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AUSTRACT

A direct measurement of the number of neutrons per fission has been
made in the graphite block, using the cyclofron as a neutron source. Fissions
were produced by the thermel flux which is available well back in the graphite
block; the number of fast neutrons given off was measured by making a volume in-
tegral of the resonance activity acquired by indium foils and comparing this with
a similar integral from a Ra-~Be source of known output; the number of fissions
was measured by counting the fissions from a thin foil on the face of a case con-
taining the sample of fissionable material, and knowing the ratio of weights of
material in the foil to material in the sample. The measurement gives a rather
accurate valus of the ratio \)/Q, where Q is the neutron output of Ra-Be |
source #13; thus any improvement in the absolute calibration of a Ra-Be source
can readily be applied to obtain an improved value of Y. The values found,
using source # L3, were for 25, v/Q = (2.82 f ,03) x 10~7 sec, and for L9,
VR = (3.30 T .05) x 107 sec. This gives a ratio, independent of Q and of
any possible difference in the fiﬁsion spectra, of \)1,9/‘1\25 = 1,17+t .02, The
current best value of Q’-@ is 867 x 107 neutrons per second, whic.h gives

= 2@ » = 20860 ‘
Vo = FHe N

A modification of the method was used to measure, in a manner independ-

ent of Q, tho number of neutrons per neutron absocrbed, N = \)/(1'\' oL). These

-

\)25 = 2,16 and '{))49 = 1,99 for thermal neutrons in the

== graphite block, using 6Ll barns and 1057 barns as the respective capture cross

ggoff'sections at .035 ev, and NcDaniel's data on the variation of the L9 absorption

g;g _cross section with energy. The msethod is less straightforward and presunably
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much less accurate than the V/Q measurement. Assuming @ as above, we get

from these data the values d'25 = .13, %9 = oy, for thermal neutrons.
Thers was no detectable difference in the shape of the slowing-down

density curves from 25 and 49, indicating that the fission spectra for the two

are similar.
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MUMBFR OF NFUTRONS PER FISSION FOR 25 AND 49

Introduction

The determination of the number of neutrons emitted when fission occurs
has been of the greatest interest since it became apparent that chain reactions
might be sustained by fissionable material. In particular, the criticel mass of
a metal gadget depend® on this quantity as [o}.(\) N d,)] "1°7, where \ 1is the
number of neutrons per fission and @, is the branching.ratio, d =9o x_/c.vi:., for
the pure material (o;, refers to radiative capture, that is, the (n,¥) procass)o
The fission cfoss seotion, o}, hes been measured directly in the energy region
which is of importance for the gadget (5 kev to 2 mev, depending on the amount
of hydrogen present), The prinoipal guantity measured by the experiment describsd
here is \)' for fission by thermal neutrons. An experiment has already been per-
fon;1e6 by Wilson, Woodward and DeWire 1) to show that VY remains substantially
constant as the energy of the fission=producing neutrons is raised from thermal
energies to several hundred kilovolts, It is therefore important to have an
accurate value of N for thermal fission. The present paper also describes a
measurement of (14 (,) for thermal fission, and summarizes the results of other
neasurements of this quantity. At present no method of measuring O at high
energies has been found; it is expected theoretically to decrease with increasing
neutron energy. The measurement of N also completes the circle formed by the

measurements in the thermal region of . (L4 L) and N =V/(1+ ), the number

1) LaMS=95, p.1l0, experiment 15.
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of neutrons smitted per thermal neutron absorbed.

Method of Measurement

To measure Y directly one must count the number of fissions produced
in a sample by a thermal flux, and count all the fast neutrons given off by the
sample. The graphite block, used with the cyclotron as a source of primary neu=
trons, provides a strong flux of nearly pure thermal neutrons, and at the same
time can be used with a resonance detector (such as indium) to measure the total
fast-neutron output of any source which is placed in it, The fast-neutron meas- -
urenent depends on the fact that an indium foil, covered with cadmium to elim-
inate thermal activity, when placed in the block will acquire an activity propor-
tional to the flux of neutrons of 1.l v energy present, and therefore proportional
to the slowing down density at 1.l v, the energy of indium resonance neutrons.
The slowing-down density at any given energy, q(RB), is the number of neutrons
passing from above to below that enorgy per cubic centimeter per second; it is
therefore clear that if we surround a source by a slowing-down medium, the ine
tegral over all space of q(E) 4is equal to the number of neutrons of energy
greater than E given out by the source per second, if there is no absorption
in the medium. Since practically no neutrons of extremely low energy come from
a fission source, one can measure a quantity proportional to the number of fis-
sion neutrons given off by making such an integral in a graphite block with
cadmium=covered indium foils., The proportionality constant can then be deter-
mined by making a similar integral but replacing the fission source with a nate
ural source of known strength.

The accuracy of the neutron counting, then, depends upon the standard-
ization of a Ra~Be source, Two programs to makse such a measurement have been

launched, one in this laboratory and one at Chicago, and it was felt that rather

— . o ——
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accurate results could eventually be expeoted from both of them.

