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The Total Neutron Cross Sections of Gold, Chlorine, and Phosphorus*
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The total neutron cross sections of gold, chlorine, and phosphorus have been measured over the energy
range 100 to 700 kev using the mono-energetic neutrons from the H'(p, n)He' reaction with an energy reso-
lution of about 40 kev. Pronounced resonances were found in phosphorus, slight indications of resonances
were found in chlorine, and no resonances were found in gold.

Hs(p, n) threshold was checked after each 100-kev
interval throughout the cross-section measurements.

The tritium targets were prepared by absorbing
tritium gas at 1-mm Hg pressure into a zirconium 61m .

evaporated onto a wolfram backing. ~ Some difFiculty
was encountered in making uniform zirconium-tritium
targets, as evidenced by the presence of Quctuations in
the neutron counting rate of about two or three times
the statistical Quctuations. To remove this source of
trouble two pairs of crossed electrostatic deQecting
plates were installed just after the output slits of the
analyzing magnet. A 60-cycle per second ac voltage was
applied across one pair of plates, and a 400-cycle per
second ac voltage was applied across the other pair of
plates in order to spread out the beam over the dia-
phragms near the target.

The target area was suitably diaphragmed to allow
suppression of the secondary electrons from the target
and thus permit the use of a beam current integrator
in order to monitor the neutron yield. A conventional
condenser and neon-glow tube was used in conjunction
with a scale of 256 scalar for measuring the total charge
accumulated on the target during each run.

The neutrons were detected by a conventional en-
riched 8"F3 slow neutron counter' surrounded by
paraSn with an outer layer of cadmium. The outside
dimension of the counter with paragon was 4 inches, and
its effective length was 6 inches. Two checks of the
stability of the neutron detector and its associated
circuitry, using a 10 millicurie Ra-Be source, showed
that electronic jitter and voltage drifts did not inRuence
the counting rate more than one percent.

Finally, there was present in all the measurements a
time dependent background of neutrons coming mainly
from the region of the analyzing magnet chamber. This
was reduced considerably by interposing a stack of five
gallon cans filled with a saturated water solution of
borax. In addition, the counting rate of these back-
ground neutrons was determined at frequent intervals
while taking the data, and an attempt was made tp
correct the desired neutron counting rate for this source
of neutrons. Since the amount of these background
neutrons was never more than five percent, it is felt

INTRODUCTION
' PREVIOUS measurements' of the total cross section

of phosphorus for fast neutrons have yielded only
scanty information in the energy range available to us.
The total cross section for chlorine has not been re-
ported previously, while that for gold appeared in
abstract form' during our investigation.

APPARATUS

A radiofrequency ion source has recently been in-
stalled in our small electrostatic generator, which
together with suitable auxiliary focusing voltages yields
a 15-pa resolved beam of protons in the energy range
500 to 1600 kev. The generator voltage is kept constant
to within 1 to 2 kv by the use of a corona stabilizing
circuit whose error signal is derived from a pair of
insulated slits located at the output end of the analyzing
magnet.

In order to measure the ion beam energy, work was
initiated on a torsion balance with which the magnetic
6eld of the analyzing magnet could be measured. De-
velopment work was under way at the time of these
experiments, and the necessary stability and repro-
ducibility of the torsion balance was achieved. However,
since the completion of this work would have required
more time than could reasonably be allotted to these
experiments, it was decided to rely on the existing
generating voltmeter. A careful investigation of the
stability and reproducibility of the generating voltmeter
revealed that after certain diKculties in the grounding
of the rotor were eliminated, the only remaining variable
was the temperature expansion of the generator column.
When this was reduced as far as possible by the use of
water cooling coils on the pressure tank, the repro-
ducibility of the generating votmeter was generally
about 2 kv. Thus, while the voltmeter left much to be
desired, it was adequate for the present experiments
and was then calibrated, using the F(p; cr,y) resonance
at 873.5 kev, the Al(p, y) resonance at 993.3 kev, and
the H'(p, n) threshold at 1.019 Mev."In addition, the

*Assisted by the Joint Program of the U. S. Once of Naval
Research the U. S. Atomic Energy Cominission.' R. K. Adair, Revs. Modern Phys. 22, 249 {1950).' Becker, Walt, and Okazaki, Bull. Am. Phys. Soc. 27, No. 5, 19
(1952).' Herb, Snowdon, and Sala, Phys. Rev. 75, 246 (1949).

