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Neutron Reaction Cross Sections of Selenium and Iron at 14.4 Mev*

P. VENUGQPALA RAot' AND R. W. FINK

School of Chemistry, Georgia Institttte of Technology, Attanta, Georgia

(Received 11 October 1966)

Fast-neutron activation cross sections of selenium and iron have been measured with an improved tech-
nique that takes advantage of the high resolution of Ge(Li) detectors. Powdered samples, mixed with iron
and/or aluminum powders to act as neutron-Aux monitors, were irradiated with 14.4&0.3-MeV neutrons,
and the decay of gamma spectra was followed with a thin Ge{Li) detector having a resolution of 4 keV (full
width at half-maximum) .The following cross sections (in millibarns) have been determined: Se"(n, &n) Se"o,
293629; Se"(n,2n)Se" 65+15; Se"(n,p)As", 107+11; Se"(n 2n)Se", 808+81; Se"(n,p)As" 56+6;
Se"(np)As" 24~2.4; Se"(n,a)Ge"&~+o&, 6&1.0; Se"(n,2n)Se"' 680~100; Se"(n,a)Ge"&~+o), 2—9;
Se"( n2 )nSe"~ 894&89; Se"(n, 2n)Se"o 225&45; Fe"(n, p)Mn", 259+26; and Fe"(n,n)Cr" 90&10.
Systematic trends in these cross sections are discussed and compared with the available theoretical com-
putations. The 2PS&s ~&s proton subshell-closure effect in the Ga-Ge-As region for (n,a) cross sections sug-
gested by Chatterjee is conhrmed. For Se" the spin cuto6 parameter is calculated to be 2.9~0.4 from the
isomer ratio o /o. o= 4.0&0.9, and the ratio of the moment of inertia I associated with the spin distribution
to the rigid-body moment of inertia Ia is obtained as I/In =1.0.

INTRODUCTION

ECENT surveys of 14-15-MeV neutron cross
sections for (rt, 2rt), (rt, ct), and (rt, p) reactions' '

indicate the need for more accurate determination of
these cross sections in order to investigate shell-struc-
ture eGects. The activation technique is the most
widely used method of measurement of these cross
sections since Paul and Clarke' made the first extensive
study for a large number of target elements. The
activities produced are measured either by absolute
beta or gamma counting, often using enriched target
isotopes and chemical separation when necessary. The
method is severely limited in accuracy when the cross
sections are small and the reaction products are long-
lived.

An improved technique for the determination of
activation cross sections is developed in the present
work which takes advantage of the high resolution of
Ge(Li) detectors. This permits the identification of very
low activities and accurate measurement of their
formation cross sections. Another advantage is that
natural elements can be used instead of enriched
isotopes, since all of the activities can be identified and
the half-lives followed simultaneously.

The activity A of a reaction product, present at any
time, resulting in a counting rate A' in one of its
characteristic gamma photopeaks, is calculated using
the relation

A=A'/ef, fd, (1)
where e, f„and fa are the photopeak detection efii-

ciency, the correction factor for source self-absorption,
and the number of gamma quanta emitted per dis-
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integration of the reaction product, respectively. The
activity at the end of bombardment A is estimated by
following the decay of the gamma spectrum with time
using a least-squares method.

If the incident neutron Aux f remains constant during
the irradiation time T, the cross section 0. is determined
from the usual relation

where fo is the flux at the beginning of the bombard-
ment and 6 is the average decay constant during the
irradiation time T. The cross section o. is then obtained
from the equation

( X
A'=&rrtfs( ((e Ar e "r). — (4)

The flux f is determined by measuring simultaneously
the activity from a monitoring reaction, the cross
section of which is previously known, e.g., the
Fe"(Ip)Mn" (2.6 h) or the Al"(N&r)Na" (15 h)
reactions. If the cross section of one of the resulting
activities in the natural sample under investigation is
known, it may be used as an internal Aux monitor.
Otherwise, the powdered sample may be mixed with
aluminum and/or iron powders of the sarrte grairt size
It is preferable to use a mixture containing both iron
and aluminum in order to recognize from the Mn"/Na'4
activity ratio any error arising from possible nonuniform

VE. T. Sramlitt, Ph.D. thesis, University of Arkansas, 1963
(unpublished).

