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tlethods are described whioh allow the determination of neutron
flux in the enwrgy rezion from © Kev to 2 Liev, Observations of yf(ZS) in
this energy repion are desceribed in detail. Datu are presented on the com=
parison of the fis§10n>cross section of 49,-239 11, 37, 00, 02, B and Li

with ﬁf(ZS) in this energy interval and above.
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THE CROSS SECTIONS FOR ¥iSSTO

25, 49, 28, 11, 37. .oo O?!BanL UNCLASS“: E

INTRODUCTION

The determination of the cross section for a nuclear process éuch as
fission 1s essentially dependenl upon the absclute measurement of the flux of
fast neutrons. It has baen demcnstrated in this laborztory that it is possible
to determine quantitatively the number of hydrozen recoils from a known thin film
of hydrogzeunecous material placed in a faétwneutrop beams Since the hydrozen cross
section is known 1) it is therefore possible to determine the flux of fast noutronse
In this menner Hall, Koontz, snd Hossi 2) have meusursed in a comparison chamber
the relative numbers of hydrogen.recoils and fission fragments from 2%. Their
doterminations of the fission oross section of 25 for nsutrons of 1 Mev encrgy
serve as s standard of cross sections for fast neutrons in this laboratory-

DEGRADATLION TESTS OF THE LONG CCUNTER

It has been proved to be diffieult to extend tho mesmsurements of fisslon
cross sections by the hydrogzeon=recoil method with scceptable accursocy to neutron
onergles less than approximately 400 Kev or more than & Mev. However a deotecter
hes been developed which we beslisve has tho property of a nearly uniferm responss
to Past neutrons over the energy region from loss than 10 Kev to over 2 lev.
“ " it : 3 . 3)
Early models and tests en these "long counters” have been described by Hanson )
Further development and tests on these dotsctors reveal the following properties.

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

neutrons cof approximately 200 Kev energy from en ¥=Be source. Then this source

1) J. He Williams et al., CF-bS9
2) Hall, Kooniz, wund Rossi, La=128 -
3} Ac O Hopson, LAMS=68 :

SRR UNCLASSIFIED
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was surrounded by 8 sphera of Dzog ;agiés &0045c@; Estdagrade the neutrons end -

the number of neutrons recorded was 98.5 percent of the original number. This
number of neutrons recorded from the Y-Be 4 DyO source is to be correoted
dovnward by 2.5 percent since Y emits a few jamma rays of sufficient energy to
disintezrate deuterium mnd 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 Xev neutrons. Chew and Konoplmeski
have calculated thut the deuterium sphere should degrade the primary neutrons to
an averaze energy of 10 Kev, and the order of one or two percent of the neutrons
will lie below the Cd cut=off. In visew of ths fact fhat the detactors are knowa
to be of low efficiency for thermal neutrons, we feel that the test establishes
our thesis that the long counter has a response independent of the neutron onergy
to approximately & percent in the region from 200 Kev to less than 10 Kevo

To ciiminate the possibility that an increased sensitivity for say
100-Kev nesutrons might counterbalancé a decreased sensitivity for 10-Kev neutrons,
or vice versa, similar tests with graphite s?heres surrounding the Y-Be source
wore made. A typioal result with a 1l2-cm-radius graphité sphers, 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 rezion from 200 Xev to 2 mev will be presented belo; (pgs) in the des-
eription of our measuroments of of(25) in this energy region-

As a result of the above experience we have designed ahd bullt the
detector shown in Fiz» 1. The npeutrons enterin; the‘open-front faca of the inner
peraffin cylinder (from the left in Fig. 1) are slowed down by the paraffin,

diffuse to the central regibn ard are captured by the enriched uranium on the

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

o® o000 080 ® 860 .
o ® ¢ * e @ . -
ease and so uncertninties such ad &mplifiersgefn thange hsomutitBes ¢o.use
. o ‘ *et C e%e sss see ag” i = :
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uncertainty in other long counters whE}éE .;}Ei%é.¥3 the active ingredient
I I '
ars eliminated. The sensitivity of thi$®pa¥tilttld?” cPunter, called "ur. 5 by 5",

is lower than ithat of BFSwfilled long=-counter deteclors. An additional feature
of its design is the paraffin - B4C ~ paraffin cylindrical structure which serves
to prevent ary large number of neulrons entering the detector from the side.

