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tlethods are described whioch allow the determination of neutron
flux in the ernwrgy rezion from © Kev to 2 Liev, Observations of &f(ZS) in
this energy repion are described in detail. Datu asre presented on the com=
parison of the fis§ion>cross section of 49,-289 11, 37, 00, 02, B and Li

with Gf(ZE) in this energy interval and above.
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THE CROSS SECTIONS E"J:{. 2 SSRONS DF

25, 49, 28, 11, 37. .oo O?aﬁanL UNC[ASSIF E

INTRODUCTION

The detormination of the cross secltion for a puclear process éuch as
fission 15 ¢ssentially dependenl upon the absolute measurement of the flux of
fast neutrons. It has been demenstrated in this laborztory that it is possible
to determine quantitatively the nuwmber of hydrozen recoils from a known thin Film

of hydrogencous material placed in a fast-neutron beam. Since the hydrozen cross

section is known 1) it is therefore possible to determine the flux of fast noutronse
In this menner Hall, Koontz, and Hossi 2) have meusursd in a comparison chamber

the relative numbers of hydrogen.recoils and fission fragments from 2&. Their
doterminations of the figsion oross section of 25 for nsubtrons of 1 Mev encrgy

serve as s standard of cross sections for fast neutrons in this laboratory-

DEGRADATION TESTS OF THE LONG CCUNTER

It has been proved to be diffieult to axtend the messurements of fission
CIOs8s sections by the hydrozen=recoil method with mcceptable accuraoy to neutron
energies less than approximately 400 Kev or more than & Mev. However a deotector
hes been developed which we belisve has tho property of a nearly uniferm responss
to fast neutirons over the energy regjion {rom leoss than 10 Kev to over 2 Mev.
EZarly models and tests on these "long counters” huve been described by Hanson 3)3
Further development and tests on these dotescetors reveal the following properties.

A model similur to that shown in Pig. 1 was first irradisted with

neutrons of approximately 200 Kev ensrgy from au Y-Be source. Then this soures

1) J. He Williams et al., CF-5S9
2) Hall, Kooniz, and Rossi, La=128 ol
3} A. Qo Honson, LAMS=£0 '
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was surrounded by a sphere of Dzog %agi%s ?0@4%0%; ﬁbgdagrade the neutrons end -
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the number of neutrons recorded was 98.5 percent of the original number. This
number of neutrons recorded from the Y-Be 4 D»O source is to be correoted
dovnward by 2.5 percent since Y emits a few jamma rays of sufficient ensrgy to
disintegrate deuterium aznd so produce in the heavy-water sphere this fraction of
the primary neutrons. Consequently the counter is 96 percent as efficlent for
detecting the dezraded spectrum as for the 200 Kev neutrons. Chew and Komopinzki
have calculated that the deuterium sphere should dagrade the primary neutrons to
an averaze onergy of 10 Kev, and the order of one or two percent of the neutrons
will lie below the Cd cut~off. In view of the fact fhat the detectors are knowa
tc be of low efficiency for thermal neutrons, we fsel that the test establishses
our thesis that the long counter has a response independent of the neutron energy
to approximately 6 percent in the region from 200 Kev to less than 10 Kevo

To climinate the possibility that an increased sensitivity for say
100-Kev neutrons might counterbalencé a decreassed sensitivity for 10-Kev neutrons,
or vice versa, similar tests with graphite s?hares surrounding the Y-Be source
wore made, A typiloal result with a 1Z2-cm-radius gr&phité sphere, estimated
average neutron energy 100 Kev, was that the detector indicated an éfficiency of
98:5 percent. | |

| The evidence for the constant sensitivity pf the long counter in the

energy rejion from 200 Kev to 2 mev will be presented belo% (pﬂvs) in the des-
eription of our measurements of of(25) in this senergy region.

As a result of the above experience we have designed ahd built the
detector shown in Fiz. 1. The neutrons enterin; the‘opanvfront faca of the inner
paraffin cylinder (from the left in Fig. 1) are slowed down by the paraffin,

di.ffuse to the central regibn ard sre captured by the enriched uranium on the

inner cylinder wall. The resulting fission fragmonts are thus detectable with

o5 600 0080 ¢ 069 L
. @ L 4 L 4 - L4 L J . —
ease and so uncertainties such ad §mp£1fierv;a£n thange hsomutiBes couce
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ars eliminated. The sensitivity of this®pa¥rtidilad
is lower than that of Bstfilled long=counter detectors. An additional feature
of its design is the paraffin - B4C - paraffin cylindrical structure which servss
to prevent apy large number of neulrons entering the detector from the side.
This shielding lis essentiul for guantitative measurements where an atmosphere
of epithermal neutrons are present in a laboratory as a result of multiple
scattering of neutrons firom a primary source-

%ith this detestor {calibreted by the steundard ¢p{256) at 1 Mev, as
mentioned above) we have wmeasured the flux of neutrons Irom various neutron
sources and from simyltaneous messurements on tho figsion rate in a knownemass

foil of 25 have determinec 6{25) as a function of neutron energy.

