
The integral on the right-hand side is equal to

P*)V(r,s)r, 's+ V(r,s)ris'(dr

=—(3A tkKt (2tt)+Et (2v) —2Et (tv+ v)S
—-,'Fis(0)Fs(n, )j+A, t E,(2tt)+E, (2v)

—2E.(u+v) —sFi'(0)Fs(n. ) j&,
where

Er(u) =exp( —uD)[(1/u')Fs(u+nr)Fi(u)+(1/u)
XF,(u)F;, (u+nf)+ (1/u)F, (u)F4(u+nf) j

6
+-,'- exp( —(u+nf)D} — F,'(u+nf)

-(u+nf)'

+ Fs (u+ni)F t (u+nf) +
(u+nt)' (u+nf)'

6
XFs(u+ni)Fi(u+nf)+ Fss—(u—+nr)

(u+ni)-'

+ Fs(u+nr)Fs(u+nr)
(u+nr)

+ F4(u+nr)F, (u+nf), (21)
(u+nr)

I'or the numerical computation, the following param-
eters were chosen:

A ]
——475.044 MeV, o, &

——2.52)(1013 cm—'
(23)

A, = 235.41 MeV, n, =2.034&1013 cm '

in accordance with Kikuta el al. ,
s so as to fit the low-

energy data of the two-body system. Using these
values, one gets for 0.;„&

4x'e'5
o;„,=—— -(1+0.72 (x+-,'y)g

3M'

=40L1+0.72(x+ —,'y) j Mev mb. (24)

The coefficient of x+-', y is, thus, 0.72 instead of 0.55 as
obtained by Rustgi. It is, thus, observed that the hard
core increases the value of o; & by about 8%, which is
in agreement with the prediction of I evinger" and
Okamoto. " It is, however, not possible to compare o-q

and 0.;„t with the experiments due to the unavailability
of experimental data on the photodisintegration of, or
electron scattering from, H'.

' J. S. Levinger, Phys. Rev. 97, 112 (1955)."K.Olramoto, Phys. Rev. 116, 428 (1959).
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Study of the Smi4s(n, n)Ndt4s Reaction with Thermal Neutrons"
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The cross section for the Sm"'(n&n)Nd"' reaction at thermal neutron energies was measured by observing
the alpha-particle spectrum of natural Sm and isotopically enriched Sm'" targets in the thermal column of
a reactor. Alpha-particle groups were observed at 8.72 and 9.12 MeV corresponding to transitions to the
first excited state and ground state of Nd"'. The 2200-m/sec cross sections (oo) for the two groups were
calculated to be 121~15mb and 22~1.0 mb, respectively, from the experimental results. The 4—resonance
at 0,0967 eV accounts for most of the cross section to the first excited state, but cannot contribute to the
population of the ground state. It is postulated that the population of the ground state arises from a con-
tribution of a bound 3—state in Sm'5 . Calculated values for the (n,o,) cross section are compared with the
experim. ental results.

I. INTRODUCTION

A LTHOUGH the (n,n) reaction at thermal neu-
tron energies is energetically possible for several

nuclides throughout the periodic table, the probability
for alpha-particle emission from the capturing state of
the compound nucleus is usually very small. Only for

*Work done under the auspices of the U. S. Atomic Energy
Commission.

t Present address: Department of Chemistry, McMaster
University, Hamilton, Ontario, Canada.

those reactions in which the energy available for n-
particle emission is comparable with the Coulomb-
barrier height can this mode of decay compete favorably
with p-ray emission. The thermal neutron (rt, n) cross
sections which have been reported are for nuclides with
Z~& 30.'

In the region of the rare-earth elements, there are a
' D. J. Hughes and R. B. Schwartz, Neutron Cross Sections,

Brookhaven National Laboratory Report BNL-325 (U. S. Govern-
ment Printing Once, Washington, D. C., 1958), 2nd ed.
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TAsr, z I. Isotopic analysis of enriched Sm'" sample.

