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ABSTRACT

Hew measurements of the ratio &= UO/O'f in 25, where o is the croass
section for 26 formation and op is the fission cross section, for thermal neu-
trons, are describasd. Three methods were use&: (1) a comparison of the
* BY%(n, o) disintegration rate of weighed boron films reletive to the fission
.rate of weigl?ed 26 films in the same thermal-neutron £flux, with the knowm

relative absorption oross sections; (2) a determination similar to (1) exaept
that the Li%(n, o) reaction in weighed LiPF fiims was used; {(3) comparison of
the disintegration rate in a BFz-filled counter of Imown active volume with the
fission rate in weighed 25 £ilms in the same thermal flux. The three methods
yield respectively these results; (1) o =0.18 % .03, (2) ot = 0.154 £ .02;

(3) o = 0.155 + .035. Tho average is o =0.168 ¥ .03.
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MEASUREMENT OF THRE CAPTURE~FISSION RATIO IN 25 POR THERMAL NEUTRONS

The total absorption cross ssction opg of 25 for thermal neutrons haa
been reported by Fermil). This cross section includes both capture to fornm 26
anéd fission; i.e., °8$ = O, + Op, honce it is of interest to measure the ratio
o= oo/cf.

Formiz) hae determined ot for neutrons of thermal energy. Eo reporis

& = 0.21 (but see note 2).

- We have made now moeasurements of ol, by three msthods.

I. BORON -~ 25 PIIM EXPERIMENT

Our first method was the following: +thin films of boron and 25~en-
riched alloy, of known mass, deposited on metal foils, were placed in the same
thermal neutron flux, in adjscent ionizetion chambers, and the ratio r of
Tission and Blo(n,ct) disintegration rates obtained. The ratio of these rates
which would occur if all thermal neutron absorption by 25 were due to fission
(i.ea, ® = 0} is

Np o _ 235 Mp op

r. = =
st 0'25 10.82 st 025

(1)

(o]

l) Permi, E., CP~1389.

2) Formi, E., CP~1531. His value of o was loter.meesured to bs 0.18. It is
to ba omphasized that Formi's observaiions are treated without corrections
for the thiocknsss of the 25 and Li foils used. The value of observed count~

ing rates, r', is thus subject to a correction which we estimate should in~
orease the value of of obtained by him.
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where ¥p and Npos are the numbers of atoms present and tho M's are maesses. Tho

ectual diasintegration ratio is given by

- = _UB 9B {2)
Nag 9p
80 that
o .
I =225 = a4, ()
e ©Op

Booause the filme are not really infinitely thin, the true value of
r is not observed, but rather a value r', which needs to be corrected for the
thickness of tho films. In our work these oorréctions were made; they are de~
scribed at the end of this peper.

The thin welghed boron samples were prepared by Qecomposition of Bzﬂé
gae impinging on hot tungsten foxlss) The technique is very difficult, but
throe setiafactory films were produced. They were made as heavy as was congish~
ent with thinness, in order %o increase the percentage accuracy in weighing. To
test for the presence of impurities, one film was analyzed spectroscopically;
tho principel foreign material expected was silicon, becsuse of Lhe technique,
and this was not found in any eppreciable quentity. Xoreover, tho ByHg gas used
wao 89.6 porcent pure. '

The 25 sample in moat of the experimonts used was a thin £ilm olecto-

plated on platinum, code number E5C; i%ts 25 content has been variously

3) Ruosell, H., report in preperation. ”“ﬁ =
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measurod% . Chamberlain's result of 763 JAERS obfained by comparison with

soemples of the El0 serios, was edopted, partly because other E10 materigl wWes
used by Fermi in the work on O‘gé; and o\ quoted above. For one run a&n E10 semplo
was used which had been weighed by o(~counting and also by fission counting, in
the course of this work, by comparison in a thermal flux with a.aample of normal
mlloy. These two weighings agreed within 1 percent. ’

The ionization chambsers, wade of aluminum ﬁhroughout,.are drawn %o
seale in Fig; 1. The samples werc mounted on sither side of the common highe-
voltage electrode, and o were separated by only 3/64" of Al. The gas used was
spoctroscopic argon at about 2 atmospheres, with a echambor depth of 7 mm.

In the course of these observations two neutron sources were used.
First, well~-thermalized neutrons were cbtained in the carbon block in Building X,
and a Cd ratio of over 1000 in the partiocular spot chosen. Sscond, it was found
that with & sufficiently large paraffin block and priwmary neutron energy less
than 100 kv from the Li(p,n) resction, the observations of r' could be duplicat-
ed in Bulilding W, with 2 Cd ratio of mearly 1000.

