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ABSTRACT

A measurement has been made of the variation of the ratio
cf(25)/5(B) for neutrons of energy from 0.0l ev to 10006v. The neutron
cnergy was moaBured by tho time of flight msthod. The most striking
cﬁnraoteristio of the variation is the sppecarence of rosonances in the
fission cross section. With the resolution used, several narrow rasonances
betweon thermsl energies and about 10 ev were obseryed. Botween 10 and
1000 ov thore appoared large varietions in the cross section many volis
wide which probsbly consist of groups of unresolved resonances. The only
resonance resolved wag one at 0.25 ev, whose width is of the order of 0.2
ov. The resonances at 1.0, 3.3, and 9.5 ev, though not completely resolved,
are fairly narrow, of the order of & volt or s0 at most. From 0.01 ev %o
2 ev, the avorage value of the ratio Gf(ZS)/&(B) decreases by a factor of
about four. From 5 ev to S0 ev it rises by about a factor of 10 and does
not fall sgain for at least a thousand ev. If boron follows the /v lew
for the (n =2 ) process up to 1000 ev, thon ap(25) increases by about 2.7
in going from 0.025 ev to 1000 ev. . .

A transmission meesuremcnt for 25 has also been made for neutrons
in the emergy interval from 0.01 to 1 ev. The 25 total absorption oross
ssction shows the same general characterigtics as the fiasion cress section.
The ratio of total absorption cross ssction to the Pission cross scotion
apparently increases rather rapidly with incroasing energy of the neutrons.
Because of certain cohsiderations relating to experimental oonditiona; it
is not conclusive that this obgerved increase is real. The absorption cross

section at 0.025 ev was measured to bs 650 ¥ 16 baras.
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PISSION CROS: SECTIONM OF 25 FOR 0.01 TO 1000 EV. NEUTRONS

FISSION GROSS HECTION OF 25

INTRODUCTIOR

This exporiment is s study by the time of flight mothod of tho
ratio of the fipsion cross section of 25, {or(asj], to the ¢. cross section
of boron, 9(B), in the energy region extoending from 0.01 to 1000 ev.

Absorptlon measurements at Chicagol) give a value of 645 barns
for the absorption cross ssction of 25 at & neutron velocity of 2200 n/ sec
or cbout 0.025 ev. Moasurements at Wisconsinz) show that tho fission cross
gootion is essontially constant and equal to 1.6 b abore 0.5 Mov. HBotween
0.1i5 and 0.5 lev the cross section varies approximately as 1/v. The valuo
in this region is about twelve times the value cbtained by e Vv extrapol-
ation of the cross section at thermal enorgies.

The group directed by J. H. Williamss) hae studied cf(zslﬂs(B) bat-
ween 1.5 e¥ and 400 ev by & boron absorption method. They founé thet this ratie
increases b& a factor of 3.3 from 2 ev to 200 ev. The work dessribed in

this report wes undortalken to verify these moasurements by an independent

mothod with considerably betier resolution.

1) ¢P-1068
2) ¢Pr-618
5) 1LA=48
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APPARATES

The cyclotron was used as tho primery nsutron source. Hydro-~
genoun matorial was used to reduce the snergy of as meny of these neutrons
as possible to the region below 1000 ev. A slow neutron veleccity spootro-
meter wae used to seleot noutrons of the desired energy. A 25 fission

chambor and two BF_ chambors wore used as doteotors.

3
The velecity spectrometer hes been described in carlier pube~
lished literatureé’s’s) oxcopt for some minor modifications. As in the

cnsa with the earlior exporiments with this equipment, measurements wore
made of the time lag between ths time tho arc was turned on in the cyclotron
and thé time of production of nesuirons at the target. It was found thet
this time lag waa about 25 fLE8C. The lag wae due mostly to the time
neceasery to eccelerats the deutsrons in the cyelotron end so deponded on
the doe voltage, on the radiel position of the target, and on the tuning

of the cyclotron. Since it was difficult to hold conditions sufficiently
steady to keep the tims lag constant to within lgp;sec, a tracking circuit
waa used which kept the neutron burst at the same position in time by vary-
ing the time at which the arc was modulated, so that the time lag was com-

pengsated.

4) B. D. MYecDeniel, Absorption of 8low Neutrons by Indium, PhD. Thesis
Cornell Univorsity, 1943

§) @. P. Baker, H. D. ¥eDaniol, M. G. Bolloway and R. F. Bacher, The Trans-
nission of Thick Cadmium. CP-508, 1942

6) Baoher, Raker and NeDaniel. Experiments with a Slow Neutron Velocity

Zpoctromsver, (=25 —
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To prevent neutrons other than those originating at the source
from arriving at the detector, a 12 inch I.D. collimator was usoed. This
collimntor consisted of a cylinder of Béc having o thickness of 1.3 gm/bx?
inside a cylinder of paraffin 5 cm thick. Q(ne end of this was placed as
noar aa possible to the internal probte of the cyclotron, and ths slow neubtron
sourco was placed at the samoe end. Tho detector wes put in the collimator
soveral motors from tho source.

Ths slow neutron source used depended upon the region of tha spac~-
trum under investigetion. For enorgies below about 1 ev two types of
gources were usaé. One was a sleb of paraffin 5 cm thick. 'Tho tims of
flight distribution of neutrons from this source dsteoted in a BFS chamber
is mbhown in Fig. 1, curve {&). This distribubion will hereaftor be denoted
re the BF3 speotrum. There are two disadvantages to this source. Une is
that tho steep slope in the region of a fow tenths of a volt accentuates
sny errors in timing and‘in the positions of the source or detector. The
socond dieadvantege is that the mean life of thormal neutrons in the source
is of the order of 100 msec so that the resolution is badly distorted when
working in the thermal rogion at chort distances.