The fission rate in the sample was measured by counting the fissions
from a thin foil placed on the surface of the sample and containing a very small,
known fraction of the total fissionable material in the sample, V is then given

by the number of neutrons divided by the number of fissions:

where Af and Arb are the saturation activities of indium foils due to the '

fission source and the Ra=Be source, respectively; Q is the number of neutrons
per second from the Ra=Be source; F is the number of fissions per second from
the thin foil; and ng and m, are the masses of the thin foil and the sample,
respectively., (Some small corrections have been omitted),

Genersl Arrangement

Fig. 1 shows the arrangement of the indium foils and ion chamber in
the graphite block. Our block was 7% wide, 6'8" high and 11' long. The fast
neutrons from the cyclotron come in at one end and are slowsed to a nearly pure
thermal neutron flux in the first five feet. This leaves an approximate cube
seven feet on a side at the end of the block away from the cyclotron in which
to make the fasteneutron messurements, The foils were placed along the axis of
the block, on the side of the chamber away from the cyclotron { to minimize the
background of residual fest neutrons always present.in the block). Their dig-
tances were approximately 10, 25, L0, 55, 70, and 85 cm from the source. The

volume integral is made by taking the values of q along one radius and assum-
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ing that the distribution of fission neutrons about the point source is spher-
ically symmetric., The chamber lead runs up to the preamp on the top of the
block,

An accurate measurement of the number of neutrons emitted by a source ‘
using the method of indium foils in a graphite block requires that the follow-
ing conditions be fulfilled; 1) The leakage of fast neutrons out of the block
before they are slowed to the indium resonance energy must be negligibly small.
2) The ebsorption of neutrons in the block during the slowing-down process must .
also be negligibly small, 3) The graphite block must be free from gaps and holes
and of as uniform density as possible. PFailure to meet these requirements in=-
troduces errors in the volume integral of the indium foil ﬁbactivity for which
corrections may be calculated if they are sufficiently small.

The requirements for our problem are less rigorous because we wish to
compare two neutron sources, Ra-Be and fission neutrons, which have substentially
the same slowing-down ranges in graphite (although their neutron spectra are con-
siderably different), This means that one expecta the fractional neutron losses
from absorption and leakage, and the magnitude of any gep corrections to be sim-
ilar for the two, Nevertheless considerable care was taken to minimize leakage,
absorption and gaps.

The indium foil counting followed the highly standardized Chicago tech-
nique, using 2.4 gm foils, .127 om thick Cd shields, and thin aluminun-walled
pccounterso The counting was reproducible to within the statistical accuracy
expeoted from the number of counts.

Fiseion Counting

The ion chamber for counting fissions and its lead to the top of the

block introduced into the block the only sources of absorption other than the

———
—— S
— ———
= —
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foils and the graphite itself, They introduced also the largest air pgaps. It
was therefore important that the volume of both chamber and lead be as small as
possible and that they present as little neutron absorption as possible, The
volume occupied by the chamber was reduced to 103 ema Actually in the course

of our measurements two chambers slightly different in design were used. The
first contained about 100 gm each of paraffin and aluminum. Most of this weight
wae in the lead, hence only & third of these materials was within a foot of the
neutron source within the chamber. The second chamber contained no paraffin but
weighed 2,0 grams. Again much of the weight was in the lead to the top of the
block. The use of such small amounts of materials and such small space for the
chamber and leads was made possible by using air as a chember gas and by operat--
ing with the collecting electrode at high potential, the case serving as both the
fixed potential electrode and electrical shield.

Phereas 25 foils do not give off a bothersome number of d=particles,
and alow amplifiers suffice, this is not true fof L9. The counting of 25 fissions
was done with a slow amplifier in the first measurements and a fast one in the
last, The 49 fissions were counted using a fast amplifier throughout. The prof-
itable use of fast amplifiers was possible because we found that collection of
electrons in air without appreciable capture was possible at 2500 volts/cm when
the eleotron path length was ~.1 omo The slow aﬁplifier and preawmp were of the
stable gain, inverse fesd<back design, while the fast amplifier and preamp were
of the Crouch type, wherein the gain is kept constant only by a regulated plate
voltage supply and constant A.C. line voltage, Both schemes gave good plateaus,
However, the relatively higher noise in the fast amplifier made an extrapolation
to zero bias of the pulse discriminator somewhat more difficult, but still good

to less than one percent.
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Semples and Foils

To find the number of fissions in the totel amount of material

present we must know the ratio of weight of active material in the thin foil
to weight of active material in the sample, Por 49 the thin foil was made by
transferring quantitatively an aliquot of the total sample on to a thin platinum
disk, The value thus obtained was checked by comﬁaring the fission counts from
this foil with the fission counts from a very small 49 foil which had been d,~counte
ed accurately; and decounting a very small aliquot from the total sample (note
that the ratio is indspendent of the specific activity of h9)2)- The 25 foils
were prepared by electrolysis from meterial of the same isotopic constitution as
the 25 sample (B=10). Direct weighing of these foils proved unreliable, sppare
ently because their large area sncourages the deposition of impurities. The
25 foil for the first ion chamber, WL-I, was determined by cbecountinge) and
checked by fission=oounting5); thus the relative weights of the foil depend on
the weights of small, accurately known E=10 foils, The second 25 foil, E=10 H=13%,
was determined by comparison of fission counts against well known E-10 foilsh).
Since all these measurements go back to a weight of E=~10 oxide, the ratio of the
weights is independent of the isotopic constitution of E=10.

