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Abstract

The measurement of 280 Mev neutrﬁn cross sections of various nuclei is
deséribédo The neutron beam used results from 340 Mev protons in the 184-
iznch cyclotrén striking a 2 in, Be target, Thg neutron detector consists of
a double coincidence anthracene’;ciqtillatioﬁ counter telescope which counts
recoil protons scatt§red at 15° frgm a paraffig cylinder placed in the col=
Ilimated ﬁeutron beam, A 2 in. Cu absorber placed between the counters assures
that only protons of energy greater than 250 Mev are counted. The cross sec-
tions for all nucléi measﬁred from Li to Pb are smeller than-thé.corresponding

cross sections measured at 90 Mév(l) by factors between 0.5 and 0.6.

10ook, McMillen, et al., Phys. Reve 75, 1 (1949)
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I, Introduction

When the total cross sections of various elements for 85 Mev neutrons
were measured a‘year ago(l) it was noticed that elements of low atomic weight
behaved as if’tﬁey were at least partially transparent. Therefore, when the
280 Mev neutron beam became availsble after conversion of the 184-inch cyclo=-
tron, it was considered.advisable to examine this effect at the higher energy.
The measurements also would add to our knowledge of the fundemental properties
of nuclei; a correct theory should be .able to predict these cross sections and
their functional dependence upon energy and atomic number in an unambiguous
manner, Converselygvknowledge of these values may furnish additional clues
leading tec the correct nuclear model, These measurements were made usiﬁg fwo
independent detection methods., In Article I measurements made using scintil=-
lation counters are described, and in Article IT measurements made using bismuth

Pission counters are described,

I1I, Source of Neutrons

The neutron beam used for these measurements was produced by bombarding a
2 in, thick beryllium.target in the cyclotron vacuum chember with 350 Mev pro-

tons., Charge exchange leads to the production of a neutron beam of about 270
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Mev mean energy and angular widgh gt half maximum"intensity_of about 58°,
The central forward section of this beam was_Selected by a collimating sys-
tem, consisting firstly>of a 1/? in. hole through a 7 foot cube of concrete
placed bétween the cyclotron and the surrounding concrete shielding wall and
secondly by means of an exchangeable steel plug with any desired aperture in-
sertedint); 3 in, hole in the 10 foot shielding wall itself, In this experi-
ment, a 2m5/8 in, x 1«3/8 in, aperture was employed,

The energy distribution.of the neubron beam was obtained by measuring
the range d.istr'i‘.outimn_9 and hence deducing the energy distribution, of recoil
protons from hydrogen, at a fixed angle with respect to the beam. - The range-
energy curves used were calculated from the theoretical formula of iivingston
and Bethe(z) using I = 11,52 ev, -Paraffin and cafbon scatterers wefe used
alternately to obtain the hydrogen difference, The range distribution was
determined by varying the absorber thickness between two scintillation coun-
ters in coincidence counting the recoil protons as illuStrated.in Figure 1.
To ﬁachfthicknesé there §orresponds a_minimum proton energy Epl/for penetra~
tion, so that all protons With.energy EP = EPi passing through both counters
were counted. This number is proportional to the number of neutrons of energy
En~> Enl = 552215:9 © being the laboratory scattering angle with fespect to
the forward direction.

Thefe is one serious difficulty. At these energies, the absorber thick-
ness required is an appreciable fraction of a mean free path for a nuclear encoun-
ter, so that a fractiop of the protons of energy Ep > Epl are not counted,

If the cross section for these processes which remove protons were known, an

accurate correction could be made; however, only an estimated correction is

®Bethe, Rev, Mod. Phys. 9, 263 (1937) Ed. 9.263
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possible at present,
Iheorporating this estimated correction and differentiating the resulting
distritution; it is found to have a pesk at 270 Mev (% 15 Mev) with an esti-

mated width of 30 Mev as shown in Figure 2,

I11, Méthod

.. Principle, ~ To measure the t;tal cross sections of various elements
for high energy neutroﬁ59 use is made of the exponential decrease in intensity
of a monoenergetic beam in the forward direction as the thickness of matter

traversed (X) is increased:

1(X) = 1(0)e~%/A

where A__is the mean free path, related to the total cross section bys
1/n = Ho/A o

N being:Avogadross numberg/o the density, and A the atomic weight, .Then the

total cross section is:

- {1(0)
Sy = A/I;px 1n {ﬁ){' .

umbers proporticnal to the beam intensities I(0), I(X) are obtained by
counting the recoil proténs generated at a fixed angle (usually 15°) by a
smell paraffin cylinder placed iﬁ the neutron beem behind the samples, The
recoil ﬁrotons were counted by means of two scintillation counters in coinm
cidence in much the same way as described above.