To overooms these dizedvantages, a source was used which consisted
of a 5 cm thick tenk containing a.nolution of 7 gu of By0g per liter of
woter. In addition, on the side of the tank next to the detcotor a BZOS
absotrber, approxinately .1 gm/Emz thick, was placed. The boronm in the tank
reduced the mean life to about 50 amseo, while the boron absorber outslde

the tank roduced the height of the thermal peak. The BF3 spectrunm for this

pource is shown by curve (b) in Fig. 1. It ic soen from ths fizure that the

APPﬁCNED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

"6"

low energy tail of the distribution function does not extend to as greet a
time of flight as it does in the cose of the normal paraffin source. This
permits the use of a higher repetition froquency when the boron source is
being used since it is not necessary to wait as long for most of the low
enorgy neutrons to get by the detector before repeating the cycle.

in order to investigato the region above 1 ev, it was desirable
further %o increase the repetition rate. This wes accomplished by placing
0.9 gm per em® of Gd botwesn the psraffin source and the detector. Curve {(c)
of Mig. ) shows the resulting spectrum. It is ameen thet the Cd absorbs
practically all neutrons with a tiwe of {light greater than sbout 130 /4pec/m
allowing the uze of a much higher repetition rate than would otherwise bs
possible. '

For the region around 1000 ev, the use of a 0.65 gm/bmz By C
absorber with the paraffin scurce + Cd permitted the use of & repetition
frequency two and ons hmlf times greater than that which would be possible
without it. The thicknoss of the slowing down matarial for the above des-
cribed sources was determined experimentally to give tho msasximum number of
noutrons in the region below 1000 ev.

Qas of the detectors was a EF3 ionization chamber. This chambsr
consisted of an cutside eylinder, 6.25 ca in diameter, and an axial rod, 1.5 wm
diasmetor, both et about soventeen hundred volts negative to ground. Coaxial

with this asaembdly, and insulated from it was a cylindrical collcctor assembly
made up of sevon rods pleced on a cirole of 4 om diamoter. The end through

which the noutrons entered was closed by s dural {248T) cap, 3/32 inch thiok.
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The chambor was f£illed with BF3 at atmospheric pressure and had a useful
length of about. 20 em. This chamber contained encught boron to have a 30
psr cent absorption for thermel noutrons. The result of this absorption

is that the chember is less sensitive Yo low encrgy noutrons than it should
be. At 0.025 av the effect was calculated to ba 15 per cent. As o check

on this effect, a second BFS ¢hanber was used. The dimsnsions, except for
tho length, were the same as for tho one demcribod above. This "Shin
chamber” had an active length of 13 cm, and contained about 1/5 atmosphore
of BFS and /5 atmosphere of argon; the oalculated decrease in the sensi-
tivity at 0.025 ov iz 2.5 par cent for this chamber. Comparison of the
spoctra messured by the two chambers indicated that the calculated currectium
factor was in good egreement with the exporimental results. Electron
collection was used in both chambers, with a collection time of the order of
1 JABCC.

Th; 25 chamber wes enclosed by a copper oylinder 25 om in diameter
and 30 em long. Tho cover over tha front end was a plate of 3/32 inch dural.
The electrode assombly consizted of 1¢ aluminum foils, 0.0008 inches thick,
20.5 or in diameter, mounted on circular rings and arranged parallel to the
face of the chamber, soparated by 1l cm. Alternate plates wero connectod
olectrically, one sot served as collsctor, the other as the high voltago
eloctrode, maintained at 400 volts negative with respaect to ground. The
sholl of the chamber was grounded. Enriched urenium oxide, for which the
ratio of 25 to 28 wes about 1 to 8, was sprayod onto each side of the foils

2

to a thickness of 1 mg por cm~ of uranium. Thore was a total of 7.74 gn of

uvraanivm in tho chamber, of which aboul 0.83 zm was 25. Tho chamber was £illed
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with argon at atmospheric pressure. FRlectron cellection was also used in
this chamber with a colloction time of the order of 1 usec.

None of the chambers had n plateau, but, since the measurements
tuken were the rutio of counts for neutrons of a specified energy range to

the total counts, small changes in sensitivity hed no effect on the resultis,

PROCEDURE

The moethod of taking mensurements is described below. The 25
chenber was placed in the collimator at a certain distance from the source.
The delays in time bobtween the production of the neutron burst and the various
tdetactor sensitivity intervals wers adjusted te correspond to the neutron
times of flight to be investigated. The number of coumts, C; in each of the
sensitive intervals, and the total mumbers of counts, T, were regorded. This
was repeated for the BF5 chamber. These data give the ratio df(25)/ d({B)
for the times of flight eonsidéred, except for a constant which depends on
The shape of the spectrum as measured by the chambers. This mﬁy ba seen as

follows:

(_g) ) gf( T) ox(25) Por A25 ~ £(T) do(25) A25 a
K- [RECT) 9(25) ppgat ] E(@) op(35) av )
alli T :

vhore N is the total number of nsutrons arriving at the chambsr during the
run, A is the "on time". The function f£(T) is the froction of N which

lie in the time of flight interval botween T and U + 4T . F25 is the
geometrical senaitivity of the chamber, A similar expression holds for the

B#., chamberx:

3 e e
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ie’ £(T) o(B) Ag ,

\T) T JER o () av )
B

If the rgame resolution was used with both cha;nbers, then A25 = AB"

Thus

s . %@ | S e av 5)
(¢/T)y @ (B) [ £(2) op(25) aT

The ratio of the integrals depends only on the shape of the spectrum ss
measured by the chambers; this does not charge unless the source is changsd.