The sample of 25 consisted of séme 20 gm of E-10 oxide, spread out over
30 cm?. Its aluminum contaeiner also served as the electrode of the ion chamber,

The thin foll was fastened to one face of this container, .4 mm of sluminum

2) We are indebted to R. W. Dodson and members of ‘his group for these determinations.
3) By 0. Chamberlain.

L4) These measurements were made by Wilson, DeViire, and voodward.

T B .
- ““"‘*h?\\ . I
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being between the foil and the upper surface of the sam;1e° The first ion cham-
ber was square, and the corresponding 25 container had a aquare oross section.
'The_aecond chamber was round; the 25 was transferred to¢ a round container. Ths
LO sample had 562 mg Pu in the fornm Na‘PuO'a(Ac)5 ° XH,0, and its container
was exactly similar to the round 25 container. In all cases the thin foils were

made the same area and shapo as the sample.

Details of the Measurement

The measurements necessary to obtain the value of +/Q were all repeat-
ed many times. The course of a typical experiment was as follows: the "blook
background” arising from the residual neutrons of greater then thermal energy
which are always present in the graphite block, was measured by placing the Cd-
covered indium foils in their usual positions, but without having the sample in
the ion chember. Small monitor foils of indium were placed in the block in
such a position that they would not he affected by the presence or ebsence of
the fissionable sample, and the cyclotron was then operated at maximum intensity
for a time of the order of an hour.

The thin fissionable foil and sample in the ion ohamber were then
placed in the block and a number-bias ourve taken. If the plateau was satisfac-
tory, indium foils and monitors were then placed in the blook, the counter was
turned on, and the cyclotron operated as steadily as possible for a period of
twenty to ninety minutes, the time being carefully noted. Counting the foils
then took from two to three hours. This comparison of foil activity with fission
counts was repeated a number of times,

Finally the sample was removed from the ion chamber and source #13, a
1 gm, pressed Ra=Be asource in the standard cylindrical container, was placed in

the ion chamber in the position that had been occupied by the sample., The cham=-
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ber was then put back in the block, and indium foils in the standard positions
were bombarded with the neutrons from this sourcs, again for a time of the order

of an hour. 8Several such Ra=Be runs were made im each experiment.

Evaluation of Data

The complete determination of v/b as outlined above was performed
three times for 25 and twice for L%, it is convenient to express these results

in terms of the integrals

Ap(r) o ® 2
L = —g—r dr and Ip = App(r) r~ dr

which have already appseared on page 6. The integrals were evaluated by plotting
the'average value {for a giveﬁ determination) of A/F at each of the six points,
drawing a smooth curve through the points and integrating numerically. The frac-
tion of the total area which was beyond 85 cm from the sample, the farthest point

measured, was 3 percent for the fission curves and lj percent for the Ra-Be curves,

according to the extrapolation we made. Table I gives the number of runs and the

value of the integrals for the five determinations. The probable errors listed
for 11 were determined from the dispersion of the data, and for 12 from the

counting statistics. The errors from counting statistics for I

1 were around

0.l percent.
A comparison of the slowing-down density curves for 25 and 49 revealed
no difference to within experimental error. This is not & very sensitive test,

but it indicates that the fission spectra of the two substances do not differ

———

I
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A similar result was obtained by Fermi
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Checks and Corrections

the value of V/Q,

-]12«

%)

a

Since this exporiment was intended to give rather high accuracy for

various checks were made to try to uncover possible sources

of systematic error. The reproducibility of the fission counting and neutron

counting is shown in Table I, where the error calculated from the deviations

from the mean agrees very well with the error expected from counting statistics.

runs were made with various orientations of the source.

To make sure that the true center of the Ra=Be source had been located,

Thess measuremsnts in-

dicated that the neutron center of source #3 coincides with its geometrical center.

TABLE I
Determina-| Mater-|{ Foil # |# Pission| # Ra=Be Lt Yy In ¥ &
tion ial runs runs
1 25 WL-I 5 5 | 13,500%100 | (L.576%.003) x 208
2 25 Wi~ 6* 7 13,530+ 70 (Lo5L5 * .003) x 108
3 25 | B~10 H~13 6 20,890 £ 170
L Lo G=7 B-A 8 Lo,80 270
5 Lo C=7 B=A 6 1 11,960 170 (L.560%t .009) x 108

#* figsions counted on only three of these

5) Permi, CP-1592, April, 194L.
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The source was then moved laterally a distance equal to the radius of
the sample of fissionable material, to se; what effect the finite extension of
the sample would have on the neutron counting. A slight decrease (about 1 percent)
in foill activity was observed, which wes the order of magnitude expected., Since
the correction is small and easily calculable, it was decided that the calculation
would be more reliable than the experiment. This calculation will be found in
Appondix I; it makes about 0.3 percent correction.

