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Cross Sections for the S"(n,p)P" and the S'4(n, a)Si" Reactions*
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The cross section for S44(N, p)P" has been measured for incident neutron energies up to 15 Mev. The data
at high energies differ from previously published measurements. The cross section for S~(N,a)Sie' also has
been measured for incident neutron energies up to 14.1 Mev.

1. INTRODUCTION 0.0001-in. Ni foil before striking a cylindrical gas target,
3 cm in length. The spread in neutron energy was deter-
mined by losses in the Ni foil and the target gas. The
sulfur sample was placed 5 cm from the end of the gas
target and was fastened to the face of the neutron
monitor. The neutron monitor consisted of an ionization
chamber whose inside face was painted with an even,
weighed, film of U"' in the form of U308. The output
of the ionization chamber was ampli6ed and fed to a
sealer and a 100-channel pulse analyzer and thus
measured the number of 6ssions occurring during a run.
From the measured U"' fission cross section' and the
measured number of 6ssions occurring it was thus pos-
sible to determine the Aux of neutrons which passed
through the U"' film. This Qux monitor was a modi-
fication of the chamber used in the measurements' of
or(Uses) and contained the same U"' film, thus elimi-
nating uncertainties in the knowledge of the U"' 61m.
For determination of the Aux at the sulfur sample,
certain corrections were necessary. These corrections
took into account (1) the difference in the distance
from the neutron source to the sulfur and to the U"',
(2) counting losses of the neutron monitor due to
absorption of fission fragments in the finite thickness of
U308 where the forward momentum imparted to the
fission fragments by the incident neutron was con-
sidered, (3) scattering losses in the sulfur and the wall
of the ionization chamber, (4) background neutrons
produced by the bombarding beam, as measured by a
run with the gas target evacuated, and (5) neutrons
produced' by the reaction of D(d, rtp)D. After all
corrections have been made, the value of the neutron
Aux through the sulfur is believed to be accurate in
absolute value to ~7%, and internally consistent
to &5%

Neutrons with energies near 14 Mev were obtained
from the Los Alamos Cockcroft-Walton accelerator,
using the T(d, l)He4 reaction. The beam of 350-kev
deuterons was magnetically analyzed and collimated
before striking a thick. Zr-T target. The neutron Aux
was monitored by counting a known fraction of the
alpha particles generated from the T(d, l)He4 reaction.
Data were obtained for the various energies in a single

" "N many instances sulfur has proved to be a valuable
~ ~ "threshold detector" for the measurement of con-
tinuous neutron spectra. The production of P" by neu-
trons incident on elemental sulfur is relatively e%cient
for neutrons of energies greater than 3 Mev and the
resultant activity is convenient to measure. P" decays
with a beta of end-point energy equal to 1.712 Mev' and
a half-life of 14.3 days. ' No appreciable number of
y rays has been observed to accompany the beta
emission. s The S"(rt,P)P" cross section has been
measured for neutron energies up to about 6 Mev" and
at 14.3 Mev. The shape of the cross section is primarily
determined by the proton Coulomb barrier penetration
factor, although recent measurements' have shown the
existence of pronounced resonance structure for neutron
energies between 2.0 and 4.0 Mev. When using sulfur as
a threshold detector it has usually been the practice to
calibrate the counting system by irradiating a sulfur
sample with a known Aux of 14.1-Mev neutrons pro-
duced by the T(d, rt)He' reaction. Recently it has been
noticed at this laboratory that the results of sulfur
activation measurements of a degraded fission-neutron
spectrum did not agree with measurements of the same
neutron spectrum made by nuclear emulsion techniques.
The experiment described herein was undertaken in
order to discover the source of the discrepancy and to
extend the earlier measurements somewhat.