This ?araffin proton generator was placed in the neutron beeam 12 feet
from the last collimator; the sample, about one mean free path in length end
3 in. invdiameterg wa.s placed in the beam 2 feet from the last collimator.

A BF3 slow=neutron counter was located in a hole in the concrete wall adjacent



20

dN
dE

REL.

UCRL 637

NEUTRON BEAM ENERGY DISTRIBUTION
DIFFERENTIAL RANGE METHOD 350 MEV

PROTON ON 2" Be TARGET

FiG. 2

>
B 2 -
€
Z
w
4
(o]
-
. (=)
[ 4
a
i : 1 1 I I[
0 100 - 200 300 I I 400
NEUTRON ENERGY IN MEV
Mu 90



UCRL 637

O

to that collimator for monitoring purposes., With these arrangements the ratio
R(X) of detector to monitor counting rates is proportional to I(X), a second
ratio R(0), proportional to I(0), is obtained by removing the seample, Then

these ratios are corrected for background, we get new ratios R'(0), R'(X),

Then,
1(0) R*(0)
ix) © RUX)
2, Counter. ~ (See also Figure 1,) The individual scintillation counters

consisted of uniform anthracene crystals 3/16 in, thick and 1 sq, in. in area
mounted in light-tight polished aluminum‘boxess each in turn facing a 1P21
photomultiplier tube, Two such units were mounted as a coincidence telescope
leooking at the paraffin-recoil proton generator at 15° laboratory angle. In
order to confine coincidences to protons generated by high energy neutrons,
a 2 in, Cu absorber was placed between the crystals, thus providing an equi-
velent neutron threshold of 250 Mevo(z) |

- The geometry was arranged so that the path of the counted recoil protons
passaé normally through the crystals and through a wmiform, knewn thickness of
aluminum, Faét (10°8 sec.) light pulseé were produced due to the excitation
and subsequent fluorescence irnduced in the anthracene by the protons., The
photomultipliers convert these into electric signals which are further émplim
fied and mixed in a coincidence circuit. This system has a .25 psec, resolving
time, The output was counted by a standaré scaler.,

When plotting counting rate versus photomultiplier voltage (or gain}, a
flat plateau is observed as shown in Figure 3, corresponding to the detection
of virtually all protons, but no other particles. Above this proton platesau
Y -rays, P-particles, noise, etc., begin to be couni_:edo Since the-plateau

width is 300 volts (corresponding to a gain ratio of about eight), constant



"NORMALIZED" GOUNTING RATE

UCRL

.10

100+

I v 1 J i

TYPIGAL PROTON PLATEAU

<

7/’4‘

SINGLE GOUNTER

800

. [l
900 1000 1100 1200 1300

PHOTOMULTIPLIER VOLTACE
(GAIN SENSITIVITY x 1.7 PER 100V.})

FIG. 3 Mu 9l



UCRL 637

=]l

detector efficiency is assured by setting the photomultiplier voltage at its
center,

| 8, Monitor, - The BFz monitor counted slow neubrons lesking through the
concrete from the collimator., Since the background flux was several orders of
magnitude smaller than the slow neutron flux originating at the collimator, its
counting rate was satisfectorily proportionalkto the latter., This monitor was
shielded from back-scattering by a 2 foot Cu plug between if and the sample, The
chief problem with such e monitor is the finite slope and narrow width of its
plateau, in contrast to the wide, flat plateau of the scintillation counters,
Accordingly very good voltage regulation must be provided cor the efficiency will
varjo Any significant varistions due to this or other causes affecting the
entira.axperiment can be checked by & statistical analysis of groups of counts,

4; Technique,

(a) Alignment; The equipment was mounted in such manner as to permit
accurate centering of the paraffin,gene;ator in the neutron beam, This align-
ment wag checked by means ot a cathetometer previously aligned With‘the inner
coilimabtor and the central point of emergence of the neutron beam at the vacuum
tank, Likewise the alignment of the samples could be similarly checked, to see
that no neutron path could reach the generator without passing through the Sétmpleo