The 25 eample used in this experiment contained about 15 gn of 28, To
check on the es@}mate that the capture by this smount of 28 would be negligible,
we placed 15 gm of normal alloy in the chamber with the Ra~Be source, No effect
on the Ra=Be curve was observed, Similsrly, to check on the effect of the paraffin
in the electrical lead of the first ion chamber, 8 gm of paraffin was placed in
with the Ra-Be source, and again no effect was observed,

Between measurement 1 and measureanent 2 the graphite block wes partially
taken apart and restacked with slightly better atacking density. Results of these
two measurements agree satisfactorily.

The hole in which the chamber was placed extended 1.2 cm from the neu-
tron source toward the indium foils. Tiie question of extropolating the slowing-
down density to zero is complicated by this fact, but it can be shown that to e
first approximation one should simply rraw the curve in parabolicelly as if there
were no hole, Uoreover, the area und- the curve from r = 0 to r = 1.2 cm
is ~ 0,02 percent of the total,

The use of indium foils (which have a 54 minute half-life) to compare
an "artificial®” source with e natural ons requires either that the time of bombard-
ment be quite short compared with &4 -inutes, or that something be done about pos-

s8ible variations in intensity of the zrtificiaml source. For intensity reasons

APPROVED FOR PUBLI C RELEASE
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our bombardments were usually long, so that we had to monitor the cyclotron beam

and make a correction for any fluctuations that occurred, The details of this
correction will be found in Appendix II. The largest correction made was 1.9 per=
cent, and the average of all corrections was 0.2 percent,

Becauss of theae checks, and also because the effect of any fast-neutron
absorbers would only be noticeable insofar as it was not the same for fission neu=-
trons as for Ra—Bs noutrons, it is felt that the comparison of fasteneutron outputs
is quite reliable,

The principal chack on the count of the number of fissions was the flat-
ness and reproducibility of plateaus on the number-bias curves. The integrals in
Table I have been corrooted for the extrapolation of plateaus to rero bias, As
an additional precaution against possible failure of the amplifier, etc., the
same monitors which were used to make the number-bias counts were compared with
the ion chamber during the actual course of the runs in measurements 3%, L, and 5.
An 0.8 percent thickness correction was applied to the fission counts on the 25
foils, which were 50 gybmao

The ratios of weight of sample to weight of {oil were;

Square 255 m /mc = (1.070 * ,005) x 104

(1.7h2 *,017) x 10™

n

Round  25; m/m,

Los =m /mf = (2.840 * ,042) x 10*

We feel that the estimated probable errors used here are fairly liberal.

To establish the relation between the thin~foil figsions and the fisg-

sions in the sample, runs wore made with the thin foil on the side of the samplo
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=15

toward the ocyclotron and on the side of thg sample away from the cyclotron. The
counting rate with foil Qway from cyclotron was found to be 3.3L pércent leas by
measurements done on the square 25 sample, and 502 percent less by measurements
on the L9 and round 25 samples. Part of this rather large effect probably arose
from the presence of a sloweneutron sink caused by the cadmium foil holders on
the "weak " side. The average counting rate has consistently been used in these
calculations; the integrals in Table I have becn corrected to average counting
rate.

The Belf-absorption correction was calculated on the basis of this
average counting rate plus the sssumption of an isotropic neutron flux around the
sample, The straightethrough selfeabsorption in the sample was about 11 percent
in the worst case (round 25 sample); it becomes larger when averaged over all
angles, but is partially monitored by the detector foil, one side of which is
shaded by the sample., The net correction was 5 percent for the round 25 sample.
Details of this calculation are given in Appendix III.

. One check on the results of the ;elfoabsorption correction was obtain-
ed as follows; e small "spot" of enriched material was placed at the center of
the face of the square 25 sample, in the ion chamber, and ite counting rate noted,
It was then placed successively at each of the four corners of the sample, The
counting rate was the same, within statistioal accuracy, at all the corners, and
5 percent lower than this in the center. This is approximately the result expecte
ed from the leakage of thermal neutrons past the sample on to the side of the
"spot" toward the sample, which is of course greater when the spot is out near the
odge of the sample,

In measurement 2, a background of fissionable material in thse ion cham-

ber, resulting from a small leak in the aluminum container of the sample which

APPROVED FOR PUBLI C RELEASE
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allowed some of the oxide to escape, was discovered when the measurement was
partially completcds The chamber was then cleaned out, and only subsequent runs
were used to determine the (A/F)%s; previous data were used to help establish
the shape of the slowing~down density curve.

The strong o -activity of L9 raised the possibility that the L9 sample
might have a neutron background from d=n reactions., The indium foils were,
therefore, left in the block with the cyclotron off, exposed to the 49 sample for
an hour, They had not acquired a measuroable activity.