8 M. L. Morgan, EURATOM Rept. No. EUR-2641.d.f.e., 1965,
pp. 239—257 (unpublished).
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where e is the number of target nuclei in the sample
and ) is the decay constant of the activity. However,
the neutron Aux from titanium-tritium targets under
constant beam current does not remain constant but
decreases essentially exponentially ~ as
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mixing of sample and monitor powders. In cases where
a stoichiometric chemical compound is available, one
of the constituents often can be used as an internal
monitor. This procedure of mixing the monitor with the
sample will eliminate the geometrical errors present in
the normal procedure of sandwiching the sample
between foils that act as standards.

If a. , A ', 'A, and n are the corresponding quantities
for the monitor, the cross section under investigation,
o., is given by

In the special case when the activity observed is not
the decay of the reaction product directly, but that of
its daughter, the above equation must be suitably
modi6ed. The growth of the daughter, which is not
directly produced in the reaction except through the
decay of the parent, is given by

where subscripts 1 and 2 correspond respectively to
parent and daughter, T is the duration of irradiation,
and t is the time after the end of irradiation. The case
of particular interest in the present work. is Sesl™(57
min) which decays almost completely to Se@g (18.6
min). The application of Eq. (6) to this case is described
below.

EXPERIMENTAL

Neutrons were obtained from the Hs(d, e)He4 re-
action in thick titanium-tritium targets on the Georgia
Tech 200-kV accelerator. The samples were of the order
of 1 cm' in area and were placed about 2 mm behind
the Ti-T target, subtending an angle of &65' to the
beam direction, so that about 92% of the neutrons
irradiating the sample had energies within the range of
14.4&0.2 MeV, the remaining 8% being within &0.3
MeV. The relative decay of the neutron Aux was
measured during each bombardment. Typical values
for the half-lives range from 18 to 40 min, although
half-lives of the order of 2 h also were encountered in
irradiations with relatively low beam currents.

A Ge(Li) detector having 1-cm' active area and 2-mm
depletion depth and a resolution of 4-keV FWHM (full
width at half maximum) was used to measure gamma
intensities. Its photopeak detection eKciency was cali-
brated with standard gamma sources relative to a
3-in. &(3-in. NaI(T1) detector. For the geometry used
in the present work, the efficiency e varied from
2.65&(10 ' at 67 keV to 3.65X10 ' at 1333 keV.

The primary standard for monitoring the neutron

TxsLE I. Comparison of cross sections at 14.4 MeV determined
with mixtures of Fe+Se and with Fe+Al+Se powders.

Reaction
0 (rnh)

Fe+Se Fe+Al+Se

Se'4(e, 2e) Se"& (7.0 h)
Se"(N,2e)Se" (120 days)
AP'(e n) Na'4 (13 h)

290+29
796&80

296&30
813&81
107&11

~ Ngclear Data Sheets, compiled by K. Way et al. (National
Academy of Science—National Research Council, Washington,
D. C.).