Mass

147
148
149
150
152
154

Isotopic abundance
('Fo)

1.0&0.05
4.0~0.1

88.8~0.1
3.5~0.1
1.9~0.05
0.9~0.05

a Obtained from Isotopes Division, Oak Ridge National Laboratory, Oak
Ridge, Tennessee.

few stable nuclides for which the thermal neutron (tt, tr)
reaction is exothermic by approximately 9 MeV. This
is still substantially below the Coulomb barrier. One of
these nuclides, Sm'", has a large thermal neutron
capture cross section (o.s——39 900 b) s so that the
possibility of observing the rare alpha-decay mode from
the capturing state is considerably enhanced. The pur-
pose of the present investigation was to search for this
alpha-decay branch by studying the n-particle spectrum
of a Sm target in a thermal neutron Aux. In Sm'49, the
n-particle spectrum can give information on the spin and
parity of the capturing state as well as the Q value of the
reaction.

B. Target Assembly and Irradiation
Conditions

The targets were mounted on a circular lucite plate
which fitted on the front end of the target assembly. The
plate was connected to a drive shaft which extended
outside the thermal column of the reactor when the

s N. J. Pattenden, in Proceedings of the Second Unt'ted Xott'ons
International Conference on the Peaceful Uses of Atomic Energy,
Geneva, 195h' (United Nations, Geneva, 1959), Vol. 16, p. 44.

II. EXPERIMENTAL DETAILS

A. Targets

Targets consisted of natural Sm and samples iso-
topically enriched in Sm'". The isotopic analysis of the
enriched Sm'" sample is given in Table I. The targets
(approx 100 ttg/cm') were deposited homogeneously on
a 5-mm-thick Al backing. They were prepared by
spreading out an alcohol solution of Sm(NOs) s on the Al
foil over an area of 25 cm~ and allowing it to dry under
a heat lamp. The foil was then heated to 400'C to drive
off the alcohol and convert the nitrate to an adhering
deposit of the oxynitrate. Targets 4 cm' in area were cut
from the homogeneously deposited portion of the
sample. Mixed Sm-l, i targets, which were used for cross-
section measurements, were prepared by using an
alcohol solution of Sm(NOs) s and LisO and depositing in
the same manner. These mixed targets were cut from
diferent parts of the deposit in order to determine
whether the Sm/Li ratio was constant over the entire
deposit. The experimental results did not indicate any
fluctuation of the Sm/Li ratio for these targets.

assembly was in the irradiating position. The drive
shaft was manually driven to position different targets
in front of the o.-particle detector while the reactor was
in operation. Measurements were made in air with a
distance of 3 mm between the target and detector.

The target assembly was irradiated in the thermal
column of the Puerto Rico Nuclear Center Research
Reactor at a position separated from the lead face of the
core by 1.6 m of graphite. The temperature of the
graphite moderator was 32'C. ' The Cd ratio for a "1/v"
detector at this position was not measured, but should
be much greater than 1000 on the basis of measurements
at an equivalent position with the I,ivermore pool-type
reactor (LPTR).'

n-particle spectra were obtained with a gold-surface-
barrier detector connected to standard electronics and
a 512-channel pulse-height analyzer. The detector is
made from e-type 1800-0-cm silicon and operated at
a reverse bias of 30 V. The active surface area is 0.8 cm'.
n-particle energy calibration was obtained by using a
Th"' source. The n-particle energies used were Th"',
5.40 MeV Ra' ' 5.68 MeV Em"' 6.28 MeV Po"'
6.22 MeV Po"' g 2g MeV. '

C. Background Measurements

Several experiments were performed in order to de-

termine the contribution of the non-Sm part of the
targets to the background in the region of interest (6 to
12 MeV). n-particle spectra were obtained with Lucite,
Li~O, and Al targets in the thermal neutron Aux. No
contribution to the background above 6 MeV could be
observed for any of these materials. The background
counting rate above 6 MeV was approximately 0.1
count/min. tr-particle measurements of the natural Sm
and enriched Sm'" targets at zero Aux failed to show any
contribution to the background from U or Th contami-
nation of the samples.

D. Cross-Section Measurements

By use of the mixed Sm-Li targets, the counting rate
of the n particles from the Sm'4s(tt, n) reaction was com-
pared with the counting rate of tritons from the
Lis(tt, n) Ts reaction. This procedure made it possible to
obtain the Sm'4s(tt, n) cross section without evaluating
the neutron Aux and counting geometry. The intensity
of the 2.74-MeV T' peak was used in the analysis be-
cause the resolution of the peak was less affected by
sample thickness than was that for the 2.05-MeV
n-particle group. The energy of the latter group was also
appreciably attenuated by the 3 mm of air between the
target and detector.