In obteining r', several precautions were obssrved. Runs with durmy
somples established that the background was nogligible. Care was taken to
astablish blas platesus. This wes easy in the 25 chamber; a representative bias
ourve is given in Fig. 2. It was aqhievcd in the boren cagse by using an ampli-
fier of low (120 kv) noise level and stable gain, preparing sufficiently thin

samples and always measuring r' zs a function of oounter biams. A representative
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bias curve is given in Fig. 3. Li? recoils as well as o~particles arc detsect~
oed; in Fig. 3 the {~particles ars cut off at about bias 45, hence the Li re-~
coils are counted out to about bias 23. Thus in this work, as well as in the
lator work, the probability of detecting a disintegration is almost unity. The
value of r'  is taken just above ths noise level. In this way r' could be
observed to 1 poercont. Repeat runs wero teken in some cames; the values of rt
proved reproducible within 1 parcent.
in caloulating tﬁe value of o from those obssrvations wo used
opg = 703x207%% on® gna Oa5 = 640x16%% cmz. values roported by Fermi 1'5).

The results ere summarized in Table I.

5) Fermi, E., CP~1098. 1In regard to ozg, for the neutron energy distribution
prosent in our experiments, see Section IV, page 15. . :
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TABLE I
B film gn 25 £iln Mop pEm r re Net ocorregtion x+1
8 /M 25 ° factor
w2 2115 ESC 763 + i 6.924 .20 777 % 07 1.018 1.143 +.035
W2 E10 (1) 57.3+ 1 2.0 t2.5 101 +1 1.024 1.124 + .035
7 271+ % E5C 763 +1 B.l8t .22 9.83 F .1 1.023 1.185 +.035
P18 16t L ESC 763 t 1k 5.29% .16 6.35 + .07 1.010 1.215 T.035
6) See pages 15 to 20,
= e ——
oo
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The average (since the W2 trials sroe not indepandent) is
ol =z 0.18 £ .03. Thoe probable errors are those arising from uncertainties in
the masses and obserwvations on these foils and do not contain uncertainties in
og Or Oag.

Since the value of r' for any one foil could be closely reproduced,
the most likely expilanation for the spread in answers is error in the mass of

boron; such errors are hard to avoid when dealing with such small weights.

1I. LITHIUM ~ 25 FILM EXPERIMENT

By the same method as in Section I, lithium was compared with 25, us~
ing the LiS(n,ot) reaction. The seme ionizstion chambers and source of slow
noutrons were used; the same equations apply if one ropleaces Mg by My;, oB by
935 and the atomio weight factor 10.82 by 6.%4.

The lithium fluorids films were prepared by evaporation from a steel
furnace heated to about 900° C. Before the LiF was deposited the furnaece was
cleaned and blanks were run. A blank of threeo micrograms in five minutes was
achioved before the LiF wea put in tho furnece. Since the deposition time was
only about fifteon seconds, the blank correction was negligible. The LiF used
was taken from an optical blank supplied by the Harshaw Chemical Company. A
gpeotroscopic snalysis on the starting materlial showsd traces of less than .001
percent of B8i, Mg, B, Fe, Ag, Na, and Ca, 0.001 < G.01l percent of Cu and Pb and
0.01 ~ 0.1 percent of Al. No othor metallic impurities were found. An optical
examination of the infra-red transmission of a similar orystalline LiF has re-

vealed only 2 very small amount of LiHFp as an impurity7). One of the finished

7) Wright, N., Review of Scientific Instruments, 15, 22 (1944).
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LiP filme was 21g0 spsctroscopically analysed. The major impurities were 0.02

percent of boron, 0.01 parcent of silicon and 0.02 percent of silver; the only
other metel found was a trace of Ca. The ananlysec are accurate to about €0
percent. Apperently the clements with more volatile fluorides wore concentrated
by the ovaporatlon technique.