UEASUREMENTS OF af(:zs)

The sources of neutrouns used in the determination of the fission cross
sections cof 25 and other isotopes are thin lithium tarzets bombarded by mono-
energetic protons accelerated in Van de udraaff generators. Ths evidencse that
the neutrons arising lrom the Li (p,n) reaction are nmonoenergetic is presented
later in this report (p-20 }. The energy of the neutrons is determined by the
bombarding-proten energy end the angle of observation. The uncertainty in the
neutron encrgy is determined by the uncertainty in the proten energy, the thick-
ness of the lithium tarzet, and the solid angle subtended by the neutron
detector. By & proper choliece of these parameters the uncertainty in ths neutron
enerzgy oan be roduced for practical reasous to less than 1 percent for energies
greater than 500 Kev, less than 2 percent for erergles sreater than 200 Kev,
less £han 5 percent for energies jreater than 50 Kev, less than 10 percent

for energies greater than 20 Kev, less then 30 psrceant for energies greater

then 10 FHev, wnd less than 50 percent for energies greatsr thag 4 Kev,
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The experimental arrangemept wsed iy mgisurang df(zs) is shown in

Fizo 2. The long counter and fission chamber recsive simultaneously neutrons

of the same energy and nsarly the same energy uncertuinty. The observaetions con=
sist of recording the relative counting rate in the two detectors as a function
of the neutron energy. +he result is a determination of the relative values of
,ar(zs) as & function of neutron energy. This comelugion is of course hased on
the validity of our assumpbtion of the flat ener;y response of the long counter.

Test With Calibironted Ra-Be Source

in order to test this assumption in a highsr snergy region and to
normalize the data to &n absolute value of 6f(25? we performed the following
experiment. A Ra=Be source of known strength 4) was put in the exact position
of the Li{p,n) source. The counting rate of the lonz counter in its original
position will give a measure of the overall efficiency of this detector for Ra-fle
noutrons. Assuming this meesured officiency to be the same as the efficiency
- for 1 MNev neutrons we can normalize the relative [lssion-teo-long=counter data
taken at 1 Mev. The result is that Gf(25) at 1 Mev is 1,37 barns. This
rosult is in excellent sgreement with the more precisely determined value of
1-.33 barns cobtained by Hall, Koontz, and Hossi 2)0 Furthermore the relative data
reveal that' 5p(25) at 1.6 Mov is essentially squal to that at 1 Mev. This
is again in complete agreement with Hall, Xoontz, and Ressi. We are therefore
led to believe osur assumption about the energy response of ths lonz counter.
In the intermedinte enerzy rezgion the agroocment between our relative
cross section at 400, 600 and 1000 Kev with measurcments by the above observers

increases ocur confidence,

4) Calibrated by A. Graves of the R=3 group.

-
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Tests with Compenéating Pair of Ioni;éﬁién.ﬁhaméeié s
) ) i S TReETeT i ede ee

In order tHat our conclusions regarding the fission eross section of
25 in the energy region below 400 Xev should mot reost entirely upon the tested
assumption that the long counter possesses a flat cnergy response, further
instrumsntation to determine relative neutren flux in this emergy region hes
been made- )

Since it is clear that the elasticescattering oross sectlon of hydrogen
is fairly well established both from theoretical 5) and experimental 1) con=
siderations the following instrument was developed. Two identical high=pressure
ionization chambers 6} with a well-defined colleeting volume were bulli as

shown in Piz. 2. For nentron~flux measuranants below 500 Lev one of these
R

.

chambers is filled with srgon to 2 pressure of approximately 15 -psi and the
other is filled with a mixture of hydrogen and arjon to pressures of approximetely
150 psi and 15 psi, respectively. The choice of pressures is deltermined by the
noutron=enerzy resion one wishes to iavestigete. For hizh neutren energies the
argon pressure is increased to insure a minimum wall effect for the hydrogen
recoils. The hizh=voltage electrodes of these chunbers are kept at suffiolently
high potentinls of opposite polarity to insure saturation collection of loni=
zetion within the collecting volumes. The colleating eleclrodes are connected
in parallel andé the net ionizetion due to both gamna rays and proton recoils is
detected by means of & DC amplifier. When the chambers are exposed to a st&ong
gource of ¥ rays which is symmetrically located with respect to the chambors it
is possible to adjust the argon pressure in the chamber sontaining only argon to
guch & value that the net current from the two chambers in parallel is not
detectable, i.0., the net ourrent is less than 1/30 psrcent of the ionization.
current due to proton recoils. When the chambers ore exposed wit symmstrical

peometry to a mixed source of neutrons and samma rays, which is ths casze for thg
eve
e @

LY
M P : (X X} .