The chambers were interchanged frequently during measurements on
each energy setting so that any changes in spsctrum would be detected. At
least t;o runs wore made between each interchanpge of the chambers, each run
of length suffi;ient to give agout 100 counte on the slowest counter.

The equations (1) and {2) above indicate that (C/T) is a furction
of the intepral .ff(r) o (T) dT. If the spectrum changes, (C/T; for a
given energy will change by a different fraction for the two detectors,
since 0p(25)/ @ (B) is not a constant with respect to neutron energy. As
a result, when measurements of df(25}/ o (B) are made with different sources
it is necesssry to apply a normalization to make the data correspond. The
procedure to measure this normalization factor is indicatsed by the f{ollowing

considerations,
Consider first the 25 chember. Equation (1) gives,

[\ £(2) oe (25) Ags
\T)EB [£(2) op (25) ot |

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

Por a different source £{TU) will be different, say £9(7),

8O
q
C £1(T) op (25) Alzg
/25 jf."(’t‘) ¢p {(25) aT
Similarly, for the BFy chamber, we have for one source
G £(T) o(8) Aa
/g 5 £(T) ¢(B) aT
and for the other sourcs,
(c ' £9(T) d(B) Ay
T)B S £9(T) d(B) av
Combining these squations, with the éssumption that A 25 = Ag,
/:\'25 = /-\‘B:
gives

#

5/(3) [g £(T) 9(B) dt}/[.&f'(‘t) d(B) dTl .
({—)25/(%)3 ﬁfm e(25) d';j / \va(r) e (25) d’t}

or if we let

- @,10, - 6.6

25 B

end let N be defined by the above equation, then

R = RN
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N was dotermined in the following manner. “lhe untimed total
counbs for one chambor f{or each source were meassured, The ratio of those

counts is given by the following equation;

o5 N'og gf"(?) gp(25) daT

F25 and E‘"25,, the ssnsitivities of the 25 chomber for the two Sources, are
not energy dependent, N25 and N*25 are the number of neutrons arriving
ot the chamber for the two runs. FQS and F’25 were kept equal during
the messurements, and N25 and N'25 were kept at a c;.erta:i.n ratio by n
neutron monitor. The same measuremsnis wore made for the BF;;) chamber,
kesping the ravio &B/NVB the same as for the 25 measureoment. The ratio of
the results of these two gets of mcasurecments gives the number N,

Vhen the cyclotron arc voltage is turned off the neutron intensity
does not drop to zeroc because of the acceleration of ions which are formed
in places other then in the arc. Thus, when raking timed meesurements, it
wo8 necessory to measurc the unmodulated part of the nesutron beam and to
correct the data for it, This background was measured by turning off the arc
voltage and'recording the total number of counts in an interval of several
minutes, making certain that the cyclotron remained in. tune during the hacke
ground run. The timed counts wers correctod by a fraction of this background

corresponding to the fraction of the totzl time for which a given channel
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wes sensitive. Since the background increased with incrsasing pas pressure,
the pressure was kept constant and as low as possible. In most cases the
background was less than 1 percent of the timed counts.

A further possible source of background is leskage into the colli-
mabor of neutrons which do not originate at the source . The magnitude of
this background was measured by placing in the source end of the coliimator
a plug of about 30 cn of paraffin and 1 gm/bm? of 3205 and taking a timed
run et the eaergy region of interest. This indicated that it was necsasary
to place mdditional paraffin around that pari of the co}limator near the
cyclotron. A plug consisting of 1 gm¢bm2 of Bg03z wae placed im the colli-
rator behind the detector to prevent neutrons from sntering there. After
these precaﬁtiona vere taken, the backyground was measured to be less than
one percent of the timed counts. A shield of paraffin u;d boron was placed
behind the source to prevent the neutrons, which are scattered around inside
the water tanks which surround the cyclotron, from entering the source and
thus arriving et the detector ap a time not corresponding te their energy.
This was shown to be necessary by the fact that the 36 ev iodine resonsnce
w8 sharper with the shield in place than without it.

In some cases 1t was necessary to mensure and correct for the
recycling background =~ that iv for the counts measured in one cycle which
were due to slow ncutrons from the preceding cycle. This measurement was
made in the following mamner. FPFor making the background measurement a repeti-
tion period was set up which was at least twice as long as the period to be
used in the experimeont. Six of the sensitive intervals were set at a time

after the neutron burst corresponding to the energy to be investigated,
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while the other six were set up later than tais by one period of the fre-
quency to be used in the experiment. This gave the ratio of the counts cGue
to recycling to ths total number of counts for the experiment. The correc-
tion was usually less than one percent.

If the neutran pulse end the detector sensitivity pulse were per-
fectly squars the sonsitivity curve plotted on a time of flight scale would
have the form of an isosceles triangle. If T is the time betwoeen the begin-
ning of the arc "on-time" and the beginning of the detsctor "on-time", and
if the arc "on-time" and detector "on=-time" are of § usec. duration, the
base of this triangle is 2 §; the highest energy neutrons detected have a
time of flight of T- J§ Msec. and the lowest energy neutrons have a time
of flight of T + S)Abﬁ@@; seventy-five percent of the neutrons detected
fall in the time of flight region between T = §/2 and T + §/2.