The impurities are given as the Qaight poroent of metal based on the
weight of LiF, if we convert to the fluoride, we obtain 0.13 percent of BF3,
-087 porcent SiF,, and 0.024 percent AgF. Tho LiF is then 99.8 percent pure.
For nuclear reactions, tho important ratio is that of boron atoms to lithium
atoms. This ratio is 0.00048:1. Since the boron oross amection for glow neur
trons is about eloven times that of Li the ratio of boron counts to lithium
counts is 0.0053:1. The correction thorefore in the observed counting rate per
nnit weight of lithium is + 0.2 percent in the waight and ~0.5 percent for boron
impurity or & net correction of ~0.3 percent. This correction will probably
vary somowhst from £ilm to film since the first films made from a fresh charge
of LiF will probably have s higher percentape of boron than succecding films,
For this reason snd because this error is considerably smaller than some of the
other experimental errors in the measuremecnts. a correction does not seom desir-
sble. We cen say with considerable confidence that the error dus to impurities
in the lithium fluoride does not exceed 0.5 percent.

Again E5C was the principal 25 sample. Three runs were taken in which
lithium £ilms were measured both ageinst E5C and against an E10 film of 25. BRow
these compare may be seen in Table f[I.

It was easier Lo measure r' than for boron, because of the greater

particle energy. To stop the BO recoils, the lonization chamber was deeponed to

APPROVED FOR PUBLI C RELEASE
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13 mm and the pressure of spectroscopic argon to about 4 atmospheres. r' was
again measured as a2 function of bias. A sample bias curve is shown in Pig. 45
r’ is taken just above the noise level. The 25 chamber had'the same bies curve
as before. Thickness corrections were calculated as in the boron case.

The velue of ¢j; was token at 64.9x10724 cm?; this is the latest rew~

sult reportade) from Chicagb. The lithium results are given in Table II.

8) CP~1531.
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6) Sce pages 15 to 20.

=11-

TABLE II

\

L1 Film Mg pom 25 films Mp5 piem Ty r’ Notf:::;‘r tion 140
GPt1 146.1 t 1% E5C 763 t il .658 4 .01k 770 +.007 1.006 1.179 ¢ .oé7
GPt2 . 106.2 £ 1% ES5C 478 £ .010 .552 % .,006 1.002 1.159 * .027
gpL2 £10H15 67.5% 1.4 | 5.0 1.i2 6.0, £.05 1.003 1.122 ¢ .027
GPL2 E10H12 ho34 1.4 | Lo t.10 5.60 %.06 1.003 1.5 t .026
GPth 110.0 % 1% E5C 495 ¢ .010 .557 +.006 1.002 1.129 + .027
6Pl F10H12 5.08 2 .11 5.63 .07 1.003 1.313 % 028
| opts 16.3 + T% ES5C 0735 £.0053 | .0936%.003 993 1.27 .1
GPté” a5 + 1% ESC 037 .013 <738 % .007 1.006 1,365 +.028
GPt7 52.7 + 2% ESG 257 +.006 267 +.005 ‘997 1.122 £ .035

3ASV3T13d O 1'19Nd d04 d3aNodddv
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Combining the GPt2 and GPt4 rosults with the different 25 films, and
weigﬂing the answers linearly acoording to their accuracies, one obtains
¢.20.154 % .02. The errors stated do not include any probable error in 14

We have encugh lithium f£ilms in these experiments so that the errors
in weigﬂing should average out fairly well; the principal roﬁnining source of

uncertainty ceoms to be the mass of 25.

II1. BF3 -~ 25 COMPARISON EXPERIMENT

In order to make a determination of the quantity cA, whichwasinde-
psndent of the mesa determination of the boron or lithium~fluoride films, the
counting rate of an ionization chambar containing BFz gas was compared with that
of an mimest identical ionization chamber containing two foils covered with en-
riched 25 when the two chambers wers in a uniform flux of thermal neutrons.

The cross section of the BFz chembor is shown in Fig. 5. The ioniza-
tion chamber for the 25-foils is of the samo construction oxcept that the ends
of the hollow high voltege electrode are not.apherical so that the circular
foils diamster 1-1/4" would lie flat on the inner wall. As noted on the diagram,
the chambers were constructed of dural to reduce ého absorption of the slow neu-
trons, and the gaskets which soal the chambers are of lead to eliminate any
matorial which would absorb or contaminate the BFz gas. The hich voltage insula-
tors are of porcelain and the collector slectrode insulators are of glass.

Tha neutrons were provided by the short tenk in W. Their originﬁl
energy was 100 kv or less, and they were thermalized by a bleck of paraffin
18"x18"x20" with a 6"x6"x14" hole in it for the chambers. This mave a layer of
paraffin six inches thick on all sides of the chambers except in the direction

ewey from the neutron scurce. Tho axes of the chambeors were parallel and two

APPROVED FOR PUBLI C RELEASE
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and 8 half inches apart. Thoy and the preamplifier wore suspended so their
positions aould bs interchanged periodically during the run to compsnsate for
any non~uniformity in the neutron flux in the hole in the paraffin block. Whon
interchanged in this way the ratio of counting rates changed 6 percent or less.