'0 H. Liskien and A. Paulsen, J. Nuc1. Energy 19, 73 (1965)."D. M. Chittenden II, D. G. Gardner, and R. W. Fink, Phys.
Rev. 122, 860 (1961).

flux was chosen to be Fes (e,P)Mnss (2.6 h). This
reaction is very suitable for detection with a Ge(Li)
detector, as almost all of the decay results in gamma
emission. The Mn" activity, with a half-life of 2.58 h,
was measured by following the 845-keV gamma photo-
peak intensity. The number of 845-keV gammas per
decay, fs, is 0.989 from Nuclear Data Sheets. ' A value
of 0.=100~6 mb at 14.4-MeV neutron energy for this
reaction was taken from Liskien and Paulsen's'
absolute measurement. As natural iron samples are
being used, the Mn's activity from Fe"(e,ep)Mnss
reaction also will be included. The cross section for this
reaction was measured to be 6.1&2.6 mb by Chittenden,
Gardner, and Fink." However, the correction due to
this is less than 1%.The other monitor reaction chosen
to supplement this standard is Alsr(n a)Na'4 (15 h)
which also results in one gamma per decay. The 1368.5-
keV gamma de-exciting the 6rst level in Mg" was used
to measure the Na'4 activity. This reaction has a cross
section averaging 114&6 mb at 14.4 MeV from the
literature.

Table I shows the results obtained by using mixtures
of Fe+Se and Fe+Se+Al powders. The consistency
in the two sets of values for (N, 2e) reactions on Se"
and Se" assures that the activation of carefully mixed
powdered samples can be reliably employed for cross-
section measurements. The threefold mixture of
Fe+Se+Al powders assures consistency, since the
known ratio of iron and aluminum cross sections serves
as a check. An averaged value of 293&29 rnb for the
Ser'(e, 2e)Se"g (7.0 h) reaction was used as an internal
monitor in bombardments of natural, spectroscopically
pure elemental selenium samples which were not mixed
with iron or aluminum.

Eleven bombardments were made to measure the
various cross sections, with and without cadmiurr&

wrapping of samples. No large differences were observed
in cross sections values between wrapped and un-
wrapped samples, indicating that the (N,y) reaction
with thermal neutrons was not significant. Table II
summarizes the cross sections obtained in the present
work on Se" "'""and Fe", together with the values
of half-lives and garnrnas used for measurement and
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TmLz II. Summary of neutron cross sections at
14.4+0.3 MeV from present work.

Reaction

Se74(n, 2n) Se»&

Se74(n, 2n) Se»sss

Se»(n, 2n) Se»
Seao(n, 2n) Se»es

Se»(n, 2n) Se»&
Seaa(n, 2n) Seat~

Se74(n, p) As74

Se&8 (n,p) Asia
Se78(n p) Asva

Sess(n ~)Ge76(™+g

Seaa(n, u) Ge»(™+f7&

Fea4(n, p) M na4

Fe~(n, n) Cr»

Half-life

7.0 h
42 min

120 days

3.9 min
18.6 min
57 min
18.7 days
26.4 h
90 min
82 min

54 sec+
11.3 h

313.5 days
27.8 days

Gamma
measured

(WeV)

360
annihilation

~
280

96
276+290

103
596
559
615
265

210+215
835
320

0.99
1.70

0.25

0.078
0.014
0.119
0.612
0.392
0.42
0.111

0.14-0.60
1.0
0.09

~ (mb)

293 &29
65 +15

808 +81
680 &100
225 ~45
894 +89
107~11
56 &5.6
24 +2.4
6~1

9a

259 ~26
90~10

a See discussion of these limiting values in the text.

the fq values used in the calculations. The error limits
quoted include those in statistics ((1%), source self-
absorption, which is important only for low-energy
gammas, half-lives, and cross sections of the monitor
reaction, but do not include those in decay schemes
(f~) taken from the literature.

RESULTS

Se (n,2n) Reactions

Se"(N, 2N)Se"~ (57 min. ) The cross section for this
reaction was previously measured by beta counting
by Paul and Clarke' to be 1500~500 mb at 14.5 MeV
and by Mangal and Khurana" to be 1600&160 mb at
14.8 MeV. In the present work, the 102.5-keV gamma
from the isomeric transition was used to measure Se"
activity. This isomeric transition is of the E3 type
(sr+ —&

rs—), and the total internal conversion co-
eKcient, n&,&=7.07, was taken from Rose's tables. "It
has been shown in a recent survey by Geiger'4 that the
most accurately known experimental E3 conversion
coeKcients agree very well with the theoretical values
listed by Rose. Samples of reduced thicknesses have
been used to reduce the source self-absorption of the
102.5-keV gammas to less than 5%.