In operations‘the coﬁnting rate is maximized as a function of cyélotron tar-
get position to ensure that the beam is not emerging obliquely. The entire
aligment was further checked bj exposing film in the beam, ét the generator,

(b) Gegmetry, The beam area was 3,6 square inches and the sample to
generator distance %aried from 7 to 9 feet depending on sample lengtho This

=4 steradian, which is sufficiently

gives a solid angle of from 3 x 107% to 5 x 10
"oood" to avoid scattering correction in case of the light elements, For the

heavy elements, & small scattering correction is necessary,
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(c)- Accidental Coincidences. Background.
Dufing early runs, the ooinoideﬁce counting rate was'of the order of
3 GoPoSo Witﬁ-sihgle counting rates of le\’BOO CopoSo in the first counter
and Ny ~150 CoPoSo in the second counter, Calling the accidental coingidence
rate N, and us1ng the relation N 2N1N27ZAD where ‘T is the resolving tlme
of 25 gseco and A (~300) is the reciprocal beam duty factor, we get N ~ o06 CopossSa
This is about 2 percent of the observed total coincidence rate, Therefore, for

later rﬁﬁs, N, was measured experimentally by placing sufficient ébsorber be-
tween the cfystals'to eliminate %rue coincidences, The beam intensity was then
reduced until N, was less than o5 percent of the total coincidence rate.

The principal source of background was due Lo diffracted neutrons reaching
the first crystal directly and there producing recoil protons which were counted.
With the sample in placég these neutrons came from the sample, With the sample
removedg‘fheycame from the iron colliﬁatpro This backgrouﬁd‘was measured directly
before and after all runs by removing the paréffin proton generator and deter-
mining thekgéincidenee rate, This was done with the sample in.place and with
the sam?le.femoved, Detector to monitor ratios thus obtained were subtracted
from the‘ ratios R(x) 'énd‘ R(0) to yield R'(X) and "R‘*_’(O)o |

In order to check for cther sources of background, the following experiment
was perfoﬁnedo First, a run was made with one mean free path of carbon and 24
inches of lead as the sample and with the paraffin in place, A second run was
made with the paraffin removed, Then & third run was made with both paraffin
and lead removed, Normalizing the coincidence counts to equal monitor counts,
the followihg numbers were obtained.

1st runs 12 counts

2nd runsg 6 counts

3rd run: 92 counts
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The first setup detects diffracted neutrons which pass through several
mean free paths of sample to the first crystal, neutrons scattered by air
around the sample into the first crystal, neutrons scattered by air around the
gempls iﬁto the p;raffing and neutrons from the beam which reach the paraffin
through shout seven mean free paths of sample, The second setup detects only
the first and second of these, The third setup detects neutrons scattered by
air arowmd the sample info the first crystal and diffracted neutrons which havé
passed through less than a mean free path of sample on the average and then
reach the first crystal of the counter,

While the difference between the first two runs is not statistically sige-
nificant, it is about what cone would expect due to attenuation of the beam in
the sample. Comparison of thesze runs with the third one shows the background
due to besm neutrons scattered aroumd the semple into the paraffin is negligible
compared to that due to diffracted neﬁtrons reaching the first crystal, The
latter is just the background measured for all runs,

The baekground.correction thus measured ranged from less than 1 percent
for light eléments up to 10 percent for heavy elements, It was proportional to
~ the total cross section of the sample used as would be exéected if it were dus
to diffracted neutrons,

Another check on accldental coincidence rate was made at the beginning of
all runs by checking linearity of counting rate with beam intensity, Thié al so
proved to be a oritical check on equipnment performance and in addition showed
that the Pactors of preportionality ‘Bﬁg}g and gjﬁg) must be the same,

I (%) 1-(0) :