Rowever, various factors enter to distort this theoretical shape.
One is that the number of ions from the arc. or at least the intensity of
the peutron pulse, does not go to zero as rapidly as does the arc voltage.
Similarly, the intensity of the pulse rises more slowly than does the arc
voltage. The effect of this is to Wroaden the sensitivity curve and to
make it less sharp, This was demonstrated ezperimentally by the use of a
proton recoil chewmber. The chamber was pluced as close as possible to the
cyclotron target. The proton recoil pulses from the neutrons were amplified
by an smplifier having a rise time of about 0.05 usoc. and a decay time of
0.7 msec. The output of this amplifier was connected to the vertical vlates
of an oscilloscope. The sweep of the oscilloscope waes synchronized to the

arc repetition frequency. $ince the neutron intensity at the chamber is
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very great, recoil pulses are not observed individually but only the current
of these pulses is observed. This gives a picture of the neutron intensity
in the pulse from the cyclotron target. Observation of this pulse indicated
that the neutron pulse was atleast 1 usec. longer than the voltage pulse
applied to The arc. This width depended greatly on the gas pressure in the
cyclotron, increasing from about 8 asec., to 12 usec. when the total pressure
changed by %0 percent.

Data on the experimental resolution were also obteined in the
following manner. A timed run was taken on noutrons of essentielly zero
time of flight with §  MBEC ‘on tim:s® A fast neutron chamber was pleced
ot such a distence that the individunl pulses could be counted. If the
intensity oi‘. the neutron pulse rose to maxismum value and fell to zero in
infinitely short times, it is easily seen that plotting the nunber of counts
in each timed counter ngainst the time difference between the beginning of
the sensitive time of the counter and the arc 'on time would give o triengle
exactly similer to the resolution triangle. The curve resulting from this
experimont is actually the mirror imsge of the resolution curve plotted on
a btime of flight axis. This may be seen from the fact that the fastest
neutrons detected in a time of flight measurement must be those which ori-
ginole at a timo near the cnd of the neutron pulse.

The results of this experiment for 5 HBOC. "on-times" ars shown
in figure 2. The high energy tail extends about 2.5 JABEC. beyond the
theoretical sensitivity curve. Por ¥on times above 10 or 20 pBec., the
distortion of the resolution curve due to the imperfect néutron pulse is

nepliinible.
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Distortion of the resslution curve can erise from the finite
length of the chamber. This results in an uncertainty in tae distance of
flight, or a corresponding uncertainty in the time of flight. This wn-
errbainty in the time of flight is simply given by the product of the length
of the chamber and the time of flight per meter of the neutron in which one
is interested. It is apparent that this uncertainty in the time of flight
incroeases with decreasing energy. Sines the thing that concerns the rezolu-
tion is the uncertainty in the time of flight per meter, this product must
he divided by tho distance of flight in order to obtain an 1nd§x of the
resolution. This effect of decreasiag the resalution is thén greatost for
low energies and short distances of flight. Iith the exception of one set
of observatione, this resolution distortion was negligible. In the special
case, the altered resolution function is shown accompanying the rssults.
(See f£ig. L).

For meaburements in the thermal region, the greatsst distortion
by fer arises from the decay time of slow noutromns in the source. In about
Z/usec. after the fast neutron pulse from the cyclotron epters the- slow
neutron source, squilivrium of the nsutroms in the source is reached, with
a maximum in the time of filight distribution curve for reutrons amitted
Zrom the source at about 30Q}Asec/m plotted on & time of flight scale, This
equilibrium distribution retains its shape while the neutron 1ntensity decays
with a half life of about llO}uaec. for the paraffin source and of 5Q;Lsec.
for the source consisting of the boron solutiocn.

Thus there are neutrons of snsrgies varying from 0.01 ev up to
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about 0.1 ev being emitted for several hundred/asec. after the primary
neutron burst. Hence if the detector becomes sensitive at a time after
the primary burst corresponding to the time of flight of s low energy
geutron, it will detect also neutrons of higher emergies which wers amitted
later than the one of low energy. Since after one to two msec. later than
the primary burst, there are almost no neutrons in the source of enoigy
greater than 0.l ev, measurements above this region are not affected by
meen life. For thermal measurements the distorition becomes smaller as

the distance is increoased, so that it is preferable to work at large dis~
tances.. For most of the work which was done in the thermal energy region,
the distance of flight was so great that even for a IOO}Laeco mean life,

the distortion of the resolution function was small.

RPSULTS

The measurements may be conveniently broken into five groups.
Most of these groups contein several sets of measurements., The ranges
covered by these groups are (1) 0.0L to 0.2 ev., (2) 0.1 to 2.0 ev.,
{3) 0.5 to 100 ev., (L) 15 to 250 ev., (5) 120 to 1000 ev. The experi-
mental condf&ions unde;.which the measurements were made are listed in
Table I.

It was shown in the section above that the arantity

R = (c/w)25/ (c/1)g

gives only the relative variation of Gb(25)/ o (B). The absolute value

of R deponds on the shepe of the primery neutron spectrum. As a conse-
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quence, in order to compare the results of the various measurements, it
is necessary to multiply them by the sppropriate normalization factors K.
Figures 3, 4, 7, 8 and 9 are curves of R against time of flight per metor
for the wvurious regi.éng and are not normalised. (Region 1b was multiplied
by 1.0% to fit it to la, ¢ and d)., In figure 10, whioh inciudes the results
for all five regions, each reglon has been normalized to measurenent la, and
then o%(25)/0’ (B) has been adjusted to equal unity at 0,025 ev., Thus to
plot the ourves of figures 3, L, 7, 8 and 9, on figurs 10, they must be
mltiplied by 1.08, 1.26, 1,36, 1.19 and 2,34 respsctively. BSee the appen-
dix for the computation of these factors. Probable aerrors have not bsen
indicated on tha curves. However, the shaps is determined in all regions
by pointe esch arising from at leas.t five hundred ccunts for each chamber.
Figura 3 chows & plot of the values of R determinsd from the
measurcments of group l. The absoissa is a tine of flight axis in unitsa
of microseconds per meter. At various points along this axis, the corres-
ponding energy in ev, is also marked, The measuransnts la and lb wera
token with the thick boron chamber and were corrected for the absorption
in the chamber, For measurements of lc, both the thick and the thin boron
chambers vere used. The thick chamber corrsctions were applied and the
neasurements with the boron chambhers were combined to abiain the BF5 spactrun.
In measuremsnt 1d, the thin chamber was used. The triangles drawn along the
abscissa indicate the resolutions uaed, ‘
The mensurcmants of group 2 were all made using the boren source

and thick boron chamber. The results of the three measurements using

B
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different resolutiocns are givon in figure L. The scattering of the points
is greater than would be expected from the probable err¢:s and is perhaps in
part instmmental.