5) C. Richman .2 e e o °,

[ [ .
®90 400 s0s 00s op°

6) Code designation 2 PG.
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Li{p,n) source of the slcctrostat.c jefexhitbrs, sthk mdekured ionization curremt
[ ] see & ooe 000 o0

is due to the recolil-hydrozen nuclel in the chawrber conteining hydroger.

The magnitude of this current can bs trunszlated inte neutron flux if
one knows the pressure of HZ’ the effectivs volume, the jeometry with respect o
the neutron source, the scattering cross section of H, the neutron eneriy and
the average energy loss per iom pair formed in the Hy < A mixture by the
hidrogen recoil nucleus. The only piece of informetion whioh is not immedistely
available is the average energy loss per ion pair in the particular gses mizbure
usedo Considercble informoticn is howevor availlable in standerd texts about the
sverage enersy loss per - ion palr of alphs particles traversing certain unmixed
zeses, includin:; arzgon and hydrogen-

The informaticn appropriate to our gas minztures wes obtained by in-
cluding within the mixed=-jzas chamber o fcil of Pv covered with a very thin layer
of polonium. The number of polonium elphe particles emitted psr second was
counted by usipg the ionizatlion chamber as a pulse chamber connscted to a fast
emplifier. The ionization current arising from these o particles (approximately
100/3e6) was also measurad. Since the enerzy of the individusl polonium alphas
is kanown, tho ernergy loss per ion vair for polonium slphas wes determined. The
agrsement with the values extrapclated from published moasurements on single
gases was %o within B percent.

Some of the information listed szhove such as the pressure and volume
of H, or the ensrgy loss per ion palr for hydreogen recoils camnot be determined
with exceedinjly high accuracy. iowever with a iven 3az £illing it is possible
to use these compensated chambers te determine relative flux at two different
noutron enorgles to a much hizher degree of accuracy. In practice we have mads

uss of these chambers im the letter way ulthouszh the absolute flux messursments

agree te within 10 percent with thcse.getermined by fission measurements with

LLE B XY
s 3t
the "stendard™ cross sections of Halﬂx ??bntz, Ygndg ioksic. The exps
L]
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arrangement o determine 6?(25) witlh tﬂes?.ch?mﬁerﬁ »s shown in Fig. 4.
[ ] L ] L]
*

Neutrons of the sams enerzy snd intensity impinze on both ion chambers and on

& fission foil encased in & separate chamber. Both ion chambers are subject

to the same gamma=ray flux from the target and the electrostatic generator.
Simultaneous measurements of the fission rate and net ionization current due to
neutrous are recorded for & siven neutron enerzy. Without changzing the geometry
of the detectors the neutron enersy is chunged and the ratio of number of
fissions per unit time and ion current is again recorded. Since one knows the

neutron energy and the oross section of hydrojen as a function of neutron encrgy

[ S8

t lg possible Yo transfer the relative ion-current neasurements at the two
neutron senergies into relietive flux measurements &t the two neutron energies.
Thus the relative fission cross secctions for 25 at the two energles are obtainsd.

In the above munner we have measured 6?{25) as a function of neutron
energy in the energy region between B0 Kev and 500 Kev. The resulis are
shown ss open c¢irecles in Tig, S, norrelized tc the long-counter cross section at
500 Keva

Also shown in Fig. 5 as solid points, are the results of ocur obser-
vations with the lon; counter over the wider energy rangs from 5 ¥ev to 1.9
dev. These measursments are normalized to a value of 1,33 barns at 1 iev,
£lso indicated in this fifure are the results of other observers as well as
the absclute values. of Gp thut we have determined by the instruments and
mathods outlined above.