Taschek, Jarvis, Argo, and Hemmendinger, Phys'. Rev. 75
12% (1949).

~ A. B.Lillie and J. P. Conner, Rev. Sci. Instr. 22, 210 (1951).
s Manufactured by N. Wood Counter Laboratory, 5491 Black-

stone Avenue, Chicago 15, Illinois.
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FIG. 1. Counting rate of neutron counter versus the distance of
the gold scatterer from the target along the target-detector axis.
The solid line is the average of the experimental points. The
dashed curve was computed using the following parameters:
counting rate without scatterer —131'', shadow cone background—130, cross section at 1.13 Mev —8.00 barns, counter diameter—4.00 inches, target-detector distance —16 inches.
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FIG. 2. Yield of neutrons in the forward direction from the
H'(p, n)He' reaction. The solid curve was computed by adding
the yield predicted for a 36-kv thick target containing 82 percent
of the tritium to the yield curve predicted for a 13 kv thick target
containing 18 percent of the tritium but displaced in energy by
36 kv. The algebraic details are given in the Appendix.

that this source of Quctuation is adequately accounted
for.

EXPERIMENTAL

Before measuring the total neutron cross sections the
eGect of the exact location of the scatterer was inves-
tigated. Figure 1 shows that the location of the scatterer
along the target-detector axis is not very critical, and
that the scattering-in correction can account for the
observed variation of the counting rate. As the scatterer
is moved nearer to the neutron source, the counting
rate rises sharply and may be accounted for by the
rapid increase of the solid angle subtended by the scat-
terer from the target. If the scatterer is moved toward
the neutron counter, a sudden increase in counting rate
occurs because in our set-up the diameter of the counter
is larger than the diameter of the scatterer. As the scat-
terer passes inside the detector cone, some neutrons

where do/dko is the differential cross section in the
direction of the detector, I. is the target-detector dis-
tance, r is the target-scatterer distance, and A is the
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FIG. 3. Total cross section of gold for neutrons in the energy
range 100—250 kev was measured with the detector 60' from the
direction of the proton beam. The total cross section of magnesium
was also measured in the 60' geometry.

area of scatterer. The first bracket was taken equal to
unity, since it is not exactly calculable but is expected
to be near unity in our energy range according to the
continuum theory of nuclear reactions. ~ In the geometry
used the scattering-in correction f usually amounted to
four percent.

The variation of the neutron counting rate as the
scatterer was moved in a plane perpendicular to the
target-detector axis was also Iinvestigated. A misalign-
ment of about one-half inch gave a negligible change in
the counting rate provided that the scatterer was
aligned initially.

The energy spread of the neutrons was determined
almost entirely by the thickness of the zirconium-
tritium target. In order to measure this target thickness,
careful measurements of the neutron yield in the forward
direction were taken (see Fig. 2). In the Appendix the
shape of the yield curve to be expected was calculated,

7Final Report of the Fast Neutron Data Project, NYO-636
(unpublishedl.

pass directly into the detector without passing through
the scatterer. The entire effect can be computed from
the parameters given in the caption to Fig. 1.Hence, it
was felt that the correction which is due to the scat-
tering of neutrons into the detector is adequately
accounted for by the following formula:

ond = 1nl (1—f/(X/Xo —f)], (&)

where cr is the total cross section, e is the number of
scattering nuclei/cm', d is the thickness of the scatterer,
Ã is the counting rate with the scatterer in place cor-
rected for the paragon shadow cone background, Eo is
the counting rate without the scatterer corrected for
the shadow cone background, f is a geometrical measure
of the scattering-in correction and is given by
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using several reasonable assumptions. If only one
uniform target was employed, a departure of the experi-
mental points from the calculated curve was observed
in much the same fashion as that described by Bonner
and Butler. ' If, however, two diferent target layers
were assumed to constitute the target, then much of
the discrepancy was removed. In particular, if 82 per-
cent of the tritium was assumed to be present in a
36-kv layer, and directly in back of thi.s 18 percent of
the tritium was assumed to be present in a 13-kv layer,
then a unique fit was obtained within the accuracy of
the assumptions involved. The second layer is thought
to be due to an absorption of the tritium in the wolfram
backing onto which the zirconium was evaporated. In
any case the neutron energy spread is seen to be due
to a 40—45 kv thick target.