2. EXPERIMENTAL METHOD

A. Neutron Sources

Neutrons with energies from 1.59 to 9.56 Mev were
obtained from the large Los Alamos Van de GraaG
accelerator. The reaction T(p,rt)Hes was used to pro-
duce neutrons with energies less than 6.0 Mev, while the
D (d, rt)Hes reaction was used to produce neutrons with
energies from 6.0 to 9.56 Mev. The bombarding beam
was magnetically analyzed, collimated, and traversed a
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run with sulfur samples exposed at the appropriate
angles with respect to the incident beam and at a dis-
tance of 21.1 cm from the target. In addition to the run
to determine energy dependence, several runs were made
at the 90' position, where the neutron energy is 14.1
Mev, and at various source to sample distances. The
absolute value of the neutron Qux at the sulfur is be-
lieved accurate to &5% and internally consistent
to +4%.

TAnLE I. Summary of S"(n, p)P" cross-section data.

Neutron
source

T(p,n)He'

D (d,w)He'

T(d,n)He'

Average
neutron
energy
(Mev)

1.59
1.98
2.08
2.18
2.57
2.92
3.56
4.04
4.54
4.82
5.33
5.69

6.11
6.61
7.11
7.61
8.09
8.58
9.07
9.56

13.38
13.41
13.59
13.70
13.89
14.10.
14.32
14.53
14.70
14.83
14.93
14.95

~B.
Energy
spread a

(Mev)

0.11
0.10
0.10
0.10
0.09
0.08
0.07
0.06
0.06
0.06
0.05
0.05

0.16
0.15
0.13
0.11
0.11
0.10
0.09
0.09

0.28
0.25
0.13
0.12
0.025
0.04
0,16
0.26
0.29
0.40
0.45
0.47

&st, y
(normalized)
(10» cm2)

0 +1.0

5.2& 0.5
7.2& 0.7

22 ~ 1.5
73 ~ 60

117 ~ 8
221 ~15
302 ~20
263 &18
250 &17
248 ~17
304 +20

331 &21
336 &21
322 ~20
346 ~22
324 ~20'
351 %22
351 &25
376 ~40

285 ~15
291 ~15
274 ~14
266 &14
257 ~13
248 ~13
231 ~12
225 ~12
220 aii
214 ~11
213 &11
214

0'n, p
(absolute)
(10» cm2)

115

304

330

311

254m 10

a Energy spread is given as the half-width at half-area height of the yield
es energy curve.

b For illustration this sample was irradiated with 1,26 )&10Io neutrons/cm~
and had AD=850%10 countsjmin from which a background of 60&2
counts/min has been subtracted.

B. Relative Cross-Section Measurements

The sulfur samples were prepared by pressing
2.00+0.01 grams of sublimed, elemental sulfur (at
12 000 psi) into a disk 1 inch in diameter and» inch
thick. After irradiation, the samples were counted in an
insertion-type methane-Row proportional counter. The
P" activity was followed for about one half-life, and
selected samples were followed for several half-lives.
Each counting rate determination was corrected for
background and converted to initial counting rate Ap

by using the known half-life; the deviation of the
individual Ap's from the average for a given sample

served as a measure of the reproducibility of the
counting system. When counting rates were suf6ciently
high to obtain 1%%uo statistical error, As was observed to
remain constant to within +3%over a period of several
half-lives. The average A p's were corrected for variations
in the weights of the samples; since the samples were
thick for the beta being counted, this weight correction
was less than 0.5%. Samples were counted on both
front and back surfaces (the difference was 3%) and
the average of the two was correlated with the neutron
Aux at the center of the sample. The relative cross
sections were then obtained by dividing the corrected
Ap by the corrected value of the neutron Aux.