Se"(N, ZN)Se"0 (18.6 min). The 276+290-keV gam-
mas from the 276- and 566-keV levels in Br" were used
to calculate the activity of Se"' relative to that of
Se"~ (Ref. 15).The counting rate of the 276+290-keV
peaks was plotted versus time for several hours until
the initially produced 18.6-min Se"g completely de-
cayed, after which only the 57-min half-life of Sesl™
was observed. Fitting Eq. (6) to the 57-min portion of

» S. K. Mangal and C. S. Khurana, Nucl. Phys. 69, 158 (1965).
rs M. E. Rose, Iatermal Coasersioa Goegcieats (North-Holland

Publishing Company, Amsterdam, 1958).
i J. S. Geiger, in Internal Coeeersioe Processes, edited by J.H.

Hamilton (Academic Press Inc., New York, 1966).
'5 P. V. Rao and R. %.Fink, following paper, Phys. Rev. 154,

1028 (1967).

Se

Iooo—

I t I

74 76 78 &0

TARGET MASS NUMBER

82

Fro. 1. Calculated (N, 2n) cross sections at 14.4 MeV for all
selenium isotopes, based on Gardner (Ref. 22) (cross-hatched
band) and on Pearlstein (Ref. 21) (solid line). All available
experimental points are plotted for comparison. : present work;
&:Sormann; +:Mangal and Khurana; H: Paul and Clarke.

'e P. V. Rao, D. K. McDaniels, and S.Crasemann, Nucl. Phys.
81, 296 (1966).

the decay curve, the contribution to the total Se"&
present, due to decay of the 57-min metastable state,
was obtained, and the ratio of Se" /Ses'g activities
directly produced in the reaction was evaluated. The
cross section for the Se"(N, 2N)Se"& (18.6 min) reaction
was previously estimated to be less than 100 mb, " in
gross disagreement with the present value of 225~45
mb.

Se"(e,Zn)Se79™ (3.9 min). Mangal and Khurana"
determined this cross section to be 125~12.5 mb,
which disagrees strongly with the present value of
680+90 mb. The 96-keV gamma from the E3 isomeric
transition to the ground state of Se" was used to
determine the activity, taking the total conversion
coefficient from Rose."

Se"(N,Ze)Ser' (1ZO days). No previous cross section
data are available for this reaction. Owing to the long
half-life of Se", the yield of this activity is relatively
low. However, the complete spectrum of gammas in
Se" decay up to 400.7 keV was observed after all
short-lived activities decayed completely. The activity
was measured by following the 136-, 265-, 280-, and
400-keV gammas and employing the decay scheme from
recent literature. "The total conversion coeS.cients for
these transitions were taken as weighted averages of
available experimental values.

Se (r4NZ )NSe"" g Two .previous measurements are
reported for the cross sections leading to this isomeric
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pair. Rayburn'r obtained 383&29 mb to Se"' (7.0 h)
and 49&8 mb to Se" (42 min) at 14.4 MeV. Bormann
et a/. "have determined the cross sections for neutron
energies 12.95 to 19.6 MeV. At 14.1 MeV, their values
are 258~21 mb for Se" and 41.7&4.6 mb for Se
The present values are in good agreement with these
and fit with the cross section versus neutron energy
excitation function obtained by Bormann et al."The
yield of Se"g was measured by following the 360 keV
and annihilation gammas. Almost all of the decays
result in emission of a 360-keV gamma, since the con-
version coefficient for this transition is very small. The
yield of Se" was obtained by comparing annihilation
radiation resulting from the complete stopping of the
positrons from the decay of 42 min and 7.0 h Se~' and
Se"g activities, respectively. The cross sections also
were measured in a separate experiment in which the
511+511-keV sum-coincidence peak was followed in
an integral-bias sum-coincidence spectrometer. " The
decay scheme information was obtained from recent
work on these isomers. "