This shielding is essentiul for guantitstive meamsurements where an atmosgphere

of epithermal n<utrons are present in a laboratory as a result of multiple
scattering of nsutirons firom & primary source-

%ith this detestor {calibreted by the staudard ¢6p{25) at 1 Mev, as
mentioned above) we have measurecd the flux of neutrons Irom various neutron
sources and from simyltaneous meassurements on tho fizsion rate in a known-mass
foil of 25 have determined 6{25) as a function of neutron ensergy.

UEASURBMENTS OF a‘f(zs)

The sources of neutrons used in the determination of the fission cross
sections of 25 and other isotopes are thin lithium tarzets bombarded by mono-
enerzetic proteons accelerated in Van de draaff generators. The evidence that
the neutrons arising from the Li {p,n) reaction are nonoenergetic is presented
later in this report (p. 20 ). The enorgy of the neutrons is determined by the
bombarding-proton snergy and the angle of observation. The uncertainty in the
neutron encrgy is determined by the uncertainty in the proten enerzy, the thick-
ness of the lithium tarzet, and the solid angle subtendeod by the neutron
detector. By & proper cholece of these purameters the uncertainty in ths neutron
enarzy can be roduced for practical reasous to less than 1 percent for energies
greater than 500 Kev, less than 2 percent for erergies jreater than 200 Kev,
less éhan 5 percent for enerzgies jreater than 50 Kev, less than 10 percent
for energies sreater than 20 Kev, less than 30 psrceat for energies greater

than 10 Hev, wnd less than 80 percent for energies greatsr thaq 4 Kev,
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The experimental arranjemert wsed i mgcsovr:
[ ] L X I o0 o0 LR

ng 6p(26) is shown in

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

of the same enerzy and pearly the same energy uncertuinty. The observations con=
sist of recording the relative counting rate in the two detectors as a function
of the neutron enerzy. The result is a determination of the relative values of
'Gf(ZS) s a function of neutrom energy. This conclusion is of course based on
the validity of our assumption of the fiat ener;y response of the long counter.

Test With Calibiated Ra-Be Source

In order to test this assumption in a highsr snergy region and to
normalize the data to an sbsolute value of 6f(25? ws performed the following
expsriment. 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 measured efficiency to be the same as the efficiency

-for 1 MNev neutrons we can normalize the relative fission-to-long=counter data
taken at 1 Mev. The result is that 6f(25) at 1 Mev is 1,37 barns. This
rosult is in excellent agreement with ths more precisely determined value of
1.33 barns cbtsined by Hall, Koontz, and Hossi 2)0 Furthenmore the relative data
regveal that' 6{(25) at 1.6 Mev is essentially equal to that at 1 MNev. This
is again in complete agreement with Hall, Xoontz, and Ressi. We are therefore
led to bolieve sur assumption about the energy response of ths lonz counter.

In the intermedinte enerzy region the agroocment between our relative
cross section at 400, 600 and 1000 Kev with measurements by the above observers

increases our confidence,

4) Calibrated by A. Graves of the Red group.

-
h oW oA F A » 0 ®
L
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Tests with Compenéuting Paiy of ion;;§$iéu,bhq9§3§%
¢ eeé ¢ XX T L)

In order that our conclusions rezarding the fission eross section of
25 in the energy region below 400 Xev should not rest entirely upon the tested
assumption that the long counter possesses a flat cnerjy response, further
instrumsntation to determine relative neutren flux in this emnergy rezgion hes
been made- ) .