Results

The value \)/QLl3 is now given by

3 h

Q)_& - I x (ms/mf) x @ x‘-’ x &

where A = finite-size-of-source correction (Appendix I), Y= thi;:kness cor-
rection (asswned unity for the L9 foil, which was very thin), and ® = self-
absorption correction (Appendix III). We have attempted to assign reasonable
probable errors to these correction factors, and have considered these with the

errors shown in Table I and the errors in mass ratios to get the following values:

Yeasurement

Vo5 - 13500
43 " 1.578 x 108 x 1.070 x 10% x 29950 = 1.008 x 9521

= (2,88 ¥ .05) x 107 sec.
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Meagurement
Va5 : 13530
2 ———— = <
Q3  Losls x 108 x 1.070 x 10" x .9959 x 1.008 x .9521
= (2,80 * .05) x 107 sec.
3 — o
Q3 L.550 x 108 x 1,702 x 10% x 9965 x 1.008 x .9502
= (2.78 * .05) x 1077 sec.
Yo _ . L06LO
4 Q[é - L.5L5 x 10° x 2.8, x 10* x <9965 x 1.000 x 974
= (3.25 % .07) x 107 sec.
5 ‘2&2 _ B h2a60

Qh5 L.550 x 108 x 2,84 x 104 x 09965 x 1.000 x 974

It

(3.35 * .07) x 1077 sec.
These lead to the average values

+ =7
Q25 /Qu3 = (2,82 T .03) x 107! sec.

\)’49 /QL;5 = (3.30 ¥ .05) x 10”7 sec.

The ratio of the number of neutrons per fission for the two substances

APPROVED FOR PUBLI C RELEASE
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is therefore

\)h9/¢25 = 1017 '.to02

The best value for a Ra~Be source calibration available at this date
(June 26) is the recent result of R. Walker and 0. Frisch, giving QM& = 57k x 107
neutrons per a;cond. One correction, presumably quite amall, has not yet been

applied to this, Qlﬁ/% is accurately known to be 1,519, so

th = ‘~°867 x 107 n/sec,

which gives

\’ = 20“‘-9 \) 2086.

25 L9

Additional BExperiments

Using the neutron-counting technigue already described, it would be
possible to make a measurement of NS = W(1 + d) if one knew the absorption
croas section (OJa = o’f + cr;) of the material and the neutron density at the

point at which the material is placed:

¥ = number of neutrons per neutron absorbed

%J Agré or

2 0
[Arbr dr Nnvo;

-
>

Here N is the number of 25 or L9 atoms in the sample, and nvd, should properly’
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be integrated over velocity, but since 25 and L9 are nearly 1/v in the thermal
region, we may c:onsidei' (vo,) as a constant quantity, and inquire as to the
valus of n = j n(v) dv. In principle this can be found with the aid of a
material, such :s indium, whose activity is 1/v in the thermal region, snd which
has been calibrated in some way. Actually, 'the type of calibration we have used
is subject to serious objection on theoretical grounds, and experimental results
obtained with it are therefore considorably lesa accurate than those obtained
by the straightforward methods described abave.

We used very thin indium alloy foils (1/9 indium, 8/9 tin) which had
been calibrated in the graphite block in G-Building. This block contains a
Ra-Be source, and the thermal flux arising from this source has been caloulated
in the usual wayé).. Essentially one finds from such a calculation, assuming
only one velocity at thermel energies, nv = QGI‘ (Laox,roa,,ls(v)) ., where f is
o complicated function of gquantities related to the block, and QG is the strength
of the Ra<Be source. JIntegrating over a Maxwellian distribution and ignoring
the small variation in f over this region, one finds n = QGf(Lao}\oroa,,Bth) v,
1,8., the total neutron density is expressed in terms of the average Maxwellian
velocity, Vv = \[I;/? V,o One finds in the G calibration the thermal activity
of the thin indium foil corresponding to the «<alculated neutron density, (Ath)(;‘ K n,
Then, by putting the thin indium on the face of the sample of fiseionable material

in our block in Building X one mensures (Ath)x snd finds the nsutron density thers

6) ef. Pormi, C-92.
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W

=20
nx to be
a = [0 /0)] 2
80
3 . s [8e: e
(Ay,) Qg £(L2, etc.)
2 X
A rE dr e (w;"l ) °

), v

So N does not depend on an absolute value of §, but only on a ratio which
can be meaéurcd accurately.

1f (vo‘a) is not constant over the energy range of the slow neutrons
present, the average value of (vu,) over the Maxwell distribution must bel om=
ployed, Using the transmission data on L, 2y the time of flight mothod7) (see
Fig. 2), wo found (vrcia)‘_‘_9 = 2,46 barn-meters/ wsec for a Waxwellian distribu=
tion at 20.4° G, if ©,(.025 v) = 1057 barns.