Theoretical Calculation of Se(n, 2n) Cross Sections

A statistical-model approach has been developed
recently by Barr et al. ,

' and Pearlstein" for calculating

(n,2e) cross sections, which agrees excellently with
available experimental data in most cases. Following
the computational procedure outlined by Pearlstein, "
the predicted (e,2e) cross sections at 14.4 MeV were
calculated for selenium isotopes (A=73 to 82) a,nd are
plotted in Fig. 1. More recently, Gardner" has at-
tempted to estimate (N, 2e) cross sections by relating
them to charged-particle-reaction cross sections, such
as (p,2e) and (n, 2n). If a compound system is formed
either by an (X+n) or (F'+e) reaction and the proba-
bility that it emits two neutrons is independent of the
mode of formation, then

o (n, sn) (En) rrc(E )
(7)

~(-,s-) (E-) «(E-)
where the energies E„and E are related by E +5
=E„+S„.The energies E„and E refer to the center-
of-mass system and S; is the separation energy of the
ith-type particle from the compound system in its
ground state. Gardner's predicted absolute (z,2e) cross
sections for 14—15 MeV neutrons on selenium isotopes
(cross-hatched ba, nd) were a,iso reproduced in Fig. 1,
along with previous and present experimental values.

"L.A. Rayburn, Phys. Rev. 122, 168 (1961).
18M. Bormann, F. Dreyer, U. Seebeck, and W. Voigts, Z.

Naturforsch. (to be published)."J.Kantele and R. W. Fink, Nucl. Instr. Methods 15, 69
(1962).

o D. W. Barr, C. L. Browne, and J. S. Gilmore, Phys. Rev.
123, 859 (1961)."S. Pearlstein, U. S. Atomic Energy Commission Report
No. BNL 897, T-365, 1964 (unpublished).

~D. G. Gardner, U. S.- Atomic Energy Commission Report
No. UCRL-14575, 1966 (unpubhshed).

The agreement of the calculated values with the present
experimental points is reasonable.

Isomer Ratios and the Spin Cuto5 Parameter

The isomer ratios o. /o, defined as the ratio of the
cross sections for the formation of the metastable state
to the formation of the ground state, are 4.0~0.8 for
Se" and 4.5&1.0 for Se". The latter agrees with the
Se" isomer ratio obtained by Bormann et al. ' as a
function of incident neutron energy. Bishop" has deter-
mined this ratio for Se" produced in the Sess(m, y)
reaction; for thermal neutrons, the value is 0.13 and
for epi-cadmium neutrons it is 0.19. This increase in
the population of the high spin state with increasing
energy is to be expected, as the probability of com-
pound nucleus formation in higher angular momentum
states increases with increasing energy of the captured
neutron.

If one assumes a compound nucleus mechanism in
these reactions, the isomer ratio should yield infor-
mation about the spin cutoff parameter 0- present in
the spin distribution of level densities:

t
(~+-:)'~

p (J)
=p (0) (2I+1) ex pl

2a' i (8)

o'h/2rr T=I . (9)

It is customary to compare the value of I with the

"C.T. Bishop, H. K. Vonach, and J.R. Huizenga, Nucl. Phys.
60, 241 (1964).

~ J. R. Huizenga and R. Vandenbosch, Phys. Rev. 120, 1305
(1960).

2' R. Vandenbosch and J. R. Huizenga, Phys. Rev. 120, 1313
(1960).

'C. T. Bishop, U. S. Atomic Energy Commission Report
No. ANL-6405, 1961 (unpublished)."T. Ericson, Advan. Phys. 9, 425 (1960).

