 2.8
1.8 2.5 2.8
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is especially marked;in tungsten. In view of the rather nice agreement of
theory and o in this energy range, it would seem that the experimental velues
are suspect. Other qua}itative conclusions which we may obtain from the table
include (1) Te and Au have low lying excited levels and probably conform to
statistical theofy end (2) the light elements Ni, Co, Cu, have but a few levels
in this energy region. We may expect that Ni and Co have no excited levels
belov .4 Mev while Cu has one.

In summery, inelastic scattering cross-sections are available for several
elements for 14 Mev and Ra-Be neutrons. Some idea as to the energy distribution
of the emitted neutrons may be obtained. This will not be very accurate. However,
one may maeke the qualitative statement that the peak in energy distribution occurs
at relatively low energies. inelasfic scattering has also been observed for
3 Mev and 1.5 Mev neutrons. Multiple 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
date in the Mev region, it would be extremely wvaluable if further experiments
were performed. |

D. Tfansport Crosg-gection

Transport cross-sections bave been measured by BBBGJM for incident neutrons
with energies of .2, .6, 1.5 and 3 Mev. We tabulate below those cases for which
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 1.5 Mev . 3.Mev

Element obs. , theo;_obs. theo.| obs.| theo. obs, theq.
Be | ~|3um| 1.0 | 1m| 1w |
g0 I 3.9 | 2.1
ptt - a1 |20 |22 |15

¢ - o 2.8 | 2.1 |1.8]1.6

a1 ' 3.0 | 2.4 | 1.7 | 1.8 ]1.hv| 1.5
Fe | o | saw]|eo|en |22 |18 20|25
Pb 7 | 6.1 [3.4 | b5 | 3.4 [3.7 |3.8]3.2
W 6 |64 |h7|n7 |47 |38 |ba]|3.
Au 6.k | 5.9

Agreement with the non-resonence theory 1is relatively good considering that in
this energy region 1t holds only on the average.

These are the only measurements made of transport cross-sections although
gome of the ~experiments performed by the Japanese may be evaluated to obtain Utr‘

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

E._ Particular Elements
1. Boron | )
The most recent measurements on neutfon transmissioﬂ through boron have
been made by Barschall, Battat and Bright (Phys. Rev. 70, 458, 1946) and Fields,
Russell, Sachs, Wettenberg (Phys. Rev. 71, 508, l9h7).l=The former used a Li(p,n)

source and messured the cross-gections up to 1.5 Mev for both natural and enriched

11
boron, so that o, for both 10 (ebundance, .18%) and B (abundance, .816) are
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known. They also obtained one point at 3 Mev with a D-D source. We have plotted
these reéults in Figs. 20 and 21. TFRSW eﬁploy photoneutron sources. Unfortunately
their data disagree with BBB. For example, at .8 Mev BBB obtain Oy = 1.8 b, while
FRSW obtain o, = 2.3 b at .83 Mev. Pre-war measurements have been made by Aoki
(Proc. Phys. Math. Soc. of Japen, 21, 232, 1939) by Kikuchi and Aoki (Proc. Phys.
Math. Soc. of Japan, 21, 75, 1939) and Zinn, Seeley and Cohen (fhys. Rev. 56,

260, 1939) with neutrons from the D-D reaction. - Aoki data are given earlier in
this report. Kikuchi and Aoki obtain ot = 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 differences

may be in part caused by voltage calibration errors. They mey also indicate
resenances 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-¢x) reaction on p10

as obtained by Balley 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 date with the predictions of the non-
. resonance theory with the experiment of ABCT who give oy = 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 Blo. The
effect of the Coulomb field on the ¢ 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 o particle). The

agreement is excellent permitting the extrapolation of this cross-section as well
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a8 the prediction of the Inelastic cross-section for both BlO and Bll, andithe

(n,@) reaction on\_Bll which has & threshold at 6.66 Mev. (Hornyak and Lauritsen,
Rev. Mod. fhys., 20, 191, 1948). Lauritsen (Prel. Rep. No. 5, Div. Math.-and Phys.
Sciences, NRC) has tabulated the known levels in 510 and Bl; permitting the estimate
of D, the average level separation. For 310, D = .7 Mev, E_ = .41l Mev while for
311, 5 = 2.2 Mev and E, = 2.1 Mev. E, is the energy of the first excited level
abové‘thé ground state. The figures give the results up to E = 4.8 Mev. The non-

resonance theory predictions are given in the table below for two energies above

this one.

. 319. _ Bll | natural B

E VE L Oip o(n,a) | o5, o(n,a)| oy, o(n,a)
7.0 2.6k 1.33b .27b .32b | .25b .07Tb .25b .12b
15.7 1 3.96 1.15 .38 .165 .18 .16 .22 .16

We have not given the energy distribution of the inelesticelly scattered neutrons.
This may be obtained from (3la).