Thres measurements of ‘s')hg gave good egreement, their average value
being '\')hg = 1,97, If o varies with energy over the region in question, this

represente V/(1 + &), where

(1+d) = [(1+du)(vo‘ff) n(v) dv}/ [(vo’f) a{v) dv}, and

n(v) is a Maxwell distribution. The relation arises from our method of measuring

7) MoDaniel et al, LA-82,
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J , which can be written

J = [vo;‘ n(v) dv} [vo"a n(v) dv] °

This 3s not too helpful for L9, since we do not know vo;’.(v) oxcept that it
apparently exhibits at least part of the strong resonancee) shown by vo,.
The variation of (vd)25 in ‘the thermal region is certainly much
less severe than that of L9. However, time of flight measurements7) indic;.'ée
a difference betwsen the energy dependence of (vo‘a)as and that of (vo’f)25
which is diffiocult to explaing (va;)as was constant in the thermal region,
while (“’i‘)25 appeared to drop down to & minimum at 0.15 ev. Accepting
(vcra)as as constant and using Fermi®s value9) of 1,408 varn-meters/ BeC
(1.422 barn-m/ssec was found by McDaniel) we find from a single measurement

( ) = 2,26, the average being of the type described above,

V25 Av,
From these values of N and the previously quoted values of

we find

(A +d), = \'Le/{'l@ = 145, (L4st)ys = 2,08

We complete the circle of measurement by placing the thin indium foil on the
back of a foil of fissionable material, in the ion chamber, and immersing the
chamber in the thermal flux of the bolck. Thus we count ths fissions and measure

the flux which produces them, obtaining e value of (1 + &) more directly. This

8) Anderson, lLavatelli, McDaniel and Sutton, LA-9l; and Anderson, CK=1761.
9) Fermi, CP=1389.
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procedure, which is clearly equivalent except in experimental dstail to the one
used above to find (1 + o), gave the values (m)h9 = .41, 1.42, 1.43;
(ffgii)es = 1,13, 1.15, The best averages of these values seem to us to be
(J«.”—:P-“-;J'(.)L'.9 = Loy, (iT&)as = 1l.13; This assumes that Qz = 867 x 107 n/sec.

To ohtain the best precision on N, we divide our values of ) by
these average values of (1 + &). This gives th =z 1,99, :425 = 2.16.

It ia perhaps convenient at this point to summarize the principal quan-
tities that affect the various measuroments described above. These are; v[hg
fission count, indium foil count, weight ratio of sample to foil; J; indfum foil
count, absolute weight of sample, absorption cross section, average velocity of
neutrons in block, calculation of thermal flux in G block; (l+4d)s fission
count, standardigration of Ra-Be source, absolute weight of sample, absorption
cross section, average velocity of neutrons in block, calculation of thermal
flux in G block.

-

Since the ) and (1 + o) measurements involve quantities whose ac-
ocuracy is very difficult to determine, we have not tried to aasign probable errors
to them. In particular, the calculation of thermal flux in a graphite bleck in-
volves the assumption of a single mean free path for thermal neutrons in graphite,
Recent researcheslo) have indicated that the mean free path varies sharply with
energy in this region. Although no quantitative investigation of this effect has
been made, it seema possible that the calcoulation might be off by perhaps _10 {:pre

cent,

10) Anderson, CP=1592.
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Summary of Some Other Measurements Related to

The quantities related to v have been measured by different methods,
and the results of some of these, as of June 22, will be summarized hers for com=
parison with our results.

The eoffect on pile reactivity when' (a) 25, and (b) boron, are placed
in the pile, in amounts which absorb egual numbers of neutrons, will give a value
for N . This was done at Chicagon) and the value %25 = 2,15 obtained.

(2 + d.)25 has been measured by comparing o’f(25) to the cross section
of a substance in which it is believed every capture leads to a disintegration.,
The substances used were lithium and bhoron, which have the additional required
praperty of 1/v cross sections. Measurements at Chicago with lithium gave
(:l—.mi-'}'i,)a,5 = 1.1812)0 Measurements in this laboratory by Bailey and Williams'? ),,
with both lithium and boron, give (1 + &)25 = 1.16.

The ratio \)Lg/\)as was measured by Wilson, DeWire, and ﬂoodward,m)
using a coincidence method, and found to be 1,18 ¥ ,01.

15)

Wilson, DoWire and Woodward found, for thermal flux in the graphite
block, (1 + m.)hg/(l + 0‘»)2‘j = lo24. Our result of 1.27 is not entirely independ-’
ent of this; however, an inlependent measurement at Chicagolo) also gave 1.2l.

It will be noted that if one accepts a value for ct,(‘i:.hermal)‘,25 of about

11) Fermi, Marshall and Mai'shall, CP~1186, December 19,5, and CP-1389.
12) Anderson, CK-=1761, May, 19L.

13) Williams, Jo Ho, LAMS<96.
) Wilag&o DeWire and Woodward, LA-104.

