APPROVED FOR PUBLI C RELEASE

i L . L K . B O T S S R T N e
.. Y T S e T TETENLL  e N ¥ e RORETSS

VERIFIED UNCLASSlFlED AT T I
< d/ 79

> oaoome Wt wma 3.0

™
—
[
(o]
(o2}
<
™
o
o
o8]
™
™
(o2}
™

APPROVED FOR PUBLI C RELEASE




APPROVED FCOR PUBLI C RELEASE

=

UNULLADIIV LY

[N .~

. . FIED .
.1 to UNCLASSIF jssjom,
mﬁm Ch."\“g‘l‘lj t;, Aﬁomic Energy Comt 2‘ 5

by anthority of 4. jﬂ—@’{?
By _ ’

PUBLICLY RELEASABLE 3 ‘
Per VAN , FSS-16 Date: 2~
1A - &7 oy , CIC-14 Date: 1/-2-
Sories A .
August L, 1947 I This document containsis pagoes

NEUTRON CROSS SECTIONS OF 0235 AND pu23d
AT LOW ENERGIES

Report Written By:

Vo Fo Acisskopf

3 9338 00349 8713



ABOUT THIS REPORT
This official electronic version was created by scanning
the best available paper or microfiche copy of the 
original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov



APPROVED FOR PUBLI C RELEASE

| UNELAY L

- =3
2

ABSTRACT

The ratiq of capturs to fission in U235 and PuP3® at low
energies is disouesed. It is probable that the capture %o fisaion
ratio 1s rero in Pu"3? for energies cflmre than 1 ev. This fact
sould be established by a nupber of exporiments which aré suggested

ix this paper.
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I. Capture.to-Fission Ratio in U233 and pu®39

The ratio a of the capture cross section and the fission oross
asestion at low cnergies is of great significance for the construction of
pilesd. If an enorgy region could be found in whioh this ratic is zero,
piles could be made to operate in this region and avoid 'neutron losses.

The following coross seotions are relevant in tho lowsenorgy
region: 7The fission oréns seotion og,

The (elastio) scattering oross sesction o,
The radiuf&ve cepture oross section o,

The total oross scotion o = ?f +40g +0p o
The. eoattering @t the energies considered here can only'be elastic aﬁd ise-
tropic, since the wavolength of the neutron is large compered to the dimen.
siona of the nucleus. The capture process is followsd 5y the emnission of
v-rays and lends ta & radicactive nucieus. I

The only oross sections that h;ve been meusured so far es a
function of the neutron energy are the fission cross settion and the total
oross scotlon oye Other processes can not be mgasured sasily with the
velcoity selector method. The fission cross section is: measured Ly deter-
mining the amount of fission prooesses per incident neuﬁron; tho total
oross seotlon is measured by dotermining the attenustion of a neutron beam.
Tt 1e in the nature of the velocity-selestor method that oross sactions
ot only be measured ..f processes where an obgservable effeot follows

imnediantely the capture of a nsutron. This observable. pffect is the
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sattenuation of ‘tho beam in the cate of the measurement of the total
oross section and the fission in the case of the flssion oross section.
The scattering oross section cor.;ld be moasured by the vof,looity-nel sotor
method if the scattersd neutrons ocould be picked up by a' detsctor whioh
has the required “on" and "off" timo periods to detect the scattering of
poutrons with & given energy. It has not besn done so far, probtably be-
cause of intensity diffioculties which make it P;ard to distinguieh thie
scattering from atray scattering in other objeots. The :oapturo Oross se0-
tion can be measured by vgloocity selector only if the cspture y-rays
could be dstected which sQems questionable.

| Ail three cross sections cen be measured wii;h ‘suitablo mothods,
however, if monochromatic neutrone are produced with a oryatai spsctrometer.

Elomontary laws of noubion absorption show that op and o, contain

s feotor 1/4E ut low energiss, whereas oy approeches a finite valus for
E-»0. The finite vﬁlue of g, for low cnergies ia of th§ order of L n R®
whare R 1s tha radivs of the nuclei. This is about 10 b for heavy nuolei
and wo can tlw_roi‘ore negleot o, for energies at which the other aross
sestions are large compared to 10 b. This is the case for energices below

about O.5h. Ve will refer to this region as the "lowo'oziergy region”,
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II. The Plutonium Cross Sections

The cross sections o, and o, of plutonium have been measured
by Be Do McDaniel and co-workers in LA - 266. The low.energy region is
domineted by the well-known atrang resonance at 0.3 ev.  Neither o,

nor o, can be represented, however, by a pure Breit.Wigner formula:

—

E 1 +h(E. E)2A2

The constants can be ad justed so that the Breit~Wigner expression describes
well the region around the rescnance within one half width. These constants

.

are:
%ot 5500 X 23'0 b
- Gyp #5000 £ 250
E, +0.30 ev, D0.097 ovo
E, snd Tare identical for both cross sections as expected by theory.
Those Broit-Wigner expressions do not fit outside one half width. A back.
ground oross sestion S muat be added to it and NbDaniel.haslshown that
this background oross seotion S ocen be considered fhe sémo within the oxe
perimental accuracy for both the total and the fission o}oss seotion. The
function {E og 1is a slowly varying function of the energye It is plotted
in Fig. 1 in units of barna * meter/p 3. !
The ratio 4 of capture to fission:
¢ = 6r/bf

can also be determined in the low energy region from the measured cross
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geotlions o and of ., by neglecting oy

a = (°t/°f') - 1.
MoDaniel finds this magnitude varying with energy. It has tl;xe value Q.4
*t thermal energies and inoreases to 0.85 at 0.3 ev and :fa'na off again
at highoi’ energies as indioated in Fig. 1. Althoug!_x,thg experimental
aocuracy is not too good, 1¢ seoms tha% this wariation is outside the
oxperimental error.

The measurements in the enoi'gy rogion above 0.5 ov are firatly,
less accurately known and, secondly, harder to interpret! bocauee.of‘ the
faot that tho sca'ctéring oross ssotion can no longer be noglacteds The
totel @8 well as the fiaaion oross 8sesotion show a very b?ﬁad Tresonanoo at
12 ov end somo more at higher energies. Tho resonance at 12 ev my well
be a group of unresolved sharp resonances.

The valus of a can only be detsrmined if one knocws the value
for oge Tho only measurement avallable is a thc;rmal value of og = 9.8 b
by Ferml (private communication contained in the Los Alamos Handbook,

IA - 140). Although it is theoretioally to be expscted 'E}uﬁ'the soattering
oross seotion between resonances (potential soattering) is a wvery slowly
verying funetion of the energy, it 4s not safe to a ssums that Fermi's
value also holds in the mgion abave 1 ev. The ilnf}.anoe ;f the raesonance
at 0.3 ov may be large enough to contribute appreciably to the thermal
scattering oross section as the analysis in section V shéwa. If o, Vis '
chosgen to be 10 b throughout, ons obtains & ourve for a whioh could be
interpreted to converge to zero above 1 ev (ses Fig. 1). It is therefore

at presont not in disagresment with experimonts toa ssume a = O in plutonium

for energies at which the strong resonance hae no influehce.
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III. Uraniun (23%5) Cross Sestions

The messurements of the total and fission oross scction in U35
were poerformed by MoDaniel and co-workers in 1A - 158 with more acourasy
than the plutonium messurements because of the _abnonco of the etrong c-ectiv-
ity. U235 shows & great number of resonsnces, both in absorption and im
fission. The ratio ¢ of ocapture to fissiocu could be determined directly
in the low-enorgy region to be a = 0.17 independent of the energy, within
the accuracy of the measurcment. At higher energy, the ;aoatterh;g oross
seotion was agsumed to 'be oquel to the one of 11258 whiolifis 9.2 b, On this
baeis, it wes found that o could bo assumed constant over the coimplote
region of obae’rvation (0-200 ev) with & few remerkable ;xceptiom. They
consist of two resonanoe levels at 2 ev and ;.8 sv. These levels do not
oocur et all in the fisaion oross section dbut oniy in the.absorption
oross section. WcDaniels shows in IA - 153 that these leve‘l.a really be-
iong to 235, The absox'ption of a neutron in these ,reapna.ncos leads only
to ocapture and not at all to fisslon. It is not sxcluded that similar
levels exist at highér energies too. The leck of resolutions would make

the discovery impossible.
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IV. Theoretical Interpretation