The effective counting volums of the BF3 chamber was determined by
filling the high voltage slectrode with water. The volume of water was measured
from a bureotte and this was chocked by weighing the electrode before and after
filling. As a check this wes done separately by two persons. From thiz volume
was subtracted the volume of the collector eolestrode, and a small correction wns
mede for the region where the collector elactrode enters the high~voltage slect-
rode. The effective volume was considered to be 15.96 T 0.04 cc.

The BF3 gas was purified and put in the chamber by Russell. FHe mea~
sured the prossure to be 10.12 ¥ .05 cm Hg at a temperature of 25° ¢C. To
shorten the range of the disintegration partiecles and thereby meke the effective
eounting volume hetter defined, pure argon was added to wmake the total pressure
two pounds above atmospheris.

The high voltage elsctrode was held at a positive potential of 2200
volts.

During the preliminary testing of the chamber it was filled and ewp-
tied several times. It was found that sufficient boron romained on the walls of
the chambor to give a residual counting rate which was 4 percent of the rate
whon it contained BFz at 10 cm pressure. Aftor several cycles of filling end
emptying this background did not increase further. It was compared with the
normal vate by uaing @& Ra-Be source in a& standard peraffin reonotry and was

found not to change appreciably over a period of two waska.

APPROVED FOR PUBLI C RELEASE
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When & curve of counting rate vs the bias of the sceler discriminator
is plotted (Fig. 6) it is found ﬁh&t the curve is not exactly flat in the region
Just above noise level, but has a slope such that the extrapoclated counting rate
of zero bias is & porcent highor tnan the rate for a bims of 20 units. For a
maximun signal of 100 units the curve is straight from a bias of 12 units to a
bias of 35 units, so this 4 percont extrapolation cen be easily determined.

The bias curve protably alopes in this way baocavse of a somewhat non-uniform
collecting field in the counting region, particularly where the collector elect~
rode enters the high voltage electrode. This bies curve was measured several
times during the final runs by means of a second scalor connected in parallel to
thoe one set constantly at a bias of 20 units.

The ionization chamber containing the 25 foils was filled with 585
pounds per square inch gauge pressure of pure argon in order to make the range
of the fission fragments small as compared to the curvature of the electrode
walls. If this had not been done a considerable fraction of the fission frag-
ments would have been stopped by the walls before giving up a sufficient frac-
tion of their energy. No correction for this was necessary as a bies curve for
this ohamber had an appreciable flat region. To secure satisfactory collection
the high voltage electrode was held at 4000 volis positive.

The 25 was on two foils, E10H7 and E1OH8, with a total mass of 25 of
219.6 I 5.5 miorograms.

The final data was taken in six runs, betweon'eaoh pair of which the
positions of the chambers were reversad as explained above. The second pair of
runs was taken with 2 counting rate which was about one~third the othsrs %o show

thet the ratie of counting rates was independent of the number of counts per
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socond. Each run had 1600 to 2Q00 fission pulseos and the BFz rate was over one
hundred times this, so the probabls error on esch :un.was 2-1/2 percent or less.
The three runs in ome position gave ratios of 116.5, 116.9, 113.7 (average
115.7), while the three runs in the othor position gave 119.2, 120.8, 122.0
(average 120.7). . The overall average is thon 118.2 % 1.6.

The computed ratio of counting rates, obtained by use of og = 703 and
Opg © 640 barna with tho moasured pressure and effective volums, is 102.4 T 2.7s.
The measured ratio is 15.5 percent higher than this. On this basis the value of

d.would be 0.155 X .035.

IV, NOST PROBABLE VALUE OF ©.

The three determinations averaged linearly yield O, = 0.16, and a
reasonable limitation on the error is % .03.

As previously rtated, the probable errors in og, ozé, and o4 are not
taken into account in calculating the error in o.

Tho values of these coross sections used in these calculations are the
velues at 2200 meters/sec neutron volocity. Now the noutrons used in the present
work were distributod in energy, zo that, if the cross mections do not obey the
same law as & funetion of energy, the offective cross sectione will differ rela-
tive %o one another from the values usod in the calculations. op and Oy1q BBY be
taken as 1/v in this region, but data of MeDaniol et al.g), involving fission

and absorption methods, indicate that gy does rot follew that lew exactly.