Following the method of Huizenga and Vanden-
bosch, '4" the spin cutoff parameter 0- is calculated as
follows. There are several quantities that enter into
the calculation: a, the level density parameter; T&(E),
the barrier transmission coefficient of a neutron with
orbital angular momentum l and energy E; T, the
nuclear temperature; and E, the average number of
gammas by which the compound nucleus decays after
particle emission is no longer possible. A detailed ex-
planation of how to obtain these quantities is given by
Bishop, " who also has shown that the spin cutoff
parameter is insensitive to changes in the level density
parameter u. The isomer ratio for Se" was calculated
with spin cutoff parameter cT=2, 3, 4, 5 and X=1, 2.
The best value of the spin cutoff parameter that agrees
with the present experimental isomer ratio is found to
be 2.9&0.4.

It is possible to associate a moment of inertia I with
the nuclear spin distribution. "The spin cutoff param-
eter is related to I by the equation
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rigid-body moment of inertia I„,given by

Ig= ~MAR, '

where M is the nucleon mass, A is the mass number,
and E. is the nuclear radius. For r0=1.2)&10 "cm, the
ratio I/Is=1.0. The level density parameter used in
obtaining the nuclear temperature" is taken from the
work of Erba et al.' A similar calculation was done by
Bormann ef al." for Se" and his isomer ratio agrees
with the present work.

Se(n,P) Reactions

The only reliable datum available previously on (e,P)
cross sections of selenium is by Bormann et a/. ,"who
measured Se"(e,p)As'4 (18 day) excitation function
between 12 and 20MeV. In the present study, the (e,P)
cross sections of the three even-even isotopes, Se' "~',

are measured at 14.4 MeV. The reaction products,
18-day As", 26-h As", and 90-min As", were measured

by determining the yield of 596-, 559-, and 615-keV
gammas, respectively, de-exciting the first excited
states in the corresponding daughter nuclei. The results
are listed in Table II. The present value of 107&11mb
for the Ser4(e, P)Asr4 (18 day) reaction agrees very well
with the excitation curve obtained by Bormann et ul."

The decrease of the (n,p) cross sections of selenium
with increasing mass number, observed by Levkovskii"
for other elements in this region, occurs in the present
case. The calculations based on Gardner'" and on
Gove and Nakasirna, " using the statistical model of
the compound nucleus for the selenium (e,P) reactions
exhibit the trend, but the absolute values do not agree
with experiment. The discrepancy might be attributed
to the role of other reaction mechanisms in addition to
that of the compound nucleus.

Se(n,n) Reactions

Se'(e,n)Ge'&+g& ~ The (210+215 keV) gammas
were used to monitor the activity of this reaction.
Owing to the short half-life (54 sec) of the metastable
state, which decays only 24% to 11-h Ge"', the rest
going directly to the first and second excited states of
Asr', the total (m, n) cross section could not be deter-
mined uniquely. Consequently, the lower and upper
limits given for this cross section correspond, respec-
tively, to the limiting assumptions that all of the
Sess(m, n) reaction goes to 11 h Ge"g or to the 54 sec

'8 H. K. Vandenbosch, and J. R. Huizenga, Nucl. Phys. 60, 70
(1964).

~E. Erba, U. Facchini, and E. Saetta-Menichetta, Nuovo
Cimento 22, 1237 (1961).

'0 M. Bormann, F. Dreyer, and U. Zielinski (private communi-
cation).

3' V. ¹ Levkovskii, Zh. Eksperim. i Teor. Fiz. 33, 1520 (1957);
31, 360 (1959) /English transl. : Soviet Phys. —JETP 6, 1174
(1957); 4, 291 (1957)g."D. G. Gardner and A. D. Poularikas, Nucl. Phys. 35, 303
(1962).

"N. B.Gove and R. Nakasima, Nnovo Cimento22, 158 (1961).