Since it is clear thet the elastic-scattering oross section of hydrogen
is fairly well established both from theoretical 5) end experimental 1) con=
siderations the following instrument was developed. Two identical high=praessure
ionization chambers 6} with a well-defined collecting volume were built as
shown in Fiz, 3. TFor neutron-flux measursnents below 500 Lev one of "these
chambers is filled with ;rgon to a 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 ls determined by tho
neutron=enerzy rejion one wishes to imvestigete. For hizh neutron energies the
arzon pressure is increased to insure a minimum wall effect for the hydrogen
recoils. The hizh=voltage electrodes of these chunbers are kept at suffioclently
high potentiales of opposite polarity to insure Saturation collection of ioni=
zetion withian the collecting volumes. The collecting electrodes are connected
in parallel ané the net ionization due to both gamna rays and proton recoils 1is
detected by means of & DC amplifier. When theo chambers are exposed to & stfong
source of ¥ reays which is symmetrically located with respect to the chambors it
is possible to adjust the arjon pressure in the chamber containing only argon to
such a value thet the net current from the two chambers in parallel is not
detectable, i.9., the net ourrent 1s less than 1/30 psrcent of the ionization.

current due to proton recolils. \hen the chambers ore exposed with symmstrical

5) C. Richman *es oo: oso .:E o:.n o:.

6) Code designation 2 PG.
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Li(p,n) source of the slcctrostatic jelexditbrs, sthe mdekured ioniszation current
[ ] 0 & eoe de® o0

is due to the recoil<hydrogen nuclel in the charber conteining hydrogern.

The magnitude of this current can be translated inte neutron flux if
one knows the prassure of HZ’ the sffective volume, the zeometry with respect lc
the neutron source, theo scattering cross section of H, the neutron eneriy and
tho average enersy loss per ionm pair formed in the Hz -+ A mixture by the
hdrozen recoil nucleus. The only plece of informetion whioh is not immediastely
available is the average energy loss per ion pair in the particular zas mizture
used. Considercble informuticn is howevar avellable in standard texts about the
average enerjy loss per ion pailr of alpha particles traversing certein unmixed
zes3es, includin; arzon and hydrogen-

The informaticn appropriate to our gas miztures wes obtained by in-
cluding within the mixed-jas chamber o fcll of Pt covered with a very thin layer
of polenium. The number of polonium alphe particles emitted per second was
connted by using Tthe ionization chamber as a pulse chamber connected to a fast
emplifier. The lonization current arisin: from these o particles (approximately
100}%30) was also measurad. Since the ensrgy of the individuasl polonium alphas
is kaown, tho erergy loss per ion vair for polonium slphas wes determined. The
agrsement with the values extrapclated from published moasurements on singie
gases was %o within 5 percent.

Some of the information listed above such as the pressure and volume
of H, or the enorzy loss per ion palr for hydrogen recolls camnnot be determined
with exceediny;ly hish accuracy. iowever with a jiven 383 £filling it is possible
te use these compensated chambers to determine relative flux at two different
noutron enorgles to a much hizher degree of accuracy. In practice we have mads

uss of these chambers in the letter way ulthouzh the absolute flux messursments

agree te within 10 percent with these determined by fission measurements with
LLE Y PY
L I 3 : : E .5. ...
. e . v @ .
the "standard” cross sections of Hallg §6bntz, gndg iossic

The exps
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arrangement to determine ¢p(25) with thests chlmBers ®s shown in Fig. 4.
L ] L ] L ] ®
*

Neutrons of the samo enerzy and intensity impinge on both ion chambers and on

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

to the same gamme=ray flux from the target and the electrostatic generator.
Simultaneous measurements of the fission rate and net ionizstion current due to
neutroug are recorded for a siven neutron enerzy. Without chanzing the zeometry
of the detectors the neutron ener;y 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 cross section of hydrojen as a function of neutron encrgy

[N 3

t is possible Yo transfeor the relative ion-current neasurements at the two
neutron senergies into reletive flux measurements st the two neutron energies.
Thus the relative fission cross sections for 25 at the two energies are obtainsd.