C. Absolute Cross-Section Measurements

Four of the samples which had been irradiated at the
Van de Graaff accelerator were counted as described
above for about two weeks and then were radio-
chemically analyzed to determine the absolute amount
of P" contained in the sample immediately after irradi-
ation. The absolute cross section was then computed
using the value of neutron Aux determined as described
above. Similar determinations were made for several
sulfur samples which had been irradiated in separate
runs by 14.1-Mev neutrons. The radiochemical pro-
cedure was as follows:

The irradiated sulfur samples were dissolved in fum-
ing HNOs in the presence of standardized (NH4) sHPO4
carrier solution. The sulfur and radioactive phosphorus
were oxidized to sulfate and phosphate, respectively.
The phosphorus was precipitated as MgNH4PO4 6H20.
The precipitate was dissolved and reprecipitated and
mounted in a standard manner for counting. " The
geometry was obtained by kr-counting "weightless"
samples of high specific activity P" and then mounting
various macro samples made up from the calibrated
active P" and the standardized phosphate carrier
solution.

3. RESULTS

The relative cross sections for S"(I,p) P" were
normalized to the absolute cross sections as determined
for Ave values of the neutron energy. The values at
14.1 Mev are based on six relative determinations
obtained from four separate runs and on eight absolute
determinations based on two separate runs; the re-
sulting increase in reliability was considered in the
normalization. The normalized values and the absolute
determinations are tabulated in Table I and displayed
in Fig. 1 along with results of previous measurements.
The errors shown represent the probable absolute error
in the cross section. A measure of internal consistency is

' "Collected radiochemical procedures, " compiled by J.
Kleinberg, Los Alamos Scienti6c Laboratory Report LA-1721
(unpublished).
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FIG. 1. Cross sections for the reactions, S ( npn)P" and S'4(n, n)Si", nersns neutron energy. Total probable errors
are displayed. The open triangles are approximations to the neutron energy resolution curve such that the full width
at half-maximum corresponds to that same quantity on the actual resolution curve. The solid curve has been drawn
through the high-resolution points of reference 7. The broken lines merely connect the experimental points in a reason-
able manner.

is obtained from the probable error of the normalization
constant based on eight comparisons of relative and
absolute values; this error is &2%.

4. DISCUSSION

The S"(ss,p) P" cross section as measured here is seen
to be in general agreement with previous work, except
that the value near 14 Mev is considerably lower than
that measured before. ' When the value measured here
is applied to the calibration of sulfur threshold de-
tectors, then the sulfur activation measurements of
continuous spectra are brought into agreement with
other methods of measurement. There is some evidence
for resonance structure above 4.0 Mev although the
present measurements do not resolve the details. The
decreasing value of the cross section near 14 Mev is
attributed to competition with the (n,d) and (n,np)
processes.

5. CROSS SECTION FOR S~(n,n)Sfe'

In the course of the above measurements, early
counting data revealed the presence of a shorter period
activity which was attributed to Si". The half-life of
this activity was observed to be 2.5+0.2 hours, in
agreement with the more accurate observation of 2.59

En
(Mew)

(for E &4.8)
4.82
5.33
5.69
6.11
6.61
7.11
7.61
8.09
8.58
9.07
9.56

14.10

($3 )(10» cm2)

0
0 +15

21+4
24a3
36a3
53&5
73&7
70&7
68&6
68&7
86&8
82&9

126~7

"H. W. Newson, Phys. Rev. 51, 623 (1937).

hours. ' Since the energy of the beta (1.5 Mev)" is only
slightly lower than that from P", the absolute P"
measurements were used to calibrate the counter and a
determination was made of the (n,n) cross section for
the less abundant isotope S'4. The isotopic abundances
were taken to be: S", 95%; S", 4.18%. The quantity,
Ao, for the Si" activity was determined by analyzing
the composite decay curve. The appropriate correction
for decay during irradiation was made.