Ge'7 state. The number of 210+215-keV gammas per
decay in Ge7' and Ge'~' are 0.14 and 0.60, respec-
tively, based on the decay scheme data of Wood'4 and
Van der Kooi and Van den Bold."

Se"(e,n)Ge"& +'&. The 49-sec metastable state (s+)
in Ge" decays completely to the ground state of Ge"
and hence the cross section measured using the intensity
of the 265-keV gamma in the decay of Ge"' (82 min)
is the total (e,n) cross section. As the 265-keV peak
observed in the Ge(Li) detector contained contri-
butions from Se", As", and Ge"g, which are also pro-
duced in the irradiation of natural selenium, corrections
were made for their presence in obtaining the yield of
Ge75

The (m, n) cross sections, according to Chatterjee, "
are roughly proportional to the level density of the
residual nucleus. The shell effect on the level densities
should be reflected in the trend of (e,n) cross sections.
A plot of (e,n) cross sections versus residual nuclear
charge should have a dip in the Ga-Ge-As region corre-
sponding to the 2ps~s, t~s proton subshell closure. The
previously available cross section for Se'(m, n)Ge is
38~16 mb, which is higher than the values for the
neighboring (n, n) cross sections for the neighboring Ga
and As nuclei, thus casting doubt on the existence of
this subshell effect. The present values for the two Se
(n,n) cross sections leading to product nuclei Ge" and
Ge" lie below the value of 12 5 mb" for the
As 'r(m, n)Ger'reaction and 10mb'for the Br'(n, n)As'
reaction at 14—15 MeV. A substantial dip in the (e,n)
cross section systematics is thus confirmed. Further
confirmation of this shell effect is demonstrated in the
work of Wood et al. ," on the (n, n) cross sections in
germanium isotopes.

&e"(n,p) and (n,n) Cross Sections

Fast-neutron cross sections of iron are of interest in
astrophysical theories of nucleosynthesis, since there
is a large peak in the relative abundance of iron. The
Fe'4(m, P)Mn'4 reaction also is of interest in reactor
physics because of its application as an integrator of
fast-neutron Aux.

Irradiation of natural iron and FeS powders were
made. Cr" (27.8 days) from the Fe"(e,n) reaction was
measured by following the 320.3-keV gamrnas. The
Mn'4 activity from the Fe"(e,P) reaction was measured
by following the 835-keV gamma several days after the
2.6h Mn" activityfrom Fe"(m,p) reactionhad decayed.
The results are listed in Table II.

Chatterjee" summarized all available Fe'4(rs, p)

34 R. E. Wood (private communication).
35 J. B. Van der Kooi and H. J. Van den Bold, Nucl. Phys. 70,

449 (1965).
3' A. Chatterjee, Phys. Rev. 134, B374 (1.964)."R.E. Wood, C, S. Cook, J. R. Goodgame, and R. W. Fink,

Phys. Rev. 154, 1108 (1967).
» A. Chat terjee, Nucleonics 23, 8, 112 (1965).
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values at 14—15 MeV. Salisbury and Chalmers" re-
ported values for neutrons between 2 and 17 MeV, and
they included a theoretical curve obtained by Buttner,
Lindner, and Meldner" from a statistical-model calcu-
lation. Liskien and Paulsen" discussed the relative
merits of all existing measurements. Most of these were
made by the emulsion technique and thus are actually
values for the sum of the (N,p)+(rt, pN) reactions,
which would be larger. The values obtained by direct
detection of emitted protons with a scintillator are also
expected to yield the sum. Thus, only two previous
activation measurements exist for the (rt, p) cross
section of Fe'4, by Pollehn and Neuert (254 mb at 14.1
MeV)4' and by Cross et al.es (310 mb at 14.5 MeV),
which are in fair agreement with the present value.

'9 S. R. Salisbury and R. A. Chalmers, Phys. Rev. 140, B305
(1965).