15) Wilson, Deliire and Woodward, LA=-103.
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«17, these results are brought into remarkably good agreement. Sharing the

remaining error between our  and Fermi’s N puts \)25 batween 2,45 and

2.,50. Similarly, “’49 would lie between 2.87 and 2.95. Fraom (1 + d,)ug/(;-!-d,)es

=102, we find c(,(therml)ug = LS.
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APPENDIX I <« FINITE=SIZE-OP-SAMPLE CORRECTION

The distance-dependence of the slowing-down density for fission neutrons
from a- point-sm;roe can be representod, with sufficient accuracy for this correce
tion, by q(r) = Q e°T 2/ r02° If the source ias a disk of radius R, the contrie
bution from a point on the disk (g, ©6) to the q at a point on the axis of the
disk, at a distance r from the disk is

dg = cp dj) a e/waa) e”(r2+ fa)/roe

Bo
r2

a(r) = °‘g§"°°r2/ P - T

For our case Re/roa < .01, so

a(r) = ¢ & /(1 - /2 B)

2
For fission neutrons in graphite r 2 = 1225 cm . For the square sample,

o
5.6 x 5.6 cm, we take TR = 5062 om2, R = 9.98 om®, Correction is there-
fore 1 - Ra/ax‘(,2 = ,9959, and the volume integral which we find for the fis-
sion neutrons from this sample must be divided by this number in order to be com=-
pared with the integral from the Ra-Be pointesource., For the round samples,

R2 = 806 cma, 1 @ (Ra/aroa) = 0%650
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APPENDIX IY <~ BEAM UNSTEADINESS CORRECTION

The use of indium foils to count neutrons always involves adjustment
to a certain (usually infinite) time of bombardment., This is easy for a natural
source such as Ra=Be, which puts out a very steady {low of neutrone, but is more
complicated when the ocyclotron is used, since it cannot always be porsuaded to
give a very uniform output. If one knows a function f(t), proportional to the
instantaneous output of the cyclotron at any time during the bombardment, thén the
‘activity the foil would have had, had it received the same number of neutrons in

the same time with a steady beanm, is

T
(" - 1) L £(t) at
'Rr £(t) Ot at

¢

times the aotivity it actually has, where T is the time of bombardment and A
the decay constant of the foil.
To find such a function we used one of Watts! "safety circuilt" devicea,

consisting of a BF, chamber driving a recording milliammeter through a D.C. am-

3
plifier, This proved to be linear, to the degree of accuracy needed, and very
stable ‘in operation., The record was divided into sixeminute intervals and in-

tegrated numerically.

The cyclotron was always operated as steadily as possible, and we found

it possible to tell by oxamination of the records which runs would not require any

correction. Accordingly only the apparently "bad" ones were calculated after this

discovery was mado, and even in some of them the fluetuations cancelled out,
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Following is a summary of the runs calculateds

_Buns_ Correction factor (reciprocal)
2e g 1.0013
211 09993
3 2 .9on
3% 3 <9958
L= 8 1,011
5= 5 1,0191
5= 1 29909
5= 8 09979
5= 9 1,0161
5 =10 1.0010
5= 12 1,0076
5=13 <9905
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APPENDIX III = SELF-ABSORPTION

- s v

Semple ————) -ﬁiy/ I;‘

P

Detectori "“*-I

Pig. 3

We desire the relation between the number of fissions in a disk-shaped
sample "s" of active material, transmission about 80-90 percent, and the number
of fissions in a thin detecﬁor, "p"  of the same materisl and same radius, placed
on one face of "g", when the whole ia immefaed in & uniform flux of thermal
neutrons (Fig. 3).

Consider first the number of disintegrations occurring in the sample.

If the sample is a disk of radius R and height h, then the thickness measured
in mean free paths is t = b/A = h No/v 2 No/ XRS, where N is the number of
nuclei in the sample and o the capture cross section. The fractlional depletiog |
of & beam of neutrons incident on the sample at angle 9 is 1 = o=t/con 30» Since
the 25 and 49 cross sections are approximately 1/v in this region, we assume the
distribution of neutrons in the block Maxwellian and caloulate a correction sim-

16)

ilar to the "Bethe correction" which tells us the "effective velocity" v, for

16) Bethe, Rev. Mod. Phys. 9, 135 (1937).
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the particular thickness of absorber we have. This turns out to be v, = 489 Vo

for 25, and v, = <87 v, for L9 (v, = 2200 m/sec at 20.4° C), calculated on
the basis of the transmission averaged over all angles.

Now we muy speak of one velocity, v, and one thickness, t, If the
samplé is an infinitesimally thick disk (i.e., if h/R — 0), the activity it ac-

quiree in an isotropic flux, nv, is

SRR /2
Ay o= 2 [afk (lee':t/coae)nvcoseainededp{/h‘ﬂ'
5 Jo o

1
(1 - e't/x) x dx,

=nv ‘R'Ra f

(-]

which can be evaluated using

By (-x)= (e™/u)du,
(-]
the logarithmic integral, tabulated, for example, in Jahnke and Emde. Thus, when
the result is put in a form which will prove convenient for later comparisons,

we have

Ag, o = Nave’(1/2t) [1 - (1= t)e"‘t + tE; (- t)] o

Actually, for the worst case (the round 25 sample) h/R = 086, which ia not
ciose enough to the conditions assumed above. We must therefore, estimate the
increase in activity arising from the finite edges of the sample. A neutron
which enters the top of the sample at angle € and leaves through the edge will

have its exact counterpart in a neutron which enters the edge of the sample at a
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corresponding point on the opposite side, along a parallel path, and leaves
through the bottom. The total path traversed by this pair (measured in mof.p.'s)
is the same as that traversed by a neutron which goes through from top to botiom,
t/bos 8, and it is convenient to consider this as one path, and the edge effect
as arising from the extra activity such a path will cause. We ignore for the
moment the neutrons which enter the edge and leave through the edge.