As a check on this the narrow resonance in the total
neutron cross section of magnesium at 85 kev reported
by Fields and Walt' was measured with our source of
neutrons. Figure 3 shows the observed neutron energy
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FIG. 4. Total cross section of chlorine for neutrons in the energy
range 100—700 kev. The range 100—250 kev was measured in the
60' geometry.

width to be 45—50 kev in agreement with the target
thickness prediction.

DATA

The gold scatterer consisted of a one-half inch thick
cylinder of pure gold 14 inches in diameter. Figure 3
gives the results for gold, and it is to be noted that these
data were taken before installing the beam spreaders
and the water can absorbers. A comparison of the gold
data with either the chlorine or phosphorus data shows
the extent of the reduction in the fluctuations eBected
by the use of the beam spreaders and the water cans.
(See Figs. 4 and 5.) Several check points were made on
gold after the spreaders and the water cans were in-
stalled, and these repeat points fell right along the
average line drawn through the points. From these re-
sults it is felt that the total cross section for gold does

' T. W. Bonner and J. W. Butler, Phys. Rev. 83, 1091 (1951).' R. E. Fields and M. Wa1t, Phys. Rev. 83, 479 (1951).
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FIG. 5. Total cross section of phosphorus for neutrons in the
energy range 100-700 kev. The range 100—250 kev was measured
in the 60' geometry.

F= y,e/4~) q(II)~(&)

)& (dQ@,/dOg+

dory,

/d Qg) d Qgdgg,

where Xo is the number of protons striking the target
per second, e is the number of tritium nuclei per cubic
centimeter, 0 is the laboratory angle measured from the
proton beam direction, Pq and @s are the two center-of-

mass angles from which emergent neutrons contribute
to the laboratory solid angle dQg, and gi(8) is the zonal

efficiency of the detector. The diGerential cross section
in laboratory coordinates has been calculated with the

not have resonances in the energy range 100 to 700 kev.
Furthermore, the magnitude of the cross section agrees
well with those of neighboring atomic weight elements,

The total cross section for chlorine was measured
using CC14 in a 14-inch diameter cylinder, 2 inches in

length. The eGect of the carbon was subsequently sub-
tracted using the carbon cross section given by Adair. '
Indications of resonances occur at several neutron
energies and are separated by about 100 kev.

The total cross section for phorphorus was measured,
using white phosphorus cast into a 14-inch diameter
cylinder, 1—,

' inches in length. There are several promi-
nent resonances in this energy range, but higher resolu-
tion experiments, which we hope to be able to carry
out, probably are needed to give any details concerning
the nature of the resonances. The average value agrees
well with that reported by Adair. '

The authors wish to acknowledge the continued
interest of W. F. G. Swann, Director of the Bartol
Research Foundation, in this work.

APPENDIX

The forward direction yield of the H'(p, n)He' reac-
tion from a target of 6nite thickness as measured by
our flnite sized counter (assumed to be a flat circular
disk) is given by
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assumption that the diGerential cross section in the
center-of-mass coordinates is a constant. The total
cross section o (E) is then only a function of the energy
of the proton E in the layer dx of the target.

For convenience in integration, a parameter

k= (MTME/MtsMo) l(1 E,/E—)'
is introduced, where Mz, 3', M~, and 350 are the
masses of the target, residual, bombarding, and out-
going particles, respectively. Eo is the threshold energy
of the reaction in laboratory coordinates. The total
cross section of the reaction is assumed to vary as
(E—Ep)l near threshold, and since the exact variation
above threshold is not known, it is chosen for conve-
nience in integrating to be 'such that Odx~k'dk. The
zonal efficiency of the counter rt(e) is also assumed to
be a constant.