In the above manner we have messured 6?{25) as a function of neutron
energy in the energy region between 5O Kev and 500 Kev. The resulis are
shown s opern cireles in Tig, S, norralized te the long-oounter cross section at
500 Kev.

Also shown in ©iz. 5 as solid points, are the results of our obser-
vations with the lon; counter over the wider ensrgy rangs from 5 ¥ev to 1.9
Zev. These measursments are norualized o a value of 1,33 barns at 1 iev,
£1lso indicated in this flrure are the results of other chserveors as well as
the .absoclute values of 6, thut we have determined by the instruments and
methods outlined above.

The general form of Gf(ZB) as a function of neutronm energy is fairly
well established by the measurements shown in Fig. 5. ‘e believe that d,(25)
as measured is trustworthy te sppreximately 15 percent throughout the entire

energy range above 1b Kev and is lmown to be between § and 10 percent from

200 Kev to 2 WNeve

-

- e c
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It is clear that once 61.(8@ 2 icnowq emg 68 ﬂmctmn of meutron

energy the problem of invsstigating the dependence of other cross sections is
greatly simplified. A known mass of 25 in the form of a thin foil can then be
axposed to the same flux =s the isotope in guestion and will serve to determine
the fluxo, Cur practice has been to mount two' foils, one of 25 and the other
the substancs under investigation, back to back in a comparison ionlzation
chamber similar to that shown in Fig. 6. Observations on the relative counting
rate from these foils and a kunowledge of their masses allows an immedinte detor-
mination of the unknown cross ssction.

Hanson haes been primarily responsible for the instrumentatioa of the
lopng counter and the obssrvations with it in the higher enerzy neutron rangs-

Parry has sulded the measurements with Tho long <ounter in the eneriy rafich

from 100 Xev down to 5 Kev. DBailey and Hush developed the compensated
‘icnization chambers, 2 FG, and mnde observations in the regiom from 50 Kev to
500 Kev. Je are indebted to the members of Dodson's group, particularly Cpl.
Millsr, Ph.D., for the presaraulon of 25-foils used in the detectors, and to

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

MEASUREMENTS OH 49

Early measurements on the [ission cross sestion of 49 have been re-
ported in LA=28. Since that time it has proved possible to use larger gquantitiss
of material in a simple comparison chamber. This improvemant rgsults from the
desizn of flaster emplifiers by the electronics jroup and the development of an
electroplating technique for 49 by Uodson's jroup. Althouzh we have found it
possible to use 1.2 mg of 49, the present measurements were taken with 200

/ﬁg and GOO‘/Mg samples-. The @xperimental conditions were such that we had
approximately‘ 100 paercent efficiency for the detection of fission processaes,

The &churaoy oi the present data thgrafoﬁ far egcosdm.that of our nravinus-—-
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section reported in La-28.

The foils of 49 wused in these determinations were electroplated
discs, 13/16" diameter, om thin platinum backingg,. Their masses were determined
by alphe counting and un assumed half life of 24,000 ysars. The probable error
assigned to theus determinations by Dodson’s group is ﬁl 1.4 percent.

Observations were made of ths relative fission rute from known masses
of 49 and 29 as a function of neutron energy. The accuracy of these data
is limited by the statistical errors of counting, which in general were less
than 3 percent for all neutron energies, and by uncertainties in the massss of
the foils = possibly another & percent. The spread in energy about the
weighted average energy plottsd for each peint is less than the limits set om
rage & above.

| The ratio Gf(ég)/b%(25) determined by ths above observetions may bo
multiplied by the values of df(zﬁ) obtained from tho smooth curve of Fig. 5.
The resulting velues of Jf(49) are shown in Flg. 7. It is clear that the
variation of this cross ssciion with energy bears only a rough similarity %o
that of 6?(25)0 It is intoresting to note that 6&{49) is less thar d}(éS)
for energies between tha lowest measursd point for fast neutrons and 100 Keve
The behavior eof 6f(49) in the region from 500 volts up to 5 kilovolts re=
meins to be investigated.