40H. Buttner, A. Lindner, and H. Meldner, Nucl. Phys. 32,
353 (1962).

4~ H. Liskien and A. Paulsen, EURATOM Report No. EUR-
119.e, 1966 (unpublished).

e H. Pollehn and H. Neuert, Z. Naturiorsch. 16a, 227 (1961).
4' W. G. Cross, R. L. Clarke, K. Morin, G. Stinn, N. M. Ahmed,

and K. Beg, Bull. Am. Phys. Soc. 7, 335 (1963).

TABLE III. Summary of available 14-15-MeV
cross-section values for Fe'4(n, n)Mnu.

Neutron energy
(MeV)

14.1
14.7
14.5
14.05
14.4

o (mb)

131 ~25
270 ~135
109 &10
91.6~37.1
90 &10

Reference

Ref. 42
Ref. 11
Ref. 43
Ref. 39
Present work

The values of (n, n) cross sections of Fe'4 available
are summarized in Table III. The present value stands
lower than many previous measurements, but some-
what higher than the calculated value by Buttner et cl."
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The gamma decay of the isomeric pairs (42-min Se"~, 7-h Se"r), and (57-min Se", 18.6-min Se@r) was
investigated with Ge(Li) and NaI(T1) detectors by means of singles, coincidence, and sum-peak coincidence
spectrometry. The half-lives of Se"g and Se" were determined to be 7.0&0.1 h and 56.6~0.6 min, re-
spectively. The gamma energies from 7-h Se"g7 were determined to be 66.9&0.5 and 360.4~0.5 keV. A new
gamma of 75.7&0.5 keV was found in 42-min Se" decay and is placed as the ground-state transition from
a 76-keV level (-,'-, ss-) in Asn. The absence of a 42-min component in the intensity of the 67-keV gamma
indicates that the 67-keV (s-) first excited state of As" is not led from 42-min Se"~either directly or through
the 76-keV state. We energies and relative intensities of seven gammas in Se"~ g equilibrium decay have
been measured: 102.7+0.5 (100) (isomeric transition), 275.8~0.5 (10.2), 289.9+O.S (8.7), 539.0~0.5 (0.8),
553.0~0.5 (1.5), 566.1&0.5 (2.9), and 829.0&0.5 (4.9) keV. A new level at 539.0 keV is proposed tentatively
in Br' with a possible spin parity of —,'- or ~~-. Decay schemes are proposed for Se73™0 and Se»~ g which are
consistent with all available data.

INTRODUCTIOH

'XC1TFD levels in odd-2 nuclei contain, in addition
to single-particle states, both quasi-particle and

phonon states, resulting from pairing interactions and
vibrational modes, respectively. Nathan and Nilsson'
have pointed out that if nuclear oscillations are small-

amplitude harmonic oscillations, the level scheme will

consist of pure quasi-particle states and a band of

*Supported in part by the U. S. Atomic Energy Commission.

t Postdoctoral Research Associate, supported by National
Aeronautics and Space Administration, under Grant No. NsG-657.

' 0. Nathan and S. G. Nilsson, in Alpha-, Beta-, and Gamma-
Spectroscopy, edited by K. Siegbahn (North-Holland Publishing
Company, Amsterdam, 1965), Chap. 10, pp. 601-700.

vibrational states. The energy of the degenerate multi-
plet, resulting from the combination of a particle state
and a vibrational state, is nearly equal to that of the
corresponding first phonon state in neighboring even-
even nuclei. In most cases, however, the coupling be-
tween particle motion and the oscillating field is strong,
and the low-lying levels in odd-3 nuclei are strongly
mixed.

The situation concerning odd-A bromine isotopes has
been summarized by Bonacalza', who points out that
the first excited states lie lower than the corresponding
first phonon state in neighboring even-even nuclei. In

' E. C. O. Bonacalza, Arkiv Fysik 26, 141 (1964).