The general form of Gf(25) as & function of neutron ensgrgy is fairly
well established by the measurements shown in Fig. 5. lie believe that df(as)
ag measured is trustworthy to sppreximately 15 percent throughout the entire

energy range above 156 Xev and is lmown to be between 5 and 10 percent from

200 Kev to 2 MNevs,
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It is clear that once 61.(8%9 év icnowq emg 62 5mc‘twn of meutron
energy the problem of investizating the dependsnce of other cross sections is
grantly simplified. A known mass of 25 in the form of a thin foil can then be
axposed to the same flux as the isotope in guestion and will serve to determine
the flux. Cur practice has boen to mount two' foils, one of 25 and the other
the substencs under investigation, back to back in & compariscon ionization
chamber similar to that shown in Fig. 6. Observations on the relative counting
rate from these foils and a knowledze of their masses allows an immediate detor=
mination of the unknown cross ssction.

Banson has been primarily responsible for the instrumentation of the
lopg counter and the obssrvations with it in the higher enerzy neutron reangs-
Parry has puided the mecsurements with the long Qnuhter in the epnergy r

33 “1 43

from 100 Xev down to 5 Kev. DBailey and lush developed the compemsated
ionization chambers, 2 FG, and made observations in the region from 50 Kev to
500 Kev., /e are indebted to the members of Dodson's group, particularly Cpl.
illeyr, Ph.ls, for the presaraulon of 28={oils used in the detectors, and to

Chamberlain for analyses of the 25-content of the fission foils,

MEASUREMENTS Oi 49

Early measurements on the fission cross sestion of 49 have been re-
ported in LA=28. Sinco that time it has proved possible to use larger guantities
of material in a simple comparison chamber. This improvemant results from the
desizn of faster emplifiers by the electronics group and the development of an
elactroplating tschnique for 49 by Dodson's jroup- Althoush we have found it
possible to use 1.2 mg of 49, the present measurements were taken with 200

s and GOO‘/Mg samples- The oxperimental conditions were such that we had
approximately 100 percent efficiency for the detection of fission processes.

The aceuracy oi ths present data thgrafoﬁ fﬁr agcaad».that of our nravinus_-
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measurements and elirinates rahes oxrebdaced

section reported in Li-=28.

The foils of 49 used in these determinations wore electroplated
discs, 1?3/16" diameter, on thin platinum backingg. Their masses were determined
by alphe counting and un assumed half life of 24,000 ysars. The probable error
assigned te theus determinations by Dodson’s group is T 1. percent.

Observaticns were wade of thse relative fission rute from known masses
of 49 and 25 as a function of neutron energy. The accuracy of thess data
is limited by the statistical errors of counting, which in general were less
than 3 percent for all neutron enorgies, and by uncertainties in the masses of
the foils = possibly another 3 percent. The spread in energy about the
welghted average energy plotted for each point is less than the limits sei on
rage & above.

| The ratio df(eg)/b%(zs) determined by ths above observations may bo
multiplied by the values of df(ZS) obtained from tho smooth curve of Fig. 5-
The resulting velues of Jf(49) are shown in Fig. 7. It is clear that the
variation of this cross s@clion with energy bears only a rough similerity to
that of 6?(25)0 It is intoresting to note that 6&{49) is less than 6}{25)
for energies between ths lowest measursd point for fast neutrons and 100 Keve
The behavicr of ﬁf(49) in the region from 500 volts up to 5 kilovolts re-
me.ing to be investizutsed-

The' foils of 49 used in these experiments wers prepared and counted by
#iller. The instrumentation for these observations were performed by Hmrunson,
Klema, and Perry. Ve are indebted to members ¢f the R-3 group for operating ths

D=D source of neutrons to provide the data nt 2.5 Mev.

L4
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MEASUREMENT OF  6,(28)",

For the sako of completeness a brief report of -the walues of 6f€28}
as & function of neutron energy up te 2 Nev will be given here. The measure-
ments have besn described by Hanson 7) and by Taschek 8)0 The independant
cbservations were in geod agreement and wers of rather high accuracy but were
somewhat uncertain with respect to the numerical value of the cross section.
Recently Hall, Koontz, and Rossi 2) have determined Gb(EB)/Br(25) for neutrons
of 1.57 Mev. They derive a value of 0.35 barns for sf(ze) at this energy from
their observatlons. o have normalized our previous results on the basis of

this information and have plotted 6%(28) vse L as shown in Fig. 8.

LEASUREMENTS OF df(ll)

The possibility of usinz proteactinium ag a threshold detector was
recognized from sarly observations 9) thet it did not suffer fission under
thermal-neutron irradiction but fissions were detsocted when 1t was exposed %o
neutrons from a Ra-Be source.

