
PH YSICAL REVIEW VOLUME 167, NUM BER 4 20 MARCH 19e8
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The cross sections for some (n, t), (n,d), (n,p), (n,a), and (n, 2n) reactions have been measured on the
various enriched isotopes of calcium and spectroscopically pure potassium and aluminum. Powdered
samples, wrapped in thin aluminum foils to act as neutron monitors, were irradiated with 14.2+0.2 MeV
neutrons. The induced absolute activities were measured by a calibrated and specially shielded well-type
NaI(T1) crystal. The following results (in millibarns) for the cross sections have been obtained:
AP'(n, p)Mg", 71+9; Ca" (n, t)K" (ground state), 0.18+.02; Ca" (n, p)K", 190+241 Ca 8(n, p)K", 93&12;
Can(n, d)K", 1.3; Ca" (n,p)K", 20+8; Ca"(n,n)Ar", 35+3; Ca" (n,d)K", 2.6+.4; Ca" (n,2n)Ca",
900&1081Ks'(n, 2n) K" (ground state), 2 6& 4. ; K."(n,p)Ar", 50&6; K4'(n, o)CP', 46+6. The cross sections
for the Ca4'(n, d)K4' and Ca44(n, d)K4s reactions are reported for the first time. Other cross sections measured
in this work are compared with their earlier values.

I. INTRODUCTION

A LTHOUGH a large amount of work has been de-
voted to measurements of fast-neutron-induced

reaction cross sections, ' the field is far from complete,
because the cross sections for most of the rare reactions
have not yet been measured; and in addition the cross
sections for many (rt,p), (N,cr), and (n, 2rt) reactions re-
ported by di6'erent authors diGer from each other by a
factor of about 2 or more' for the same reaction.

A majority of the cross sections for the fast-neutron-
induced reactions have been measured by the activation
technique. But this technique has not been so ex-
tensively used for the measurements of the small cross
sections, because the activities produced in such re-
actions are small and therefore difficult to measure.
However, this method can be used to measure small
cross sections if one uses large samples for irradiation,

p counting, high efficiency of detection, and a counting
setup with low background, as weal as a higher fiux and
a longer period of irradiation and counting. In y count-
ing, the corrections for the source absorption and
scattering are not as serious as in P counting, and,
further, it offers a double check (peak position and
half-life) on the activity under measurement.

Although the cross sections for the (tt,d) reactions
are not expected to be very smalp (about a few mb),
yet many of these cross sections have not been mea-
sured; this is because the product nucleus of the (n,d)
reaction is the same as that of the (n,p) reaction on the
next lower isotope. From the knowledge of the cross
section of the (rt,p) reaction, one can subtract its con-
tribution from the combined activity and get the con-
tribution of the (rt,d) reaction alone. But such a
subtraction is meaningful only when the two contribu-
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tions are comparable. This will not be so unless the
abundance of the next lower isotope is much smaller
than the isotope on which the (n, d) cross section is to
be measured, because the cross sections of the (rt,p)
reactions are usually much larger than those of the
(rt, d) reactions. Therefore, in order to make such sub-
traction meaningful, one may have to use enriched
isotopes. The use of enriched isotopes may become
essential even for the measurement of other cross sec-
tions on the isotopes whose natural abundance is ex-
tremely small. In this work, the cross sections for some
of the (n, t), (n,d), (rt,p), (rt,n), and (rt, 2rt) reactions
have been measured at E =14.2&0.2 MeV on the
enriched Ca~—~" isotopes and spectroscopically pure
Ca, K, and Al by the activation technique incorporating
the ideas stated above.