The' foils of 49 used in these experiments were prepared and counted by
#iller. The instrumentation for these observations were performed by Henson,
Klema, and Perry,. Ve are indebted to members c¢f the E=3 zroup for operating the

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

[
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MEASUREMENT. OF  6,(28)",

For the sake of completeness a brief report of the walues of Gfﬁzs)
as & function of neutron emerzy up to 2 Mev will be piven here. The mesasure-
ments have besn described by llauson 7) and by Taschek 8)0 The independent
observations were in geod agreement and werse of rather high accuraucy but were
somewhat uncertain with respect to the numerical value of the cross section.
Recently Hall, Xoontz, and Rossi 2) have determined dk(ZB)/Bf(ZS) for neutrons
of 1.57 Mev, They derive a value of 0.35 barns for GF(ZS) at this energy from
their observatlions. e have normalized our previous results on the basis of

this information and have plotted 6f(28) vs En as shown in Fig., 8,

LUEASUREMENTS OF df(ll)

The possibility of usinz proteactinium as a threshold detector was
recognized from sarly observations 9) thet it did not suffer fission under
thermal=neutron irradiation but fissions were detested when it was exposed to

neutrons from a Ra-Be source,

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 balf 1life 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 6}(37)0

The comparison of Gf(ll)/bf(25) was cacried out in a manner similar

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

7) A, 0, Hangom, CPF=G18
8) R. F. Taschek, LA-33
9) V. Grosse, Bocth and Dunning, Phys. Kev. 5

-
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transformed by multiplivpt p?}. iy '»}%{}1}/?}.(2::) by vmlues of

from ths smooth curve of leo 5. ""Thd*'¥&8ults ere shown in Fig. 9 where th¢

Sp

vertieal dashes indicate the statistical uncertointies from the limlted number
of fisslions observed.

It is clear from this figure that dh(ll) rises sharply from a thres-
hold of approximately &75 Kev to & very substantial vaeluwe of 1023 barns at 3.0
Mev. This rise appeuars to be somewhut irregular in that the cross section is
essontially constant over the energy ranga from 630 to 650 Keve This snomaly
is ressonsbly well aestatlished by the data and is not entirely unexpected in
view of our earlier observations 8) on 6}(02) which first revealed that {fission
cross sections might no% be monctonic functions of neutron energys

The vsefulness of Pa as a threshold dstector is established by these
. measurements. It should, however, be polnted ocut that it is at present very
difficult to uss mofe than s few milligrams of Pa in‘a fission chamber beéause
the large alphe activity may result in alpha cocinclidences equal in signsl leval
to that of fissions,

tie are indebted ©to the R=3 group for operating the D=D sourecs of
neutrens to previde the data at 2.5 and 3.0 Mev. Tho measurements of d}(ll)
were performed by D. Prisch; E. Xlema, and ofher msmbers of the R=2 group.

MEASURENENTS ON  &p(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 throush the kindnsss 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. PFrevious to bom=
bardment the uranium hed been purified roughly by ether extraction. After bom-

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

o9 ovae e0e o o®® [ ]
e © L ] ® ® - e @
fluoride cycles. The 37 was then sopdradads: frewm the 49-by s modified fluoride
00 SO8 00O 406 0695 o0
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cycle, with 39 added us%;:tﬁapér rér %he:3§u 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 contain more
than about Oozi/ugm of 49 or 1l. One milligram of normal uranium, however,
would account for less than 1 percent of its < activity and could escape
detection by the 39 tracer method. , .