Several foils of Pa mounted on thin platinum backinge have been pre-
pared for us by members of Dodson's sroup. The mosses of these foils have been
determined by alpha counting with due regurd to the jrowth of decay products
and wiéh an assumed bhalf 1ife of Pa equal to 32,000 years. The chemistry in=
voived in this preparation will ba discussed under the section of this paper
describing messurements of d%(37)n

The comparison of Gf(ll)/bf(ZS) was carried out in a wmanner similar

to that described above for other materials. These observations heve bsen

7) A, O, Hanson, CF-G18
8) R. F. Taschek, LA=33
9) V. Grosse, Bocth and Dunning, Phys. Kev. 5

-
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transformed by multipli&}ft{pn :qf el 15,79‘;:(25) by vmlues of

Sp

frem the smooth curve of Fips ‘5. *“Ihd*¥ds $0lts ero shown inm Figo © where the.
vertical dashes indicate the statistical uncertaintiss from the limited number
of fisslons observed.

It is clear f{rom this figure that df(ll) rises sharply from a thres=
hold of approximately &75 Kev to & very substontial velue of 1,23 barns at 3.0
Mev. This rise appears to be somewhut irregular in that the cross section is
essentially constent over the energy ranga from 630 to 6560 KHevs This snomaly
is ressonsbly well aestatlished by the data and is not entirely unexpected in
view of our earlier observations 5) on 6}(02) which first revealed that fission
cross sectionéznight not be monctonic functions of neutron energy.

The usefulness of Pa as a threshold dstestor is established by these
. measurements. It should, however, be polinted ocut that it is at present very
difficult to uce mofe than a few milligrams of Fa in‘a fission chamber b@éausa
the large alphe activity may result in alpha ocincldences equal in signsl leval
to that of fissions.

te are indebted vo the R=3 group for operating the D=D soures of
neutrons to previde the deta at 2.5 and 3.0 Mev, Tho measurements of Gf(ll)
were performed by D. Prisch, E. Xlema, and oﬁhar mambers of the R=Z group.

MEASURENENTS ON @f(37)

A semple of 37 prepared by the U (n,2n) reaction with Be (d,n) neutrons
from the Berkelsy oyclotron was made available to us through the kindness of
A, Wahl. This element was separated by the following chemical procedure:

The 37 was formed along with 49, in an smount equal to a Tew percent
of the 49 mads, in the bombarded uranium metel and nitrate. Frevious to bom=
bardment the uranium hed been purified roughly by ether sxtraction. After bom-

bardment the 37 and 49 were extracted from the uracium by several acetate and

L X ] ..Q ... . L X R J L]
fluoride cycles. The 37 was then oépénybsd-frstxi%e 4S-by 8 nodiflad fluoride
80 000 050 06 S5 o0 i
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cycle, with 39 added us%;=tﬁ§cér fér %he:3§o The extraction was repeated until

the ratio of 3% A activity to & activity of the sample remained constant to
10 percent. On the basis of its <L activity this sample cannot contaln more
than sabout 032./Mgm of 49 or 11:. One milligronm of normal uranium, however,
would account for less than 1 percent of its 4 activity and could escape
detection by the 33 tracer method-. v .

The haelf 1life of 37 has been ziven varicusly as 3%x10% and 6x108 YO8IS ;
using 3x10% the weizht of the sample is 20 ,ugm and the eross ssctiens in fig-
11 are given accordinily-

Observations of the number of fissions observed in the 37 sample
divided by the number of fissions observed in the 25 sample, i.e. R{37)/R(25)
were made in the usual monner. The results are shown in Fig. 10. The constant
value of this ratio in the enerzy rezion from themwls up to 400 Kev and the
marked increase of this retio above 1 lisv indicate that an appraciable aemount
of uranium sxists in the 37 sample. If one makes the reascnable assumption that
all the thermal~-fission rate of the "37" sample is dus to & normal-uranium
containi.nation£1 5.8 ugm of 25 snd 874 «jm of 28, and subtracts from the ob-
sarved "37" fission rate an uamount dus to the mass of 25, times 6?{25} and
‘the mass of 28, times G}QBB) for 21l the nsutron snergies smployed one obiains
e curve of R(37)/R{26) which is of a mors remsousbls shape. There ls, however,
a large uncertaeinty in the form of this curve at the hijher neutron enerzies
because the abcve correction to the data is several times larger than the net
effect. When the net curve shown in Fiz. 10 is convertsd to oross sections by

assunming = mass of 20 /Mgm of 37 and by using the velues of 6%(25) given in

Fig 5 the wvalues of Gf(57} shown in Fig. 11 are obtsined. It should be
emphasized that the absolute value of &p(37) given in this figure is uncertain

to the extent that the mass of 3I7 ,4h *the*sfoils #&*uyficrown -
o @ [ ] [ ] L ] [ ] [ ]

e o
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A comparison 6£ i* ~11 ﬁnd Flb% 9 reveals & surpsrising similarity

between the behavior of G~(37) ana arzll) as a function of neutron snergy.
This similarity has raised the question as to whether 37 may be the source of
Pissions in the 11 <cample or vice Versa.