%) Anderson, lavatelli, McDaniel and Sutton, 14-91.
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Assuming a Maxwelliem distribution of neutron velocities which is cer-
tainly not true for the neutrons degraded by peraffin, and using the McDaniel
fission data for Oy 85 & funotion of energy, one obtains an effective oz about
2.5 porcent lower than that which we have used. This correction to ozg would
lower the valuse of (1 + ) by the same ratio.

However, further experiments of McDaniel on 25 in this region, using
absorption detection, tend to show a noarer approach to the Vv law than is ine
dicated by the experimonts using fission. It is therefore felt that it is somo~
what dubious whether this correction to ol should be applied. It ney suffice at
this time to point out that if sufriciently accurate data on the beshavior of Tag

is obtained, the revision in the value of o my' be made.

V. THICKNESS CORRECTION

The thickness corrections are calculated by the method deseribed by
10)

Bull™"%. In a film of thiockness +t, imagine a slab of thickness dx, whose
distance below the surfa'co is x. let 8 be the fraction of the range R of e
. particle in the substance which it may spend in
r{/ the slab and still be detected. Let & be the
z = =R dx angle at which the particle may be emitted and
1

8till travel only the distance sR in the film.
Then
¥ = no. detected from dx f#solid engle defined by #) x (no. emitted from dx)
i

= (3/2)(1 - x/BR) x (no. emitted froa dx).

10) Report A-1235. = —
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Let n be the numbor emitted psr pen. Then the 'number emitted from dx is
n}:Adx, where A 1ia the area of the film and ? is its density. So
y = (3/2)(2 « x/sR) * ng&dz, '
and integrating
total no. detected = Y = (Va)n?Af (1 -~ x/BR) dx
. ("1/2)ngat(1°'- t/2sR).

Then tha fraction detectad is

No. deteocted Y
= = 211 - 28R).
fo. emitted nsl:At (1/ )( t/ )

1f we include both emitteq particle and recoil nucleus from a reaotion,
the total fraction detected is

F=1-~ (t/4)(1/51R1 + l/BgRg).
The correction factor by whioh r’ must be multiplied to give r is then 1/F.

The factars entering the above equation are given in Table IiI.

The quantity s 1is somoewhat indefinite, since some particles with
energy less than 120 kv will be detected end some with a little more energy will

be nissed.
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TABLE 111
[ Range Area Density
em on? gn/ am®
o .93 4.9x10~%
Boron case 5.1 2.3
Lils .90 2.8x107%
ol 's .93 .63x10™3
Lithium case 3 g 8.0 2.3
s .| .93 3.1x10°%
ESC .7 1.4%1073 7.2 7.2
Pission ocase ol -~
E10 -7 1.4x30"3 8,0 7.2

b
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In the boron case the ranges were estifuted with the aid of Weisskopf.
The ranges in air are knawnll); extrapolating from nearby elemantsla); one esti~
mates that the atomic stopping power of boron relative to air is .Q.77. For
lithium, the rangos in air are also knownls). and the atomic stopping power can
be estimated Lrom theory14) as 0.86 times air. For the fisaion case, tho ranges
of the fragmonts may be roughly estimated from the deta of Sogre and Wiegandls)
on the stopping of fission fragments in Uz0g.

The most reasonable assumption concerning the density is that the
filmé are deposited at the nominal density. But since the thickness and range
are affected in sabout the same way by.changes in density, the exact value is not
very important. One may point cut that errors of say 10 percent in %, &, and

R do not have appreciable effecta on F.

The calculated correction factors are given inm Table IV.

11) Rotblat, Nature,138, 202 (1936). He has verbelly corrocted the li range
given there from 0.38 cm to .36 cm.

12) Livingston and Bethe, Rev. Mod. Phys., 9, 245 (1937).
15) ° Livingston and Hoffwan, Phys. Rev., 50, 401 (1936).

14) Resetti, Blements of Nuclear Physics, pg. 62.

—
15) 1A~64. o ,fil—%/w
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TABLE IV
Film Correction factor

Boron~-#2 1.030
Boron~FW7 1.088
Boron-FW3 1.023
LiF GPL) 1.015
2 1.011

4 1.011

5 1.001

6 1.015

7 1.008

25~E5C 1.011
E10(1) 1.006
E1CH15 1.007
E10H12 1.007

W
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