II. EXPERIMENTAL DETAILS

In order to use large samples for counting with higher

efficiency, cylindrical sources must be used in well-type
crystals. We have built4 a specially shielded p-counting
setup, employing a well-type NaI(Tl) crystal and a
1024-channel analyzer. The total and the photopeak
efFiciencies of this crystal for cylindrical sources of
various heights, made up of the absorbers covering the
entire periodic table, have been measured4 for gamma
rays of energies from 0.14 to 2.75 MeV. The sensitivity
of this setup is such that with a neutron fiux of the
order of 10r to 10s rt/cms sec, cross sections of the order
of a few ttb/g of the irradiated sample can be deter-
mined. The cross sections reported here have been
measured by taking Al" (n,n)Na' as the standard
reaction with f7=115&5 mb ' at E„=14.2~0.2 MeV.
Most of the targets used in this work were in powdered
form. They were shaped into cylinders by enclosing
them in polyethylene tubes. These tubes were found
not to give any p activity when counting was started
1 min after the end of irradiation. The cylindrical
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(&966).' D. G. Gardner and Yu Yu-Wen, Nucl. Phys. 49, 60 (1964).
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samples wrapped in thin aluminum foils were irradiated
with 14.2&0.2-MeV neutrons. The 300-keV deuteron
beam from the Cockcroft-Walton accelerator of the
Tata Institute of Fundamental Research was used to
induce the reaction H'(d, e)He' to generate these neu-
trons. The irradiations were performed by putting the
cylindrical samples in the plane perpendicular to the
direction of the deuteron beam passing through the
tritium target. In each case, the duration of irradiation
was adjusted to produce the activity of interest in
optimum amount as compared to the interfering ac-
tivities. The decay curve and the p-ray spectrum of the
activities produced in each irradiation was recorded by
the measuring setup reported earlier. 4 The y-ray spec-
trum of Na'4 produced in the (e,cr) reaction on Al was
also recorded after each irradiation. Only those runs
were analyzed in which the neutron Qux could be kept
constant within a few percent. Suitable photopeaks
were used to determine the cross sections. The number of
photopeak counts of the selected p ray emitted by the
active nucleus produced in the reaction is related to its
cross section by

A =P8C((1+cr)(oft/) ) (1 e"') (e "—' e"") —(1)

where A is the number of photopeak counts collected
in time (ts—t,), I' is the effective photopeak efficiency
for the selected y ray, 0 is its branching ratio, C is the
source absorption correction factor, n is the internal
conversion coefficient of the selected gamma ray, 0- is
the cross section for the reaction, @ is the flux, E is the
number of nuclei irradiated, X is the decay constant of
the active nucleus, t is the duration of the irradiation,
t is the time from the end of irradiation when counting
was started, and t~ is the time from the end of irradia-
tion when counting was stopped. The source absorption
has already been taken into account in the measured
eS.ciencies. Therefore C=1 in the present case. The
fI.ux has been eliminated by comparing the activities
produced in the standard reaction and the reaction
under study. The values of 0, P, and 0. have been taken
from the literature. ' ~ The eRective photopeak efFiciency

was calculated using the formulas given in Ref. 4.
The error in the cross sections reported here is com-

posed of the errors in the various quantities entering
into Eq. (1).The errors in the efficiency, the number of
photopeak counts, and the cross section for the standard
reaction are about 5% each. The errors in 8, )i, and cr

may vary from nucleus to nucleus, but they have been
taken to be 2% each. 1V, 1, t„and ts have been measured
with an accuracy better than 1% in this work. It may
be noted that all these quantities except the cross section

6 unclear Data Sheets, compiled by K. Way et al. (Printing and
Publishing Once, National Academy of Sciences —National Re-
search, Council, Washington 25, D. C.).
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for the standard reaction will enter twice in the cross-
section determination. Therefore, the total error in the
cross section reported here is about 12%.

III. EXPERIMENTAL RESULTS
AND COMPARISOÃ

The results of the cross-section measurements in this
work are presented in Table I, along with the material
used, the percentage enrichment of the isotopes, and
the experimental cross section given in the litera-
ture. ' Many consistent measurements exist for the
APr(n, p)Mg'r cross section. ' This was measured in this
work to give an over-all check to our measuring system.
Our value for this cross section is in agreement with the
values reported earlier. ' Our value for the cross section
of the Ca4'(e, t)K's (ground state) reaction is in good
agreement with the value obtained by Menetti and
Pasquarelli, " but it is less by a factor of about 100
than the value reported by Khurana and Qovil. " It
may be noted from Table I that the values of the other
cross sections reported by these authors" are usually
higher by a factor of about 4 than the other reported
values. There are two earlier measurements (110&13
mb" and 501+24 mb ") for the (e,p) cross section on
Ca4', differing from each other by a factor of 5. Our
value agrees with one of them. "A value (1.3 mb) has
been obtained for the 6rst time for the cross section of
(n, d) reaction on Ca". It has not been possible to give