(d) ~Counting, Since long rums were needed to obtain cross section values
with reasonable accuracies, it was not feasible to repeat each run many times,
Instead, they were broken up into short equal periods, so that eny significent

drifts could be noticed. R(0) and R(X) were calculated, both for each short
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run and for the entire group, together with their statistical error and stan-
dard deviation., In only one case did the fraction of short runs lying outside

the standard error of the mean exceed the expected 30 percent. In that case, a

monitor voltage drift was. found, and the run discarded, . ‘
(e) Samples. With the exception of lithium and uranium, all samples were
3 in, in diemeter and about one mean free path long. Liquids were held in brass

cylinders 3 in., in diemeter of appropriate length, having 1/16 in, walls; empty
.cylinders were used for the blenk run, In the case of lithium, the 2 in, square
blocks already available were employed.(l) The urﬁnium cylinder was about 2 in.
in diaﬁefer, so that a smaller beam collimatbr was used, and an'indiﬁidual £ilm
exposure made to insure that it intercepted all of the beam,

Hydrogen was done by a difference method, using pentane and carbon; this

.gave both Oﬁ and Cge 'The deuteron cross section was done by a similar method

using water and heavy'wafer: this gave cb and Cb, using lfﬁ determined sbove.
Such procedures lead to req?ced BCCUraCY, SO that_the purity, density and dimen-
sions of all these materials were checked. TFor all samples used, the thickness
(in gm/bmz) was established‘to.better than 1"percent, in most cases to .2 percent,
| (£) Scattering Correction, For elements of high‘;fomic weight, a small
correction for neutron scattering is necessary., TIhis was calculated in the

nanner of Cook, McMillan, et al.(;)

The values of the various constants are:

a = 1.5 in. k' = 3.94 x 10% om™!
xl - 100 in.
Xy = 480 in.

It turns out fortuitously that the correction to the cross section in percegt is
just the value of the cross section in "barns,“ except for uremium, for which

the correction was 1.5 percent.
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III. Discussion of Results

The results are tabulated in Table I together with the 90 Mev results(l)
for comparisom. The errors are those coﬁputed from counting statistics alone.

At present, no nuclear model theories fit these data very well, The results
of Cook, McMillan, et al., at 90 Mev show a nuclear tranparency in terﬁs of a
"mean free path within the nuoleuso”cg) They also show agreement with the con-
sequent prediction that the transpafency should be greatest for elements of low
atomic weight, as shown by the deviation from a straight line in Figure 4. How-
ever, at 280 Mev, the transparent nucleus‘theory predicts a highef Cross sec-
tion for elements of high atomic weight than is actually observed.

The group wishes to thank Professor E, 0. Lawrence for suggesting and
eﬁcouraging the work, and members of the Laboratéry for assistance, The work

was carried out under the auspices of the Atomic Energy Commission.

Information Division
scb/3-29-50

SFernbach, Serber, et sl., Phys, Rev. 75, 1352 (1949)
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Total Cross Seations at 280 Mev with Those at 85(4) Mev Included for Come=

-p'ari'sono_' ‘Errors are Calculated from Counting Statistics Alone,

280 Mev 85 Mevw )
Element A Ai/ 5 Ox 102401112 \Ié_gﬁ- X 10% em| ox 1024‘0m2 \I% x 103 em
ity 1,008 1,00/ ,033 & ,003| ,725 % ,04 M ,083 % ,004 1,15
. 2,015 1,26 049 % ,005| ,884 & ,04 .117 & ,005 1.36
Li 8,940 1,91 0364.2 0007 | 1,62 * ,04 70514 4 oooémﬂn- 2,54’
Be 9,02 2,08 ,225 £ ,004|1.89 £ ,02 431 £ ,008 2,26
C 12,01 2,29 .,279 ¥ ,004 2,11 % .01 550 % ,011 2096
0. 16,00 2,52| 380 % ,008 | 2,46 % ,03 765 £ ,020 |  3.49
Al 26,97 3,00| .566 & ,018 | 3,00 % ,05 |1,12 % ,02 4,22
Cu 63,57 3,98{1,19 & .02 [4,35 £ ,04 2,22 % ,04 5.95
Su o |118,7 4,92|1.85 % ,03 |5,40 & .11 (3,28 % ,08 7,23
Hg = |200,6 | 5.85[2,80 % .08 |6.69 X .11
Pb | 207.2 5,9212,80 I .03 [6,79 % .10 |4.53 £ .09 8,49
U 238,1 6,20(3,14 2 ,05 |7.02 # .21 {5,03 % ,10 8,95

4La:t;er’ considerations have shown that the mean detection energy was actually

85 Mew and not 90 Mev 2s stabed in Ref. 1,
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