Using the dynamics of the H'(p, l)He' reaction, the
value of dQ&/dQe may be found as a function of k and e.
The integration then may be carried out with the result

F= (1VpnA/3g)kt' for 0&kr& sin Op,

(+pnA/ a)Pr cost)p(kt sin gp)i3

for sings & kr & (MEMs/MtsMo)
&(Li—Ep/(Ep+at)]i,

F= PVpnA/3u) I kr' —ks' —cosgp(kt' —sin'op) &$

for 0&k2&sin80,

F= (XpnA/3u) Lk t' —ks' —cosep(k '—sin'Op) '*

+cosep(ks —sin'ep)&$ for ks) sings, but kt&~ 1.

In the formulas 3 is an unknown constant depending
on the eKciency of the counter and other constants of
the reaction, u is the energy loss per cm for the proton
beam in the target, 80 is the half-angle subtended by
the counter (7.50'), and t is the thickness of the target
in cm. k& is the value of k at the front edge of the target,
and k2 is the value of k at the back edge of the target,
each for hn incident proton beam of energy E&.
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Total Cross Sections of Chlorine, Sodium, Titanium, and Bromine for Fast Neutrons
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Relatively new liquid scintillation counter methods were

adapted to detect fast neutrons with a heretofore unattailable

efficiency of about 19 percent. The geometry obtained was the so-

called "good" geometry, which was a half-angle at the counter

of 2.7'. With the more efficient counter reasonable counting

times could be obtained with the detector subtending a half-

angle of only 2.7' from the target.
The neutrons were obtained by using a modified Cockcroft-

Walton linear accelerator of 100-kev bombarding energy. The
neutron energy range was 2.15 to 2.82 Mev.

All the scatterers used were contained in almost identical glass

"cells," and the effects of the glass cells were subtracted out by
using an empty glass cell of the same type as a reference. The

probable error, calculated statistically from the counting rates of

the experiment, was 1.3 percent on total cross-section values.

Actual reproducibility of each result was about 3 peicent or
better.

A carbon cross-section curve was obtained as a check on this
method, and agreement with previously reported values was ex-
cellent. The chlorine and sodium cross sections were found to be
about 3)&10 ~ cm', as determined indirectly by using carbon
tetrachloride and sodium chloride. The titanium cross section
was found to be about 4.1X10 24 cm' by using powdered titanium
metal. The bromine cross section was found to be about 3.7X 10~4
cm~, by using a sample of liquid bromine. No large resonances
were found in the energy region available.

Data were also taken on the angular distribution of the number
of neutrons with respect to the forward direction of the incident
deuteron beam, and they were found to agree well with theory
except in the region where experimentally necessary geometric
conditions dictated a deviation.

I. INTRODUCTION

~ 'N the past few years there has been much work done
~ ~ with regard to obtaining total cross sections of the
elements for fast neutrons. In reviewing many articles,
it has been found that there is still work to be done
before all the total cross sections have been measured
as accurately and with as good an energy resolution as
the theoretical physicists would like. Hence, we have

*This work has been assisted in part by the Research Institute
of The University of Texas, the Air Research and Development
Command and the U. S. Atomic Energy Commission.

l' Part of a dissertation presented to the Faculty of the Graduate
School of The University of Texas as partial fulfillment for the
degree of Doctor of Philosophy.

taken up a program of augmenting the available data
with the apparatus being used here. Several elements
were found that have not been reported as yet, and we
are planning a systematic study of these elements as
well as those elements that have only sparse data for
our energy region. Wisconsin, ' ' Aoki, ' Argonne, 4 Staf-
ford, ' Los Alamos, "Oak Ridge ' MacPhail, ' Ricamo "

~ R. L. Henkel and H. H. Barschall, Phys. Rev. 80, 145 (1950).
~Miller, Adair, Bockelman, and Darden, Phys. Rev. 88, 83

(1952).
~ H. Aoki, Proc. Phys. -Math. Soc. Japan 21, 232 {1939).
4 Hughes, Spatz, and Goldstein, Phys. Rev. 75, 1781 (1949}.
5 G. H. Stafford, Proc. Phys. Soc. (London) A64, 388 (1951).
6Linenberger, Miskel, and Segre, U. S. Atomic Energy Com-

mission Report AECD-2458 (unpublished).