Groué 3 involvss three sets of measurements with different resolu-
tions. All were taken using the normal paraffin source and cadnium.around
the detector. Only the thidker of ths two boron chambere was used. When the
date were takesn, the 25 chamber was always 10 em. further away from the source
than the boron chamber. Since the spectra were observed uweing the same timing
gcheme for both chambsrs, the observed pointe do not oacur at the same place
on the time of flight scale when it is reduced to microseconds per meter,
Because of this, it vas not possible to take point by point ratios of the 25
and BF5 speoira, but instead, the two spectra were plotted separatsiy. They
ere shown in figuresS and 6 respectively. Smooth curves were drawn to fit the
points and in the high energy rogion, the L.85 meter data vms weighted most
heavily. Point by point ratios wore then taken from the amooth curves. These
ratios are plotted in figure 7.

It will be observed that there is seattering, greater than that to
be expected from statistical reasons, among the points in figure 5. This
seoms to be due to some systematic error in the timing, since a slight transla-
tion of the time axis for one set of points relative to the others gives much
better agreement. This probably results directly from the fact that no tracke
ing circuit was used to keep the time lag constant, and it was not known at
the time these data were teken that the tims lag varied so greatly. A chango
of time lag of only 5  pgee. for the dete taken at 1.85 m is noeded to explain

the greatest shift which one would neod to produce optimum agrecment. It wga
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felt that the nesd for additional information in this region was pot sufficiently
groat to merit further work to reaolve these disorspancies.

The measursments in group L were made up of two sets teken at differ-
ent times but with the same resclution. The beam tracking circuit was used,

The results are shown in figure 8.

The results of the measurcmentas of group 5 are showa in figurs 9.

These measurements were made using the norms} pareffin source, the bhoron re-
cycling shisld and Cd around the detectors. The tracking circuit was also used
for this msasuremsnt. In order to determine the time lag and the shape of the
resolution function, a fast noutron speotruxm was obtained o. desoribed earlier
and as shown in figurs 2. Becauss of the high repetition rats and becauso the
boron recycling shiold wms not sufficiently thick to prevent reeyeling, a 10
percent recycling correstion had to be applied to the boron dats, however none
was necsssary for the 25 datse becsuse in the region where racysled neutrons sre
troublesome the crass assction of 25 is so small as to mske the correction negli=
giblo.

The nessurements for time of flight less than 2 pseconds (about 1300 ov)
aro not to be relied upon becausa of éﬁssiblo uncortainties in the timing. RFor
exampls, the point at about 0.,6_/usecn {10,720 ev) probably averages in the effect
of some neutronsg of several million volts, resulting in an insrease in the walue
of R beomuse of tha fission of the 28 which is pressut in the ssample.

In addition to these groups of timed measurements, enother sst of
timed measursments was taken in corder to dotarm;ne the ratio of the avérage
value of R at about 100 ev. to the value at thermal energies. To do this

the boron sowrce was used and the distanca te the detector was 7.6 m. The
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thick boron chamber was used, Tho “on-times” were 4O usec, and the repstition
rate 208.5 ops. The arc pesition was monitored by the tracking oircuit. One
of the detector channels was set for a mean time of flight of 8 usec. per meter
which corresponds to about 63 ev. The extreme snds of the sensitivity inter-
val were at 580 and 31 ev. Six other chamnels weie set about a mean time of
£light of aéajueeo. per meter or 0.075 ev. The averages for these six channels
were obtained and compared to the values for the 83 ev, channel. The usual

corrections were made to these results. The corrected results are given below.

R&‘5/R ‘075 = 2094‘ = 5%

The variation of on(25)/0’ (B) with energy over the region from
0.01 ev, to 1000 ev. is shown in the composite figure 10. The abscissa is a
logerithmie snorgy axis. The fit b?tween the measurements of groups2 and 3 is
not very goed., ¥Fo good resson can be advanced for the lack of agreement. It
may be that the disagrscment rosults from the faot that several pleces of daita
must be fitted together at different peinta to establish a continucus curve,.
Jn eddition, as may be seen from the secattering of the points in figure 6,
the value of R in the regiom from 0.5 to 1.2 ov. is not very well determined.
Of cours: this region is probably of much less interest thap is the relation
betwesn the measurements of group 1 end group i, This latter relation is
rather well éstabliahad by the measured normalizetion factors.