The half 1ife of 37 has been jiven varicusly as 3x10% and 6x108 YOS ;
usin; 3x10% the weizht of the sample is 20 ,ugm and the cross sectioms in Fig-
11 are given accordinzly-

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
volue of this ratio in the enerzy resgion from therimels up to 400 Kev and the
marked increase of this retio above 1 lev indicate that en appreciable emount
of uranium sxists in the 37 sample. If one makes the reascnable assumption that
gll the thermal~-fission rate of the "37" sample is dus to & normal-uranium
contax'nina't;:i.on‘1 5.8 mgm of 25 und 8741/u3m of 28, and subtracts from the ob-
saerved "37" fission rate un umount dus to the mass of 25, times 6%(25) and
the mass of 28, times &,(28) for 211 the nsutron vnergiss smployed one obiains
e curve of RZST}/h(Eﬁ) which is of a mors ressunshls shupe. There iz, however,
a large uncertainty in the form of this curve at the hizher neutron enerziss
because the abeve correction to the data is several times larger than the neat
effect. When the net curve shown in Fiz. 10 is convertsd to oross sections by

assuning a mass of 20 #gzm of 37 and by using the values of df(Zﬁ} ziven in

Fig 5 the walues of df(37} shown in Fig. 11 are obtained. It should be
empinasized that the absolute valus of df(S?) giver in this figure is uncertain

to the extent that the mass of 37 ,4h *the*sfoils #&*uyfigrown -

e o
cCI
-
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A comparison 6? i* ~l1 ﬁnd F1®‘ 9 reveals a surprising similarity

between the bshavior of n(37) and afi]l) 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 =sample or vice Versa.

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

On ke other hand the sxistence of the transuranic element 93 in
natura] samples ol 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 a semple of 39 tracer was
added and its 4 activity was followed through the chemlcal purification steps-
These steps eliminated the tracer to within the expesrimental limits of detection,
0. 5%

It therefore seems hizhly probable that 6,(37) and 6}(11) vary in a
very similar way with neutron 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- We are indebted to Wahl and Dedson for stimulating discussion
ard assistance with the problem stated above:. The instrumentation androbserm
vations on 6}(37) wore performed by D. Prisch and K. Greisen.

MEASUREKERTS O ¢p(00)

A sample of ionium was maede available to us through the kindness of

Segré. This materisl was extracted from uranium ores by Fontans at Borkeley
oo ... ooe . ... L]
. . . . [
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and was given to Segre by J. hamgltanw -gmx quﬁhttty ‘@f ionium presanf in this

D O"*
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extracted thorium was deté}ﬁfﬁea: isﬁéﬁéu?%pg the alpha activity of & known

aliquot and it vas found to ‘¢ontaif®222*ithiunm.

A foll contalning 54//ugm of Q0 and 134 /mgm of 02 was prapuved
for us by members of Dodson's group. It was examinsd for fission in a manner
similar to that desoribed above. MNo fissions wero found for a neutron snergy of
1 ¥dev eand at 1.3 Mev the number of fissions observed was rouzhly the number
expected from the knewn fission cross section of thorium and the mass of 02
present in the foil.

Une czn therefors conclude that ionium hes approximately zero cross
section for fiscion at neutron eunergles below the thorium, 02, +threshold:

DETERMINATION OF df(OZ)

For the sake of completeness the cross seotion of thorlum has boeen re«
calculated from the data reported by Taschek in LA=39. Thess measurements coulc
bs expressed in terms of 6(02)/5(28). Since the time the above report was
written our knowledgs of ‘6(28) has improved to the extent shown in Fig. 8- The
fission cross section of thorium expressed in barns as a function of neutron
enerzy is shown in Fig, 12, The msjznitude of the uncertainty arising from
observational error to be attributed to the data on the ratio can be judzed by
referring to the figures of LA=39. Experience with thorium as a thresshold de-
tector has led us to believe that the threshold for thorium fission is not nearly
as sharp as one would expsct from a simple extrzpolation to lower energies of
the curve shown in Fig. 12. There is good evidence that thorium exhibits fission
under bombardsment with neutrons of enerzy less than 1 Mev.

LTASUREMENTS ON THE CROSS SECTION FOR BIO(n,c01s” rmacTION

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

energy of the incident neutrons in thg ngqagal 3%? to 1.5 Mev, Since that

time the technigue of manufacturing %hﬁnzfiiﬁs.ﬁ?.ipqén has been developed and
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measurements with thermal’ nejitgens 3
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Li=390, Theso films of boren have been ussd to extend our measursments on the

°e »
hate

sesTae

e¢n reported by Bailey and Blair in
[

B(n,a)Ii cross section over the ranje of energy from 5 Kev %o 500 Kev and
so to coverlap the resulis reported im L4=46.