As stated above, not ﬁore than OQZI/;gm of 11 could be present in
the 37 smmple if all its zlphe activity were due So protoactinium alone. Furthers
more, the chemistry is such as to eliminate to u large extent any of the small
amount of element 91 which might have existed in the larzge amount of uranium
present in the origzinal material.

On ke other hand the sxistence of the transuranic element 93 in
natura] semples of protosctinium seems unreasonable. However, the last sawple of
11 investizated wes prepared by members of Dodson's group in such a way as to
purify it of 37. To the original solutior of 11 & semple of 39 tracer wasg
added and its 5 activity was followed through the chemical purification steps-
These steps eliminated the tracer to within the expsrimental limits of detection,
0. 8o

It therelfore seems highly probable that 6%(57) and 6}(11) vary in a
very similar way with nsutron energy and furthermore have cross sections of the
same order of magnitade.

The preparation of the 37 sample used in these experiments was the
responsibility of A. Wahl, The semples of 11 wers prepared by members of
Dodson's group. fe are indebted to Wahl and Dedson for stimulating discussion
ard assistance with the problem stated above:. The instrumentation androbserw
vations on 6&(37) wore performed by D. Prisch and K. Grelsen.

KEASUREKENTS ON €3(00)

A sample of ionium was mede availsble to us through the kindness of

Segreé: This material was extracted from uranium ores by Fontans at Berkeley

and was given to Segré by J. hﬂm~1t§n$ 'ghi Quﬁhtity *ef ionium presant in this

cCH6 S0 STS TTE COC
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extracted thorium was detgrmineg, y;mq&éufgpg the alpha activity of & known
b4 - 4 . .

aligquot and it was found to

"Sntaid*222° A iun,

A foil containing 54 /agm of Q0 and 134 /ngm of 02 was propived
for us by members of Dodson's group. It was exominsd for fission in a manner
similar to that desoribed above. MNo fissions wero found for a neutron snergy of
1 deveand at 1.3 Mev the number of fissions observed was rouzhly the number
expected from the kncwn fission cross section of thorium and the mass of 02
present in the foil.

Une cin therefores conclude that ionium hes approximately zero cross
section for fiscion at neutron emsrgles below the thorium, 02, +threshold:

DETERMINATICHE OF df(oz)

For the sake of completuness the cross seotion of thorlum has been re«
caleulated from the data reported by Taschek in LA=39. Thess measurements could
be expressed in terms of 6(02)/5(28). Since the time the above report was
written our knowledge of &(28) has improved to the extent shown in Fig. 8. The
fission cross seotion of thorium expressed in barns asg a function of neutron
enerzy is shown in Fig. 12, The magnitude of the uncertainty arising from
observational error to be attributed to the date on the ratio can be judged by
referring to ths figures of LA=39. Experience with thorium es a threshold de-
tector has led us to believe that the threshold for thorium fission is not nearly
as sharp as cne would expect from a simple extrapolation to lower energies of
the curve shown in Fig. 12. There is good evidence that thorium exhibits fission
under bombardment with neutrons of energy less than 1 Meve

LTASUREMENTS ON THE CROSS SECTION FOR Blo(n,,ou)Li'/" REAGTION

In LA-46 Bailey and Hanson reported our measuroments on the cross
section of boron for alpha emission, relative to d%(as}ﬁ as a function of the

energy of the incident neutrons in thg %quagal. 2%? to 1.5 Mev., Since that
¢ ® s & ¢ & o o

time the technique of manufacturing %han:?iﬁms.ﬁﬁ.ipqén has been developed and
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measurements with the rmar;negtﬁon %a%e ?eén regorited by Balley and Blair in
o' ede s . ose HA S

LA=30. Thesc films of boron have been ussd to extend our messursments on the

B(n,®)Ii cross section over the ranje of energy from 5 KXev to 500 Kev and
so to overlap ithe results reported in Li=46.