In order to oxplain some of the features desoribed before,
cspecially the behavior of the capture-to-fission ratio,:we propose
the following assumption: In general, nsutron resonance levels show
approximately oéua.l properties in respect to fission and.capture. The
value of the fission breadth L and the capture breadth T is a aléwly
varyine funotion of the excitatioa energy of the oompound nucleus, ae
Bohr and Whaelor have assumed. .The ratio ie expected than to be almost
the same for &1l levols within the energy region discussed in this report
(0O to 200 ev neutrcn emergy). In contrast to fhis » howsver, we have to
agsums in view of the exporimental evidence in ue3s that thero oxists a
ounber of "emoptionﬁl" levels whose fission width 1s exoeptionally low.
Since o in U°5° is normally 0.17, the normal ré.tio of Tpt T,
in U235 is about 6:1, which gives rise to a total width e I} + T
of about 7_'[,‘r. Ie 'I; is assumed to be of the crder of id.l ev one gets
s total width of 0.7 ev which is somswhat higher than the observed widths
in resolved levels of URJY. However, a value Trvo.or, 18 not oxoessively"
small compared to results from other elements and the subsequent value
I' ~ 0.35 ev i3 in line with the cbsorvations. The two exceptional levels
at 2 ov and L.8 ev must have a fiesion width [, at Jemat £ifty times smaller
in order to explain the failure of these resonances to a.g:pear in the fission
eroge section ocurve.
We now apply those #asx:mptions to the case of plutoniume From
ths work of Bohr and Wheeler, one should conclude that the oompc;\md nuoleus

PuPl0 oreated in the neutron absorption of plutonium should have a lower
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fission throshold than 0256 crested after neutron absorgtion in 0255.

The fission threshold of US3C should be just a 1itbtlo urder the excita-
tion energy Gy whioh is delivered by slow-neutron capbture in w35, (B

is the binding enorgy of the noutran.) This is so becauss of the faot
thet the fission width for low-lying 1svels 1s not very mmeh larger than
the radiation width. This unusually smell value of the fission width
indicates proximity to the fission threshold. Puel"o' differs frcm U236

by one a-particle. Its relative proton-neutron ratio is theretc;re
elightly larger; +thla should cause a larger readiness to undergo fission.
We, therefore, should expeot a larger fission width for equal energiess

The experimental evidence of the well known strong resonance in
Pu seems to contradict this. Its fission width is smaller than the aver-
age fiseion width in 235, The latter one is about equal to the totgl.
widths of the US)".levels which is about 0.3 to 0.5 ev. The fisasion
width of the Pu.resonance level is 1/l 4+ a)-times its total wldth which
smounts to abtout 0.05 ev. '

We propesed to oxplain this disorepanoy by aesuming that the
strong resonance levsl in plutonium is one of its “ozcep*:hioml" leovels
with an uausuelly small fission width. It is supposed to be of tho same
nature ac the two levels at 2 ev and L.8 ov in VB35, The "repular" fission
viidth in Pu for slow noutrons is assumed to be many times largor than the
radiation width as claimed by tr.\e theory. We should thetef'oro expoot for
any normal level a value of a very near to zero. If we z;ssume the same
ratio botween the fisalon wldths of reguler and exceptior'pl lsvels (about

60) one would expott a total, width of about 2 to 3 aov fof the rep:.ular levels.
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The present exporimental results on plutonium are not in dis-
egroament with thls assumption. Since tho resonance af: 12 v and higher
are assumad to be regular onea, they shouid be breed and huve an a = 0.

Tho background oross scation op of the Breit.Wigner shape of the 0.3-ev
resonance is suppesed to be the tull.effect of broad regular levels and
ghould therofore also show a = 0. The faot that o5 is about equal for

ot and op supports thise (In the lom.energy region ¢ « (og/af) - 1)

The observed value of ¢ in t.ho low-energy region is the combined offect of
tho resonance I.m'al and the baockground. One ocan separ;xto the e ffocts of |
baokground and res;nanoe by assuming that the a pertaining ¢o the resonance
18 equal o & value ap and that a is zero for the background. We them

get for the cbservod a:

Gobs = ar °f = B -a,--f_ﬂ_ ‘ (1)
of ., °r

One ocun obtain ay, by fitting this expresaion to the value at the center of
resonance where ¢ is almost equal to a, and one obtains qp = 0.90. The
points obtained fram(l) are shown in Fig. 1. The fit is as goocd as one
can expoot from the experimontal acouracy. Thus, the proposed explanation
is not disproved by the observations.

Wo will not attempt to give an explanation to the existence of
thess exceptional levels. We restriot ourselves to the fact that they havoe
been observed. There my be some type of. oxcit:atilon of ths nuoleus which
does not lead easily to fission. It was sometines prc;posnd t.o. distimzuish

tao groups of levels aocording to tho way the spin of the neutron adds to
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the spin of the bombarded nucleus. If the spin of the bombarded nucleus

is I, the levels oreated by slow neutron absorption fall into two groups:
the oncs with a spin I + 1/2 and the ones with I.- 1/2. : One.may be tempted
to say that the fission width i depends critically on the angular momon-
tun so that I could have e very different value in the two groups. It
seems, howover, from the U235 evidence tht the "oxceptiom] " levels are
very few in numbers whereas tho ratio of levels with I +1/2 to tho ones

with I - 1/2 should ba of the order (I +1)/(I - 1). .
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V. Suvgrested fxperiments

Becouse of the slgnifiocence of the santure.td-fission ratio in
rlutonium, experiments shouid be made to orove or disprove the assumptions
made in this pepor. The following investigatlons sugpest themselves:

1.) Refinement of the volocity-selector method could set+loe
the quostion whether the 12.ov maximum in tho Pu croas section is one Sroad
resonanoe or can be reasolved into & number of narrow ones. According to
the hypotheals of this poper ths widths of "regular" levels in Pu should
be at least a few ev.