The technique of the measurements is the same as that ziven for the
determination of other cross ssctions 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
irradiated with the sams fluzx of knowm-enargy neutrons. Tho relative counting
ratos of disintegration particles nnd fission fragments are observed. Care must
be tsken in using the above technique with thick films of B and othesr light
slements by turning the lonization chamber through 180° %o average the relative
counting rates for the twoe orlentations, one with the lignt fragments ejected
in the dirgetion of the incident neutron beam and cne with the fragments ot ttad
in & direction opposite to the dirsction Irom whick the neutrons are coming.
This precaution is necessary to average out angulsr ag;rastries expected in the
nuclear reactbicns with lizght elemsnts. It 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 that thera is approximately
100 percent sfficiency for detection of either the B or 25 "fission" process.

Tho relative counting rates are transformed into o{B) through e
knowledge of the masses of B and 25 on the foils and ¢p(25) as a Munction of
neutron eneryy. The results are showa in Fig. 13, where the cross section of
boron of normal isotopic constitution is glven as a function cf neutron enarpgye.
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 massos of
the foils were determined by assuming the "figssion" cross sections of 700 and
550 barns for B and 25 respectively fof thermaj neutrons and comparing the

e ove oo ® eoos °

- e ® L ] L) ® L] L]
relative fissicn retes when the foilsswerd Plaggd iu:a t
o = ° ° . . "
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sections as fiven are thoth% t@ D& aba“ $ade to spproximetely five percent with
L

regpect to the 29 cross section. Un an absoluts bheusis the uncertainty is in=
creased by the amounts stated on page 20 of this raport. It is gratifying
to report that three completely independent sets of data [LA 45 and present

data with two comparison chambersJ which overlep in energy interval covered are

in agreement to within 5 percent.

HEASURELENTS OK THE CROSS SECTION OF Tik Li6(n9d)H5 REACTION

Cne of the most desirable propsrties that a nuclear disintegration
resulting from neutron bombardment could possess is that the cross section timess
the neutron velocity should be constant. Althoush this is the case for several
reaotions in the thermalacncray resion 1t has nmot bieen found to be true for
neutrons of nigher cnergy. #hen it was egtablished that boron did not follow the
1/v law an investization of lithiwnm was initiated ia the hope that it would prove
to be unigque. Althoush this hope proved to be unfounded and the complete investi-
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 case of boron, thin films of Li were compared to 25 teo
determine the rolative "fission" rate. The masses of thege films were deter-
mined by the thermal-neutron "weighing" technique, assuminy the cross sectiowa of
69.5 and 530 bsuns respectively.

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

280 Kev- The megnitude 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 dependeni upon the knowledge of 6}(25)3 A study of Fig. 5 and a consid-
eration of the validity of our assumptions as to the energy independence of the
lons counter as well s the tests with the compensated ionization chembers lead
us to make the followin: statements stout the unoertainty of db(ZS)G

First, all our cross sections are basoed oun the value d}(25) = 1.73
barns for neutrons of 1 Meve. The estimeted uncertainty in this value given hy
#all, Koontz, and Rossi is 4+ 5 percent: The cross sections here reported are
linear 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 chanzs in this value will be adopted in the future. Other methods of
determining a?(as) on an absclute basls are beiny pursued by members of this
groups

Second, ihe agreament betweor the compeonsated-ionization=chamber and
lonze-ccunter measurements of flux in the zmergy intervel 50 %o 500 Kev, the
resion in which the dependence of the long-counter sensitivity to energzy is
loast subject to experimental proof;, increases cur conflidence in the long-
counter measurements. The agresment between our lonz=ocounter observations sud
those of other observers with guite different ianstruments, in the energy region
from 400 +to 2000 Xev, is also very gratifying:. Below 200 Kev the
experiments with a degraded Y-Be source substantiate our assumptiorn in no up-
certain manner., In view of the above wo fesl that the uncertainty arising {rom
the imperfaction of our assumption as to the characteristics of the leng counter
can hardly exceed 5 percent.