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

has been measured f.or_BlO and Bll by the Los Alamos group'(BBBGJM).. The results are:
Elemént. Neutron Energy | |
.6 Mev ' 1.5 Mev
50 39 | 2.1
Bt 2.1 2.2

2. Iron

a) Total Cross-section (See Fig. 16 ). The recent measurements of BBS are in

exce;lent 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 spécing (60 k.e.v.) in that 'energy rezion. The
width of the resonance at 30 k.e.v. is mostly due to the spread in energy of the
incident neﬁtrons; the corrected maximum cross-section is estimated to be 65 b.

Above 500 k.e.v., Barschall et al utilized neutrons with 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 below 500 k.e.v. continue above that energy.
‘The non-resonance region is estimated to start at about % to 5 Mev. The d&ta below

-

1.4 Mev are consistent with the aversge as predicted by the non-resonance theory

13

if a radius of 4.6 x 10~ cm is employed. The dats between 2 and 3 Mev, takén
with D-D neutrons, fall somewhat above the theoretical curve. The only other
datum is given by Amaldi et al who measure oot = 2.75 b for neutrons of 14 Mev
enefgy. This requires a radius of 5.6 x 10-13 cm., Thig energy dependeﬁce of the
nuclear radius is not inconsistent with theoretical expectations. Note that the
values obtained by Aoki at 2 - 3 Mev and by Amaldi et al are the same, so that it
would be consistent with the data to assume a constant cross-section of 2.75 b

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

b) Transport Cross-section (See Fig. 17 ). The experimental results which have

been obtained by the lLos Alamos group are plotted in Fig. 17 where they are
compared with the average computed from non-resonance theory utilizing  the radius

of b.6 x 10713

cm determined by the experimental values of of. The theory and
experiment are in substantial agreement. Actually one would expect the oy de-
pendence to roughly parallel that of ogot so that more précise measurements would
show meny resonances. .The rather large deviation from the average curﬁe at 3 Mev
may be caused by a resonance; however, if Aokl's results are teken at face value,
the deviation is probably experimental error. Note that the,theorgtical transport
cross-gection even at 9 Mev, Gfr/(ﬂRe) = 1.9, is still very much larger than the

agymptotic value of 1.
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c) Inelastic Crosg-section.

measured by Amaldi et al, and by Phillips and Davis at Los Alemos.

The inelastic cross-section at 14 Mev has been

They obtain -

1.43 b and 1.45 b respectively. The theory assuming Oy = O 8nd R = 5.6 x 10713

cm gives gy, = 1.3 b.

Meagurements have also been made by the Los

Mev and are presented in the table below:

Alamos group at R Mev and 1.5

Incident Threshold Cross-section for Imelastic Energles of the
Neutron Energy Scattering of Neutrons to Imitted
Energy Energies Less Than the Thres- Neutrons
' hold Fmerey
1.5 Mev .40 Mev 0b -
.90 .6 55 Mev

3.0 ! I 5 -3 A

1.50 .7 9, -k

2.25 1.0 2.15, .9, .k

Feld has pointed out (Phys. Rev. 75, 1115, 19k9) the qualitative behavior of

these results may be understood in terms of exclted levels of Fe at .85, 2.1,

2.6 Mev, which heve been obgerved by Deutsch et al. The consequent energles of

the neutron groups included in eech measurement are given in the fourth column

of the teble. If theae are assumed to be the only exeited leﬁela of Fé, one mugt

conolude that the emisslon of each of the three poasihle groupe occurs with ehout

‘equel probabllity.

results dlecussed 1in Sectlon IT of this report.

relative weight of each neutron groupy 1ls proportional to its energy.
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inelagtic crosg-section of 1.1 b at 3 Mev is large, for the preaicted o, is 1.06 b,
and one may expect appreciable incoherent scattering at these energies. Thia
deviation is precisely the one noted for dtr above. A similar situation prevails
at 1.5 Mev; the theoretical O, 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-gection (See Fig. 1& ). Barschall et al have measured the total

crogs-section of W for neutrons up to neutron energies of 1.kt Mev. FRSW have made
measurements at energies below 1 Mev. In the D-D neutron energy range, we have
the measurements of Aoki, and Kikuchi and Aoki. The experimental data agree very
well with the theoreticel curve computed from non-resonance theory vhen a radius
R=T7.8x 10-13 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 somewhat greater than .3 Mev.

b) Trangport Cross-section (See Fig. 19 ). The experimental values obtained by

the Los Alamos group agree fairly well with the non-resonance theory curve employ-
ing R = 7.8 x lO-13 cm. The experimental values do exceed the predicted values at
three of the four eneréies and by a particularly large amount at 1.5 Mev. This
last deviation must be considered excessive inasmuch as there do nétlseam to be

any resonances present in this energy region.