TABLE II. Summary of S"(n,n)Si@ cross-section data.
Energy Spreads are as given in Table I.
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These data are shown in Table II and Fig. 1.Evidence
of partially resolved resonance structure is seen. The
value at 14.1 Mev agrees well with an earlier measure-
ment' where the cross section for Ss4(rt, zr)Si" was
determined to be 140&30 mb at 14.3 Mev.
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Angular Distribution of Protons from the Ca" (d,p)Ca41 Reaction*
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Proton groups emitted from a thin CaO target under 7-Mev deuteron bombardment were studied with
a magnetic spectrograph. Their angular distributions were analyzed in terms of stripping theory to determine
the orbital angular momenta and relative reduced widths for neutrons captured to form levels in Ca4' up
to 4.2-Mev excitation. Capture gamma rays measured elsewhere can be fitted to a scheme comprised of
levels strongly excited in the (d,p) reaction. Evidence is found for single-particle fz/z, pz/z and pz/z states,
but the expected fz/z level does not appear. Relative cross sections and reduced widths for (d,p) reactions
forming states in Ca4' and Ca4' are also tabulated.

HIS paper is the third of a series reporting
measurements of the angular distributions of

proton groups produced by (d,p) reactions on calcium
isotopes. The previous two papers' ' have been concerned
with the reactions Ca~(d, P)Ca~ and Ca~(d, P)Ca4s. The
present publication presents results on the Ca"(d,p) Cat'
reaction and summarizes the relative intensities of the
groups observed in each of the three reactions.

The present experiment supplements the work of
Holt and Marsham, ' who used the 8-Mev deuteron
beam of the Liverpool cyclotron to study the angular
distribution of protons emitted from a calcium target.
The energy resolution of the Liverpool work was con-
siderably lower than that of the work done by Braams, 4

whose experiment showed that certain of the proton
groups observed by Holt and Marsham were composite
and that a large number of low-intensity groups had
been missed. In view of the importance of understanding
the level structure of Ca", it appeared worth while to
repeat the angular-distribution measurements using the
high-resolution equipment available at this laboratory.
In addition, the presence of groups from Ca" in the
Ca~ target used earlier' required a run on Ca" to
separate the effects of superimposed groups, as well as
to check on the assignment of weak groups to impurities.
As in the earlier reports from this laboratory on the
calcium isotopes, the experiment described herein uses

*This work was supported in part by the joint program of the
Ofhce of Naval Research and the U. S.Atomic Energy Commission.

f Now at Yale University, New Haven, Connecticut.' Bockelman, Braams, Browne, Buechner, Sharp, and Sperduto,
Phys. Rev. 107, 176 (1957).' W. C. Cobb and D. B.Guthe, Phys. Rev. 107, 181 (1957).' J. R. Holt and T. ¹ Marsham, Proc. Phys. Soc. (London)
A46, 565 (1953).' C. M. Braams, Phys. Rev. 103, 1310 (1956).

the results of Braams for identification of the proton
groups and accepts his measurement of the energies of
the excited states.

The previous communications of this series have
outlined the experimental arrangements, with particular
reference to the use of the broad-range magnetic spectro-
graph in measuring an angular distribution. The
spectrograph itself and its use as a momentum analyzer
have been described in detail. ' Momentum analyses
were obtained by deflecting the charged particles in a
uniform magnetic field. The particles were detected in
nuclear emulsions placed in the focal surface of the
spectrograph, and plots were made of the number of
particles against position on the plate. Polonium alpha
particles afford a calibration of plate position against
radius of curvature. Two such momentum plots are
shown in Fig. 1. To simplify the plate counting, the
emulsions were covered with sufficient aluminum foil
to stop all particles heavier than protons.

The targets were prepared by Braams by vacuum
evaporation of calcium metal onto Formvar backed
with gold foil. The incident deuteron energy was 7.010
Mev. The proton groups, identified by numbers in
Fig. 1, correspond to calcium levels identified by
Braams, ' and their energies are consistent with the
measured Q values. A very intense peak produced by
protons forming the ground state of C" blocks out a
portion of the spectrum. The obscured regions are
graphed as a function of angle in Fig. 2. The unmarked.
peak to the right of group 7 in Fig. 1 is produced by
the formation of the 1.902-Mev Ca45 level in the

e Buechner, Mazari, and Sperduto, Phys. Rev. 101, 188 (1956);
and C. P. Browne and W. W. Buechner, Rev. Sci. Instr. 27, 899
(1956).