The roat significant features of the variation of the croass seotion
are the following. Ir the thermal region the ratio of the cross section de-

creases slowly with increasing onergy. The ratic R deoreases by about
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(9x3) percent g@ing from 0.01 to 0.05 ev. A resonance of about 0.2 ev. width
appears at about 0.25 ev. This resonance seems to bs relatively well resolved,
but in spite of this fact ths change in cross sesotion is rather small. At
about 1 volt another resonsnce cccurs. This resonance is not well resolved

as is also the case with all higher epergy resonances, At % voltas another
vieak resonance ocours. At about 7 volis the cross section ratio rises very
rapidly by about a factor of tern, Though there are some considerabls un~
resclved fluctuations, i cross section insrenses oniy glowly in the regicn
from ebout 30 voits oﬁ up to 1000 ov. In the region of 1000 ev,, the average

value of R 48 about 2,75 times the value'at 0.025% v,

CONCLUSIONS

There are a L significant conqlﬁsiona to be drawn from these
rocults. The first and perhaps most important is that fission is a rssonance
phenomsnon. Though it had bsan suspected before, this is the first comclusive
evidence on this point. From the data in the region of €Q25 ev. it is evident
that these resonances may be quite narrow. Antuaily this particular resonsnce
is of the arder of 0.2 ev. wide. Although nene of the higher resonanses have
beon reselved, it is apparent that thoy also must be fairly narrow. The large
rise in the average ratio of crose sections in the region of 7 volts is rather
interesting because 1% does not fall again to some lower walue at higher emnergy.
This is probably to be explained by tha fact that narrow rssonances are eertain-
1y not resolved in thia region, and ths change in the average cross section is
caused by a change in tha averages levsl density.

If one makes the reasonable assumption that boron follows the L/v law
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as high es 1000 ev., then we ses that the averagse value of vc‘f for 25 increases

by about 2.7 in going from 0.025 ev. to 1000 ev.

TRANSMISSION OF 25

INTRODUCTION

It ves found desirasble to measure the transmission of enrichaed
uraniun sampies by the time of Ilight mefthed. Ome resson for thic was to sce
if the general charscisristics observed in the fission cross section could also
be observed in the total capture cross section determined by transmission. A
cocond reason aroce as a result of the small widthe of tho fission levels ehich
wvare found in the measurements discussed in the first part of this report. At
Joast some of the fission resonances have widths comparable to those expected
for capture with gemma ray emission. Because of this, it seems possible that
there ie an appreciable probability for capture with the emission of & gamms
ray as well as capture with fisaion. If the probability for gamma cgpture
varied with ensrgy in a radically different manner from that for capture with
fission, by studying the total capture oross section and comparing it to the
fission oross nection, positive evidences for appieciable gamma capture would
be obtained.

Recent unpublished experiments by Fermi and also Bailey have obtained
positive evidence for existence of gamma capture, Their work consisted of

independont messurements of fission and totel cepture cross section,

METHOD

cmrXTe OrewasTy

The genoral techniquos for making transmission measurements are -
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described by Beker and Bacher 1). The only easoential difference in the method
of melcing tho meagursments from that dcséribed in theo published article is in
the memgurement of tha total tranemission of the mamples. Instoad of relying
vpon the stability of the neutron intensity during the measuremente, a stabls
fiasion counter was used as a monitor of intensity.

The gecmetrical arrangement for the experiment is described below,
The neutron scurce uged was tﬁe ‘boron water tenk with the 8205 tray which was
described in the earlier section of this psper. The large paraffin and boron
carbide collimator was also used. A BF3 charber waa placed inside the large
collimateor at 7.6 m from the source. The chamber was immediately surrounded
by a small boron carbide collimator of demsity 1.0 g/cma viilch extended 75 cm.
in front of the chamber, The diameter of the callimator at tho aperture wss
2 inches, The tranmmission asamples to be studied wes placed over this sperture.

A sample of uranium oxids, enriched in 25, wes used. The amount of
25 contained in the sample was 13.7hL percent by weight of the total amount of
urarium prosent, The entire sample of the oxide weighed 309.6 gms., but was
divided into two parts. These two parts, desigusted ms #1 and #? contained
epproxicatoly ‘wme third and &3‘3 thirds respectively of the total amount., The
samples were placed in cylindrical aluminum contaimers having an inside dis-
meter of 2,50 inches. Tho end caps of the containers were 1/32 inch durajlumi-
na.

In addition to the enriched samples, two other samples, #3 and #i,
viore made up of rormal tuballey oxide. Theses were placed in containers similar

to those for the enriched gamples. The normal ssmples had almost exactly the
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same weight of materlial in them ns did gsmples 1 and 2. The transmission of
each of the normal samples was alsc measursd in order tc permit a corrsotion
%o the cross section determined from the enriched samples for the scattering
and capture from the rolatively large amount of 28 present in the enriched
eamples. In ordsr to compensate for the thickness of aluminum which was in
the beam vhen the absorber was in, aluminum blanks of egual thiokness were
placed in the beum when the “absorber out™ measuramenis wero made. In Table II
the weights of the variouc samples are tabulated.

| The observations were carried out in two parts. One part was made
in the thermal range using the thin absorber, sample #2, and the curresponding
unenriched sample §4. The resolution used was 200 )usec; "on time" for the are
end detector. The secord part of the mezsurements was carried out using the
enriched samples #1 and #2 together, and unenriched samples #3 and #i. _The
“on time® for detector and arc was S0 pmsec. The measurements extended up to
& little mors than 3 volt, The timed obssrvations wore made using & rofweting
sequenes of enriched sample, normal etimple, and aluminum disk. PFor the low
snergy region, two complete cyclas of this sequenscs were made, while for the
higher energy poinits, 5 cycles were made. The total transmission of each

sample was made relabive to the aluminum plates.

RESULTH

The results of the totsl transmission measurements are given in
Tmble IXI. These measuremonts ars of equal accuracy. By using the percentage
mean Gaviation from the average, for all observations, the probable error of

the average of a set was cemputsed to be about 1. percent.