The technique of the measurements is the same as that ziven for the
determination of other cross sections reported above, i.e., a B foil and a 25
foil of known mssses are mounted back to back in a comparison chamber and are
irrediated with the same flux of lknowm-energy neutrons. The relative counting
rates of disintegration particles nnd fission fragments are observed. Care must
be token in using the above technique with thick films of B and other light
slements by turning the lonization chamber through 180° %o average the relative
counting rates for the twe orientations, one with the lignt fragments ejscted
in the dirsction of the incident neutron beam and cane with the fragments ot ttod
in a direction opposite to the direction from whichk the neutrons are coming
This precautlion is necessary to average out angulsr ag;rumetries expected in the
nueclear reacticns with lizht elements. I{ sheuld De emphasized that in our
observaticns, which were all with thin {ilms, both alphe particles and lithium
nuclel are observed in the boron disintegration so thet there is approximatals
100 percent sfficiency for detectlion of either the B or 25 "fission" process.

Tho relative counting rates are itransformed into o{B) through e
knowledge of the masses of B and 20 on the foils and 6?(25) as & function of
neutron enerzy. The results are showa in Fig. 13, where the cross ssction of
boron of nerual isotopic comstitution ig glven as a2 function of neutron ensrgys
The accuracy of these data is essentially limited by the uncertainty in the 25-
fission oross section and the masses of the foils used. The effective masses of
the foils were determined by assuming the "figsion" cross sections of 700 and
550 barns for B and 25 respectively for therma] neutrons and comparing the

oc .oo -o} o ooo -

relative fission retes when the foilssw ﬂ;b plagﬁd :n a thermal flux,

" ... ... ... ... LE)
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sections as fiven are thoth% k@ n@ abc~ 3;@ te approximetely five percent with
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regpect to the 20 cross section. Un an absoluts bheusis the uncertainty is in=
creased by the amounts stated on page 20 of this report. It 1ls gratifying
to report that three completely independent sets of data lLA 45 and prasent

data with two comparison ch&mbersJ which overlep in energy interval covered sre

in agreement te within 5 percent.

SEASURBLENTS OF THE CROSS SECTION OF TiE Li°(n,a)H° REACTION

Cne of the most desirable propsrties that a nuclear disintegration
resulting from neutron bombardment could possess is that the cross section times
the neutron velocity should be constant. Although this is the case for seversal
reaotions in the thermalacncruy rezion it has not been found to be true for
neutrons of higher cnergy. %hen 1t was egtablished that boron did not follow the
1/v law an investization of lithiwn was initiateod ia the hope that it would prove
to be unigue. Althoush thig hope proved to be unfounded and the complete investis
gation was interrupted, sufficlent data were acquired to give the approxim&?a
form of the cross section between 30 and 700 Kev.

As in the cage of boron, thin films of Li were compared to 25 to
determine the rolative "fission" rate. The masses of thege films were deter-
mined by the thermal-neutron "welghing" technique, assuminy the cross sectiowa of
69.5 and 850 bsuns respectively.

Two independent sets of data were obtained and are shown in Fig. 14.
The higher-ener;y dota were acquired with neutrons whose energy was less welli~
defined thaun for the case of the lower-energy deta. The results shown are ad-
mittedly preliminary and incomplete but do indicate quite clearly that a marked
rosonance in the oross section for this process cocurs in the neighborhocd of

280 Kev. The maegnitude and width of this resonunce are not well-established as

witnessed by the discrepancy between the two sets ¢f date taken with different

resolving powers.
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The cross sections of all isotopes except 25 reported in this paper
are dependent upon the knowledge of 6}(25)0 A study of Figz. 6 snd a consid-
eration of the validity of our assumptions as to the energy independence of the
lons counter as well aos the tests with the compensated lonization chambers lead
us to make the followin: statements stout the unoertainty of 6}(25)0

First, all our c¢ross sections are based oun ths value d}(25) = 1.23
barns for neutrons of 1 Mev. The estimsted uncertainty in this value siven by
Hall, Koontz, and Rossi is 4+ 5 percent: The cross seotions here reported are
linesar functions of this normalization valus. The absolute values shown in
Fig. 5 are in fair agreement with this standard snd make it seem unlikely that
any major chanze in this value will be adopted in the future. Other methods of
determining 6}(25) on an absoclute basis are bein3 pursued by members of this
group.

Second, £he agrosment betweor the compsnsated-ionization-=chamber and
lonz=-ccunter measurements of flux in the wnergy intervel 50 to 500 Kev, the
resion in which the dependence of the long-counter sensitivity te energy is
loast subject to experimental proof; increases cur confidence in the long-
counter measurements. The sgresment botween our lonj-counter observations asnd
those of other observers with guite different iunstruments, in the energy region
from 400 +to 2000 Xev, is also very gratifying:. Below 200 Xev the
experiments with a degraded Y-Be source substantiate our assumption in no un-
certain manner. In view of the above wo fesl that the uncertainty arising from
the imperfoction of our assumption as to the characteristics of the leng counter
cen hardly exceed & percent.