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

cross section is to be considered. 4 slutgment as to the spread in neutron
[ ]

-

L X ) .22 [ X X ) e o000
A R
energy employed in the various partf,bf.Phgneptcdp spectrum has been ziven on
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for defined to a hizther accuracy. It is only in the ensrgy rezion helow 50 Kev

that one needs to consider the enerzy uncertainty. IHowever, in view of the fact
that the cross sgction is incremsing repidly in this rejion the measured cross
sections up to 20 Yev may be too largo by an amount which i1s difficult to esti-
mate, possibly as great as O to 10 percant.

Fourth, the assumption thut the Li(p,n) reuction is » scurce of mono-
energotic neutrous under ldeal conditions has besn questioned at various times.
Earlier ovidence eliminated the possibility thet twe groups of neutrons whose
energy differed by more then 200 Kev could be present. The fact that the 2-PC
and lonz~counter measurements are im essential agreement from 50 %o [OO Kevw
indicates that if two ;roups.are present thelr ensryy differonce cannot szceed
50 Kov. This argument is based on the fsot that the hydrogen=-recoil ionization
chawber and lony counter have distinetly different smnerjzy response. The hydrogen
chamber receivin; neutrons of say 60 Kev would record the flux from the pre-
sunmed lower-enery group of 10 Kev with pracvically zero efflcioncy, whereas
the lon: counter would record all the flux, One would expect tﬂp hydrogen=chanmber
measurenents of cross section to excsed those of the long counter and to show a
sharp change at that neutron enerzy which is syual to the difference in energy
between eny two different energy groups winich might be present from the Li(p,n)
sourcac

It therefore sesms safe to assumz that tho source of neutrons used is
essontially monoenefgefic to within the practical limits imposed by intensity
considerations and proton voltage control-

Summarizing these uncertainties it 1s estimnted that absolute values

of 6p(25) are reliable to withinm 20 percent from 5 ¢to 15 Kev, to within

15 perdent from 20 ‘o 50 Kev, to within 10 porcent from &0 to 2000 Kev.
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At one time in the:hisﬁury G@ tee thecry of nuclear physics it was
L

hd "' ' ooo o.o oe

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 & function of neutron enerzgy, has proved to be m convenient
end illuminating method of presentinji detz-~ Such x plot is shown in Fig- 15
with the unit of veloecity that which correspends to 1 Kev.

The only zenernl feature of thess curves 1s that in the emerzy interval
from 1 +to approximately 30 Kev the value of & - v increasss for 25, 49, B
and Li. This common behavior might be blamed on an erroneous lncrease in 25
cross section inm this rezion since all the other cross ssctions must reflect the
25 in view of the methed of meesurement. Although this may be in some measure
a true arzument it can scarcely account for all the increase since it 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 3 to 30 Xev is for 25, 49, B and Li equal to 231, 235, 180 and
167~ In zoing from 1 +to 10 Xev the ratios are 169, 148 and 150 for 25, 49,
and B, respectively. There seems to be pothing in common about these numbers-

N

The values siven in this report for ¢ » v at 1 Kev 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 confldence in the values re-
ported for the wsnergy interval from 5 <to 30 Kev.

The arguments jiven above have heen 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. Welsskopf

for stimulating discussionr on this point.

= - [ ]
in considerin; the reliabidi : sections of isotopes other
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than 25 it is evident‘,%h;%t ihe .épose;gtf,.islty in their values will sxceed
the uncertainty given above for 25. This additional ambizuity will arise
from such causes as errors in mass determination, usuully less than 2
percent, and statistical errors in the limited nuaber of "fissions" ob-

servede This letter uncertainty is in jeneral indicated orn the figures and

in thosse cases not shown is considered to be less than 3 percent.
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