The activity arising from such a composite path is proportional to

174 1= e"(t/coB & - x), where x 1is the lemgth, in m.fop.'s, of the first
part of the path. For this calculation we can take all paths "x" &as equally
probable between x = 0 and x = t/cos §. . This is not quite true for very
large values of the azimuthal angle g (€ is taken as zero when the projection
of the path in the plane of the disk is fadial) but is a good approximation for
our geometry. Therefore, the average excess activity which such & composite path

has over a normal one is praportional to

2.2 c:s 8 (l - g=t/cos 6:) - 6_ o =t/cos 0)0

We integrate over the area of the edge, weighting by the cosine of the anpgle the

neutron makes with the edgs surface, to get the excess activity arising from the

finite edge:
2R pn2  pRTRN

As, 0 = 2 La . 2 C:BB (1 - 6«=»1:/cos 9) - (1 - 3°F/°°_8 e).l .

0 0 0 -

nv sin @ cos 4 4@, Singf,red é]

e

:NnvoM%o-i- [ aéae"t/“)(-i-“.-f-l)]\/lauadg.v
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The integral has been evaluated rumerically for the values of t we are interest-

ed in. For large values of © an appreciable number of neutrons enter the edge
and leave through the edge, creating composite paths of more than two parts, and
increasing the excess activity. To put a limit on the crror thus made, the value
of the intepral as written, from 0 = tan°1(3/2)(R/h) to 8 = /2, was com-
pared with that of a similar integral assuming the sample were completely black
to neutrons, This made about a percent difference in the final correction factor,
so it was felt that our approximation, which is certainly closer than the "blaok"
case, is adequate.

We now consider the effect which the absorption of theAsamplo has on the
activity of the thin detector "D" (of. Figo 3). We again assume first that for
the semple h/h —0; later a correction will be made for the effect of the:edge
of the sample. Let d be the distance from the detector to the sample. If 9
is the radius=vector from the center of the detector to a point on the detector,
the flux incidsnt on the detector at that point (from the side the sample ié on)
is a function of o, 0, and g. Ve can integrate over ¢ inmediately by observe
ing that for any 4 and O, the fraction, P, of flux coming in which does.ﬁgg

have to pnss through the smaple is given by goonetry;

p= -l--cos'1 Rgﬁpaada taal i’

2 y d tan O

8o tho activity of the detector is;

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

-32- — )
. N —
Qan t!-y)/&
2 6 nvg”
AD - e o D < e“t/°°8eain9 46
R 2
0
\wc‘ufy)/a
+ [/3+(1 a/a)e'”t/co’o sin 8 d ©
Jrastte-/2
'\1}/2_
+ sin g a @ (
Jtan" R+p)A J

in the ring of radius y, width 5 Po This is easy for f(< R, &and was elva.lo
uated numerically for p = R eand P ~ 75 Ro These three points determine |
the curve of activity as a function of P remarkably well = it is almost flat.
A slight complication is added by the fact that the detector foils were not
radially uniform, being heavier near the edges. This non-uniformity was measured
and appropriate weighting used when the curve was integrated over fo

The activity thus obtained depends on "d", and we want to find the
correct activity taking into account the finite height of the sample, Thig ca:%'x

ba done approximately by assuming that the absorption of an element of the saméle

-
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at distance d is independent of the absorption of another element at d¢. That

this is an excellent approximation can be seen by observing that we are esaéntially
replacing the average of e X from 0 to t/boa 8 by the average of ababrpo
tion and no absorption, that is, (1 + e»t/hoa €>//é. For the worst possible
cass, that of the most oblique neutron that can come through the thicker of the
25 samples and hit the detector, t/boa © = 2.4 and the two quantities mentione
ed above are .38 and o.S54. For straight=through neutrons they are o2 gnd
o9ulic Since the total variation in aoctivity of deteotor with distance is only

11 percent and ie fairly linear, it is plainly impossible to make an appreciable
error by using the simpler type of averaging.

We therefore plot activity as a funotion of d, and find by numérical
integration the average activity between the limits dy end ds. The activity
of the detector is this plus 3% Nnvoy : |

In eddition to radial non-uniformity of detector foil, a correct;on |
should be made to the integration over g because the neutron flux is presumably
somovhat weaker near the center of the disk than toward the edgoes owing to;tho:
neutron sink effect of the sample., However, radial non-uniformity of 10 percent
in the foil made a difference of 0,1 percent in the final answer; aince thé‘ﬁgzgl
sink for the largest sample used was 8 to 10 percent, the variation of this aiék
across the sample would make very little difference to the correction, and it has
thersfore been ignored.

In all the above calculations the square 25 sample was assumed to be
8 round sample of equal area,

The.results of the calculations, with activities expressed as rrﬁcti¢na

of Nnvo, are;
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Sample & b, o | A N Aq, o"'ADAe, P
Square 25 0311 8243 .026 892 o954
Round 25 128 8031 026 879 943
Lo <063 .8aL1 012 9205 " .980 Y
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