2.) Hore acourate measurcwents of fission and sbaorption cross
sections in the neighborhocd of the maximum of the 12-9v rescnance should
be made éo obtain a relisble valus of a at that energy. Tho valus of the
oross sedtlon at that energy is as high as 120 b so thét the error due to
the unknown scattoring oross seotion ie rather small. 'The measurcments of
EoDaniel (lLA-158) are only of exploretory nature and could be improved con-
sidoerably, especially by a choice of thickness of absorbor suitable for that
snergy regioun.

3.) Measuremonts of the scattering oross ssction of Pu would
greatly help to interpret the present measurcments. QﬁJy the theirmal
sogttering oross seotion is known and it is not Justified %o assums that
the scattering orcss ssstion in the region above 1 ev 1s egqual %to the
thermal one. This is beceuse the influsnoe of the resonance on the scatter~
ing is still too large to be noglocted as can be seen in the following

analysis: tho scattefing c¢ross sectlon 1g given by theo following axnreasion:
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Rere f is the statistiocal factor
f=l(1t 1 |
2 ( ¥ +1 ) (2)

where § is the spin of the bombarded nuol eus and the upher or lowor aign
is valid when thoe spin of the compound state mede at reibonanco is I +]§
or I - ;]2:. respectively. Pn and I are the ncutron and the total width
reapgcthuly; Tn is proportional to E, py and pp are tho potential scatter-
ing awplitudes for the two possible spin orientations. ‘ py belongs to the
spin orientation which gives rise to the rescnance at 0.3 ev. Thero is good
thsoretical reason to assume t;zat the py are real and vroportional to E}/ 2
over an ensrgy region large compared to the level svacing. P lmd'pe should
be almost equale. v )
Far from resonance ths scattering cross section should assumeo

(. .
the value a '~ ) (potential scattering oross section): '

Gg P - {f ior 2, 1-1 fpai?} x 1*712 'Pliai 4 &)

Theory and experiment indicate that o.(P) is near Ln Re viiere R 13 the
radius of the nuclems. This givoes for plutoniun a value of oB(P) 12 p.
The absorption oross section % = Sp & O in li:!m noigﬁborhood

of resonance is given by

| Tal’ :
O =0p +Op = ﬂﬂaf (WW— + Og _ ("4)

where o is the background contribution which is negl igible near Tesonance.
We can use these formulas to express the thermul scattering cross seotion

in terms of the resonamce value ¢ of % (neg'lootingr oompared to E-.Er in
o .
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§
the dencminator, and essuming py = po = R/%) ¢ |

og = WR2 (1 - 2C 4 C2/F) (%)

vhere
¢ 2% R ~ }....
g X E. © 10 6

by using for ¢, the maximum value of o¢ since the scattering canbe

-

- noglocted at resonence. The first order correctiom to tine potential
coattering value does not depend on f and ia about 20 . 1If one comparos
this result with tho experimontal valus of 9.8 b as measured by Fermi,
one would conclude that gy(P) = LIR® ghould be 12 b, which chooks with
our assumption of R = 107325, Formula (6) also shows that the influence
of the 12.ev levael would be very muoh smaller mainly beocause of the

smaller value of oge This oémputetion is not good enough to comolude
that the scatiering oross seotion further awey fromr eao;zanca should be
12 b as 1t would follow from the oaloulation. 1% orly ahows that 1¢ would
not be reasonable to use the thermal valuo of 9.8 b as the socattering cross
seotion above 1 ev. '

deaeurements or. the scattering oro&a ssotion in the region above
1/2 ev wouid therefore be of greoat imperiance .for ths di'reo{: determination
of a. If thess wvaluos are availeble the capture to fission ratio could
be determined di.réotly, without eny roference to theory, fromagcurete
velues of op and Oy:
a «e% =% .31 .,

ofm
Sceattering oross soction measuremsnts could be made witlt the veloclity-

solector method but, so far, have never boer a ttempted. !
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