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

=25

The ahsolute transmigsicns for the varicus absorbers are shown in
Pigs. 11, 22, 13 and Y. The tranamiasiﬁn is plotted ae a function of time
of flight per meter. The probahle errors shown ara the statistical errors
asgooiated with the timed counts only and do mot include the érror in the
taotal tranamission.

The shape of the lines drawn through the points in Figs. 12 and 4
have been chosen go as to ba in egresment with certain assumptions and copdi-
tions. I% is assumed that the scattering cross section of uranium and oxygen
are constant, while tho cross section for capture of 20 and 25 vary, to a first
epproximation, as 1/v. It is further assumed that these cross sections bear
the ratio to one amother at 0.025 ev. as the values tabulated bselow. However
these are not assumed to be the abgsolute values, but the absolute values are

adjusted to provide the best fit to ths data.

28 scattering 8.0

28 capture 3.0 barns per atom of uranium
25 capture 4.6 in pormal tubalioy
oxygen scattoring 3.3 barns per atom of oxygen

It is felt that the curve of Figas. 12 and 1lI are a far bsttier deter-
mination of the cross setction of normal tuoslloy than the individual experi-
mental peints, conseguently values wera taken off these curves to determine
the oross section for normal uranium ozxidae.

The genoral absorption law is:

T = eﬂc’n

viaers T is the transmission for e given ¢ ross section per atom (¢ )anda
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given number of atoms (n) per em®, Lot o:o'n then
T « &%

In Fig. 15 are pletied the cross scctions determined from the obser-
vations. The cross sections are given per atom of urenium in eaoh sampls.

In order to obtain tho 295 sapture croas section from the date, the
following procedure is used.

Define P = 0 (25) + 0,4(25) =~ 0,(28) - 0,(28)
vhere og(25), and ©,(25), are the scattering and eapture cross sectiona
regpectivelj for 25, and whera og(23), and 0,(28), are the corresponding

oross sections for 28. Then it is easily shown that:
P 2 (¢ = a')/(n-=n)

where o, o' are absorption coefficients for the enriched sample and normel
sample respectively, end n and n' are the numbers of atoms of 25 in the
two samples. If one makes the following assumptions a walue for the capture
cross section of 25 may be 6btainad. Assune 0Lx(28) = 04{25) and that o,(28)
at 0.025 ev. i8 3,0 barns and varies as 1/v. The above discussion also assumes
thet thers sre esqual numbers of atoms of uranium in tho enriched and the corre-
sponding unenriched ssmple. This is true to about 0.2 percent.

The values for g(25) bnsed on those considerations is plotted in
Pig. 16. The walue of o,(25) v normalized arbitrarily to unity at 0.025 ev.
is shown in Pig. 17. The smooth curve shown ias drawn to fit the experimental
pointe from the transmission measurenents whils the dotted curve is the curve

for the corresponding region obtained from the {ission megsurements reported
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in the first section of this paper. Fig. 18 shows the value of o (25) v
end dp(25) v on an energy plot.
The wvalue of the capture cross ssction at 0,025 ev. is determined

from tho curves to be 650 X 16.basuas,

DISCUSSION

It is seen that the general behaviep of the capturs cross section
dotermined by transmission is quite similar to thatt of the fisslion oross
sootion. However, the guantitative agreement between the two groups of
measuraements is wot as good as would be expected if the snergy dependence
wore the same for the two. This is espeoiany true in the region of the
resonance at 0.25 ev. where the differsnce between the two curves is about
30 percent. . .

It is possible of ocourse that thim indicstes that gamma ray capturs
inoreases relative to capturs for {ission with inoreasing energy. However,
it is to be considered that the trensmission measuremente wers made in the
prasence of a 'large amount of scattering from the 28, making it more diffi-
cult to get good values for the 25 cross section. In the enriched sample, a
saattering of about 9 berns per atom of urantum greater than that present in
the normal sample would mnke the two ocurves have about the same energy de=
pendense. As little ar O.ly percent by weight of water in tho enrichsd sampla
would previde this additional amount of soattering. However after measuring
the water content of the aammples, it was dosmed unlikely that more than 1/10
this smount vas present, If the scattering cross section of 25 were about

6.5 times ths scattering for 28, it would be sufficient to provide the addi-

APPROVED FOR PUBLI C RELEASE




APPROVED FOR PUBLI C RELEASE

~20- —__ P vt

tional 9 barns of goattering. The latter possibility is exoeedingly unlikely.
The possibility of error in the measurements of the fission cross
section in this retion caanot bo excluded. The cross sestion inm this region
was obtained from two sets of measurements which were joined Together by fit,
_However, it is difficult to soe how these measurcments cen be in error by so

large an .t‘mOunt.

CONCLUSION

It secms that the conclusion to be drawan f{rom this experiment is
that the gensral behavior of the total cspture cross section for 25 is similar
to that for ths capture for {ission, but quentitatively the behavior may be
somswhat different. The measuremonis indicate that the ratio of the total
capture cross section to the fission e¢ross gection inoreases by LO percent in -
going from 0.025 ev. to 0,25 ev. It is felt that the present measurements are
not suffiéiently accurate to conclude definitely that this apparent increase
is‘ real, though it may be. A much more definite conclusion could be reached
if the experiment could be repeated for both the fission and the transmission
measurements, Iﬁ the transmission measurements, & great decrease in the
scattoering background could be achieved if metal aanples, instcad of the
oxidae, éould be used, snd if 6. higher enrichment of 25 in the sample aould

be attained.
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APPENDIX A

NORMALIZATIOR OF PISKION MEASUREMENYS

Thres rormalization meassurements wore made. One of thess was
botweon measurements Sa and La. The socond of these was between measure-
ments La eand la. The third was between measurements Lb and 3b. It is seen
that two of these normalizations are betweon measurements of regioa 4 nnd
region 1. The measured normalisetion factor to relste La to le was fourd
to be 1.17 x 10 percent. The normalization factor to relats Lb to lb was
found to ba'1,08. However, in order te fit 1bh to la, la waa muitiplied by
1,03 go that to relate L4b to the values plotted on Fig. 3; it is necessary
to multiply (4b) by the factor 1.11 £ 5 percent. The agroement betweon the
varicus factors indicates to some degreo the precision of the measurements.