Third, the uncartainty in the neutron ensrzy associated with a certain

cross sectlon is to be considered. A to the spread in neutron
L

- 44
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.
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$gé@‘épectrum has been_given on
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for defined to a hisher accuracy. It is only in the energy rezion helow 50 Kev

that one needs to consider the enerzy uncertainty. IHowever, in view of the fact
that the cross ssction is incremsing rapidly in this rejion the msasured cross
sections up to Z0 Yev may be too larjo by an amount which is diffiecult to esti-
mate, possibly as gjreat as O to 10 poresnt.

Fourth, the assumption thut the Li(p,n) reuction is » source of mono=
energotic neutrous under ldeal conditions has besn questioned at various timss.
Earlier ovidence eliminated the possibility that two groups of neutrons whose
energy differed by more them 200 Kev could be present. The fact that the 2-FC
and long~counter measurements are imn essential agreement from 50 %o L[OO Kevw
indicates that i7 two 3r0ups.are present thelr enersy differcence cannot sxzceed
50 Kov. This argument is based on the faot that the hydrogen-recoil ionlzation
chawber and lony counter have distinetly different enerzy response. The hydrogen
ohamber receliving neutrons of say 60 Kov would record the flux from the pre-
sumed lower-enerzy group of 10 Kev with practically zero efflciency, whereas
the lonz counter would rscord all the flux. One would expect tﬁg hydrogen=chamber
measurenents of cross section to exosed thoze of the lonz counter and teo show a
sharp change at that neutron enerzy which is syual to the difference in energy
between eny two different energy groups which might be present from the Li(p,n)
sourcac

It therefore sesms safe to assume that tho source of neutrons used is
essontially monoanefgefic te within the praoctical limits imposed by intensity
consideretions and proton voltege control-

Summarizinz these uncertaintiss it ls esbimated that absolute values
of 6p(25) are reliable to within 20 percent from 5 ¢to 15 Kev, to within

15 perdent from 20 to 50 Kev, to within

10 porcent from 50 to 2000 Hev:
. - -
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At one time in the hil%ory o t@é thecry of nuclear physics it was
e o o o .

thouzht that the cross sections of neutron-capture processes leading to "fission”
which were evergetically possible would follow a 1/v law up to energies of the
order of 1 Hev. Althouzh the experimental evidence contradicts this expectation,
plotting 6 ~ v as & funetion of neutron energy, hes proved to be a convenient
end illumipating method of presenting detu-~ Such & plot is shown in Fig- 15
with the unit of veloeity that which corresponds to 1 Kev.

The only zensrnl feature of thess curves 1s that in the emerzy interval
from 1 +to spproximately 30 Kev the value of & - v increases for 285, 49, B
and Li. This common behavior might be blamed on an erroneous lncrease in 25
cross section in thils resion since all the other cross ssctions must reflect the
25 in view of the methed of measurement. Although this may be in some measure
a true arzument it can scarcely account for all the increase since 1t seems un-
likely in view of the discussion above that our measurements of 6(25) could be
sufficiently unceriain., Furthermore, the percentage increase in ¢ » v in
zoing from 1 to 30 KXev is lor 25, 49, B and Li equal to 231, 235, 180 and
167~ In zoing from 1 to 10 EKev the ratios are 169, 148 and 150 for 25, 49,
and B, respectively. There seems to be nothing in common about these numbers-
The values jiven in this report for ¢ » v at 1 Xev are in\general due to
McDaniel, et al. The fact that cur measursments at 5 Kev ond ;reater snergles
extrapolate in a reasonable fashion to the values at 1 Xev obtained by
modulated~nentron=beam techniques gives increassd confidence in the values re-
ported for the snergy intervel from & to 30 Kev.

The arguments jiven above have been stressed because it 1s difficult
to account for the form of the cross section of boron as a function of neutron
energy on the basis of existing nuclear thecry. We are indebted to V- Weisskopf

for stimulating discussiown on this point.
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than 25 it is evident,thgi ihe.éydbrfij&ﬂw'in theiy values will exceed

the uncertainty given above for 25. This additionsl ambisuity will arise
from such ceuses as errors in mass determination, usuully less than 2
percent, and statistical errors in the limited nunber of "fissions" ob=
served. This lafter uncertainty is in jeneral indicated on the fizures and

in those cases not shown is considered to be less than 3 percent,
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