¢) Inelastic Scattering. The 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

Energy

1.5 Mev 40 Mev 9 b
.90 2.1
3.0 «T5 1.4
1'50 2-11'
2.25 2.8

Experimental evidence indicates that the distance between levels in tungsten is

small and suggeét using the statistical method.

that

D ~ ¢

In agreement with Feld we find

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

we £ind

‘ : 3 Mev
Threshold . Cexp o( predicted
Energy '
2.25 Mev 2.8
1.5 2.4 2,58 b
°75 lo!“' 1-55 .
3.0 2.82

In Phe 1.5 Mev case, assume 2.1 b for threshold energy of .90 Mev with the

following results:

Threshold Ooxp o(predicted)
Energy
90 Mev 2.1 b
40 -9 1.0 b
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 employing R = 7.8 x 10713 en 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”d;fference between experiment ard theory seems excessive.

k. Lead |

a) Total Cross-section (See Fig.l 14’). The measurements of;Barschall, Bockelman,
and Seagondollar, Fields, Russell, Sachs and Wattenberg, and Bretscher and Murrall
(quoted in Goldsmith, Ibser and Feld) are in remarkably sood agreement. Several
D-D neutron measurements are given, and at 14 Mev Amaldi et al find ot = 5.05 b.
Frbm the non~-resonance theory the cross-section at 14 Mev yields R = 7.8 x 10~13 cm.
This value of R is used in calculating the theoretical curve in the energy regién
up to 3 Mev. A slightly smaller R, 7.5 x 10-13, would yield much better agreement
with theory and experiment in this energy region. We ﬁote that Barschall et al
used fime resolutions below 500 k.e.v. only. Scattering resonances with the
typical minima seem to be present at E ~ .33 Mev and & ~.5 k.e.v.

b) Transport Cross-sectior (Sees Fig, 15 ). The transport cross-sections as

measured by the Los Alamos group are in excellent agreement with theory if a
redius of»7)8 x 10'-13 cm is employed. If, however, the somewhat smaller redius
indicated by Of behavior (see above) is used, the experimental points would be
found to be systematically above the theoretical curve.

¢) Inelastic Scattering. At 1% Mev, Amaldi et al report Oin = 2.22 b, Gittings,

Barschall, and Everhart report oy, = 2.29 b, while Phillips and Davis obtain 2.56 b.

Theory with R = 7.8 x 10713 required to match 14 Mev A of Amaldi yields 2.2 b.

ot
Gittings et al employed an Al(n,p) detector as well as the Cu(n,2n). These have
nominal thresholds at 4.5 and 11 Mev respectively. With Al detector, they obtain
2.22 b, a rather small change. Assuming’statistical'theory this yields some informa-

-1
tion about "@" in the formula for level density. We find that @ > 20(Mev) =~ if the
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_ S : a4 . .
eluminum threshold is taken as 4.5 Mev. If a2~ 15(Mev) ~, it is necessary to
raise the effective threshold to 7 Mev.

Inelastic scattering experiments have also been made at lower energies by

the Los Alamog group.

Incident Cross-section for Inelastic
Neutron Threshold Scattering of Neutrons to
Energy Tnergy Energies Less Than the Thres-
- hold Energy
1.5 Mev : 40 Mev 0Yb
| .90 I
3.0 .15 T
1.50 1.2
2.25 1.6

The results indicate that neutrong with energies between 2.25 and 1.5 Mev
are gomevhat less important than the neutrons with energies between 1.5 and .75
Mev, and that this latter group of neutrons is somewhat less importent then the
neutrops with‘energies between .75 and zero. This implies an increasing density
of levels as expected. The following guess as to levels, ete., leads to the
correot total crbss-seqtion es well as energy distribution of the emitted neutrons.
Let there be no levels between 0 and «T5 Mev inesmuch as Pb should behave like a
light nucleus and because of scme slight experimental évidence to this effect.
Let there be one level between .75 and 1.5‘Mev with a weight of 2 corresponding
to & level at 1 Mev. Let there dbe 3 levels between 1.5 and 2.25 Mev corresponding
to én everage energy of 2 Mev and thus ha#ing 6 total welght of 3 and hetween 2.25 and
3 let there be 9 lefels having an average energy of 2.6 Mev and thus a total weight

of 3.6. The oroes-section for the formation of the compound nucleus o, 18 2.19 b, eo

~66=



that the predicted cross-sections for this model are 1.62 b, 1.2% b, and .63 b.
The predicted cross-section at 1.5 Mev for a threshold of .9 Mev is .5 b. The
level scheme is not as unreasonable as might first appear for it agrees with an

V/ 20E

above. It suggests that the magic number character of lead is no longer in evi-

average spacing D v e predicted from the 14 Mev sxperiments discussed
dence once sufficient excitation energy is available. A level scheme in which
D does not decrease so rapidly is empleyved by Feld vwho assumes that only Q =0
neutrons participate in these réactions. However this implies a rather rigid

selection rule for these relatively large wvaluss of x.

Additional Note About the Curves

The curves of total cross sections for the elements O, G, Mg, 3i,
S, (figures 22 to 29), were obtained from the HMinnesota group under Prof. Williems,

after the main body of this report had besn prepared.
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