The orror quoted for the first factor is based upon the mean devia-
tiop of asveral observations and upon geometrical changes whioch may poasibly
have ococured during the measuremsnts involving hoth the normalisation mzasure-
ments and the timed runs with whieh they are associated. The goometry was
most llkely to bz altered because of certaln ineconveniences which existed in
meking the exchange hetwoen types of spectra. In maiting the normalization
measursment for the second factor, the pesaibility of altering the goomstry
during the course of the meagurements was considerably reduced. In additien,
the normalization runs were inter-meshed with the timed rups in such a way
as to reduce the effeoot of changes in the geomotry. The srror quoted is bassd
upon the mesn deviations of sevaral observations.

Two more wvalues of this normaliration fector can be obtained. Ono
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of these is cbtained by combining a.il the data of groups 1 to I into one curva.
The sognents are adjusted for the vest fit of the values of R for overlapping
rogions of the spectrum. In ordsr to obtain this fit, the curve of Fig. 3 must
be multiplied by the factor 0.94. The sstimated error of fit ias 1% percent.

The final method for obtaining a normalisation factor for thess two
regions is by utilizing the datm whioh compares the value of R at 83 ov.
directly to its value at 0.075 ev. As given abovs, 385/90.075 is 2.94. The
value of Rgy represenis the average of R over the resolution funotion used
in the experimsnt,

The average of the curve in Pig. 8 over ths resolution function
yields the value 2.27. However the valué of R a% _00075 av. on thse »urve of
Fig. 3 is 0,855. We wish to normnlize the curve of Fig. 8 so that the average
of the resoluiion function over the cuirve bears a retio of 2.9l to the value
of R for Fig. 3 at 0,075 ev. Thus in ordor to do this it is necessary to
mltiply the curve of Fig. 8 by the factor 1.11 £ 7 percent. This factor is
obtained from the product of 2,94 x 0&55/2.2? + The error is the statistical
probable error assooiated with the factor.

We have now four values for the factor by which the curve of Fig. 8

must be maltiplied to compare it to Fig. 3. These values ars;

1.17 % 10 percent
.12 * 5 "
Q.8 = 15 s
1.1 = 7 i

After taking the weighted mean of these gquantities we obtain the value 1,113 -

iy percent.
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For the region 5, we have twe matheds for determining the normaliza-
tion factor., The first of theses utilizes the normaliszaticn measurement beween
Sa and 4a. This velue is 1.92. The gecond method makes use of fitting of
ocurve 9 to curve B. This gives a pnormalization value of 2,02, The average
of these two values is 1.97. Therefore to compare Fig. 9 %o Fig. 8, Fig. 9
should be smltiplied by 1.97. In order to compare Fig. 9 to Fig. 3, Fig. 9
should be n;mu:tpned by 1.97 x 1,11, This factor is 2,18 + 5 percsnt.

The remalts of all the measwramonts ars combined in the graph shown
in Fig. 10. In addition to applying all the appropriate normalization factors
to the data, all the measuremonts have been multiplied by 1.08 to adjust the
value of R to unity at 0,025 ev. The measursments of group L and 5 have
been normalized by the use of the factors found above, while groups 2 and 3
are adjusted for the bost fit, To plot the data then, the curves of Figs. 3,
L, 7, 8 and 9 are multiplied by 1,08, 1,26, 1,35, 1.19 and 2,34 respectively,
In Pig. 10, only thes' curves from the verious figures have been shown. The

abscissa is a logarithiie energy axis.
&t

APPROVED FOR PUBLI C RELEASE



3ASV3T13d O I'ldNd d04 d3aNodddv

! N et -.Ism
TABLE I
Boron Dietance "On=time" Froquenocy
Region Source Detector {motera) g;gsec ) {cps) Designat

0.0) to 0.2 Paraffin thick 1. 200 - 100 la.
thick 7.6 200 100 1b.
- thick and thin 7.6 200 100 la.
Boron thin 7.6 250 200 id.
0.1 to 2.0 Boron thick 2.5 10 500 2a.
2.5 20 500 2b.
2.0 10 500 2c.
0.5 to 100 Paraffin and Cd thick 1.85 9 2500  Ja.
2.85 10 2500 3b.
' L.85 10 1000 3c.
15 to 250 Paraffin snd Cd thick 7.6 10 1000 la .
: 7.6 10 1000 ib
120 to 1000 Paraffin, Cd, and thiok 7.6 5 2500 Sa.

‘voron recycling :

shiold
= .
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Diameter of sample =  2.500 inches

Ares of scmple < 31,66 8q. cn.

R =z 6.29 by weight = 13.74% by weight

NQ. Ot
Sample wt. of oxide gmﬁ.oxidsé_g;_o;n. _gma.’.l’u/__t_!_g.cm.
{3 206.48 6.522 5.531
e 103.31 5.256 2.761
#3 . 206.5 6.522 5.531
# 103.0 3.253% 2.758
TABLE III
Sample No. Total Transmission
1 apd 2 <567
=568
377 Average 571
2 .689
ST
700 Average .710
3 and I} 638
630 Average .634
L - 861
.885 Averago .873

TABLE 11

FOR PUBLI C RELEASE

Atomo Tu/aq 2 O,
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