any realistic error for this value, because with the
present enrichment of Ca4', most (75%) of the activity
of the K"was found to be due to (e,p) reaction on Ca4',

present in the sample. The values of the (ts,p) and (e,rr)
cross sections on Ca~ obtained by us are in general
agreement with the literature values, ' ""except for
the values given in Ref. 11.The error in the cross section
for the Ca'4(e, p)K44 reaction is large, because the decay
scheme of K44 is not well known. A value of 2.6+0.4 mb
has been obtained for the 6rst time for the (e,d) re-
action on Ca~. The cross sections for the other reactions
obtained by us are in general agreement with the values
reported in the literature. It may be noticed that the
measured cross sections for the (n,p) reactions on the
three successive isotopes of calcium (Ca4', Ca4s, Ca~) are
in general agreement with the Levkovskii trend. "

Details of each measurement have been given in the Ph.D.
thesis of P. ¹ Tiwari, Banaras Hindu University, India, 1966
(unpublished).
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TABLE I. Measured cross sections at E = 14.2+0.2 MeV.

Reaction studied

APr (N, p) Mg"

Ca" (n, t)K" (ground state)

Ca4'(n, p)K"

Ca43 (I,p) K4r

Ca4'(e d) K4'

Ca44 (e,p) K44

Ca~ (a,n) Ar4'

Ca44(n, d) K43

Ca4'(I 2n) Ca"

K"(e,2n)K" (ground state)
K"(e,p) Arc'
K4'(m, n) CP'

Material used

Al foil, 0.0512g

CaCo3, 0.9362g

CaCo8, 0.0215g

CaCo8, 0.0336g

CaCo3, 0.0336g

CaCo3, 0.1225g

CaCo3, 1.1225g

CaCo3, 0.1225g

CaCos, 0.0442g

KRCo3, 0.9272g
K2Co3, 0.9272g
KgCo3, 0.9272g

% enrichment
of isotopes

Natural

Natural

Ca4' —93.7

Ca4' —70.54
Ca44 —17.59
Ca4~ —1.5
Ca43 —70.54
Ca44 —17.59
Ca4' —1.5
Ca44 —98.6
Ca43 —0.06

Ca44 —98.6
Ca4' —0.06
Ca44 —98.6
Ca43 —0.06
Ca48 95 64

Natural
Natural
Natural

o obtained by
us in mb

71 & 9

0.18+ 0.02

190 + 24

93 & 12

1.3

20 ~ 8

35 & 3

2.6 + 0.4

900 a 108

2.6 ~ 0.4
50 a 6
46 + 6

0. expt. given in
literature in mb

(50 to 115)
80 a 10.
20 & 4b
0 10c
0.15& 0.05~

182 ~ 27e
160 & 30'
181 & 9~
110 a 13e
501 & 24~

7'
91 ~ 20b
25 ~ 12g
39 a 7~
35 & 10g

113 ~ 20b

1070 &360h
920 ~1841

2.7 a 0.15'
81 & 33~
50 w 25'
31.4 & 11

& Reference 9.
b Reference 11.
& E. Welgold and R. N. Glover, Nucl. Phys. 32, 106 (1962).
d Reference 10.
e Reference 12.
& Reference 13.
g Reference 14.
h M. Borman, Nucl. Phys. 65, 257 (1965).
' M. Hillmann, Nucl. Phys. 37, 78 (1962).

& M. Bormann et al. , Nucl. Phys. 63, 438 (1965).
& E. B. Paul and R. L. Clark, Can. J. Phys. 31, 267 (1953).
& D. J. Hughes and R. B. Schwartz, Brookhaeen National Laboratory, Report No. &NL-325, (U. S. Government Printing Office, Washington, D. C.,

1958).
m N. K. Majumdar and A. Chatterjee, Nucl. Phys. 41, 192 (1963).

IV. CONCLUSION

The cross sections for many (e,d) reactions around
14-MeV neutron energy have not yet been measured
because of the large interference due to the character-
istic activity from the (rs,p) reaction on the next lower
isotope. This work suggests that it is possible to measure
these cross section by using about 10 mg of highly en-

riched isotopes and the low-level counting set up
described in Ref. 4.
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