The counting rate of the two (rt,n) reactions was ob-

3 H. M. Sarcelo (private communication).
4 J.B.Radcliffe, Jr. and E.E.Hill, Lawrence Radiation Labora-

tory Report UCRL-4919-Rev. , 1960 (unpublished).
~I. Perlman and F. Asaro, Lawrence Radiation Laboratory

Report UCRL-9524, 1961 (unpublished).



m149 (n o ) )gT d146 REACTION WITH THE RNAL M EUTRONS

tanned from the particle spectra by integrating the
counting rate over the peaks. In both cases the integra-
tion was terminated at an energy at v hich the counting
rate was less than 5 /o of the peak height. A background
subtraction was made by using the background ob-
served for a luci. te target at the same Aux level. The
cross section was obtained from the expression

Sample

Natural Sm
88.8'g() Sm'"

Q
(MeV)

9.38
9.38&0.04

", (Sm'"~ o, ~Sm'")
(mb) (mb)

15~10 15+10
22~10 22&10

Hest value 22~10 22+10

TABLE II. Cross-section results.

Natural Sm
888/ Sm'"

Sample No. 1

,n) Sample No. 2

235+54 135~31(Sm'4s) =Cs, /C'n. i Xas„, (Lis) Xzsf/zr4s,

where o.„, (Sm'4') =the effective thermal neutron (zz

cross section for Sm'" in a Maxwellian neutron Aux

(t =305'K)
&

0 s„, (Li') = the 2200-m/sec (zz,n) cross sec-
tion for Li'=945 b'; Cg„,=net counting rate from the

~e,n~~ Td reaction; CL;——net counting rate from
the Lis(zz, n)T' reaction; f= atom ratio of natural Li to
Sm; ii4g ——isotopic abundance of Sm'"; i6 ——isotopic
abundance of Li6= 0.0742.'

Because of a resonance at thermal energies, neutron
absorption in this region does not follow the "1/v" law
f r 149

M
or m . The effective absorption cross section for a

axwellian distribution of neutron energies, when di-
vided by a factor g, yields the cross section for 2200-
m/sec neutrons (os).' ' This factor, which is dependent
upon neutron temperature, represents the departure of
the absorption cross section from 1/s dependence. It has
been calculated by Pattenden over a range of neutron
temperatures for Sm'".' The neutron temperature for
this experiment was taken as equal to the temperature
of the thermal column, 305'K. At this temperature,
is 1.74. The variation of g with neutron temperature is
not large enough to introduce a signihcant error if 305'K
does not correspond to the actual neutron temperature.
The contribution of epithermal neutrons to the cross

l

Srn(88.8%Srn'&9) - U

=O. l 59
l20-- $=3&!0 n lcm~ sec

S.72 SleV a
from Srn'"9(n, cr) Nd'"e

lpp—

q) T5 274MeVT~
from l i (n,

o 80

116~10
127~11

8 96~0 04 202~18
8.96&0.04 221~20

Hest value (average of 2} 211&27 121~15

section is expected to be negligible because of the high
Cd ratio at the irradiating position.

III. RESULTS

Prehminary measurements were made with thick Sm
targets at fluxes up to 10" zz/cm' sec in order to de-
termine whether any high-energy n particles could be
detected. Counting rates on the order of hundreds of
counts/min. were observed at energies greater than 6
MeV, indicating that the (&z,rr) cross section could be
easily measured, Subsequent experiments were per-
formed with much thinner samples (100 pg/cm') and at
a lower neutron flux (approx 3X 10' zz/cm' sec) in order
to obtain good n-particle resolution.

The neutron-induced particle spectra of natural Sm
and of enriched Sm'" targets both show groups at 8.72
and 9.12 MeV (Fig. 1). The intensity of the higher-
energy group is approximately one-tenth the intensity
o the lower-energy group. An upper limit of one-tenthf
the intensity of the 8.72-MeV group was established for
the existence of lower-energy groups.

To determine the identity of the particles„a thin Al
foil of known thickness was placed between the detector
and target. The observed degradation of the energy of
the 8.72-MeV group corresponded to that expected for
n particles of that energy.

The cross-section results are given in Table II.

IV. DISCUSSION

40
a
O

20 l2 MeV

..l
7.l 7.7 8.5 8.9 9.5

particle energy (MeV)

E'IG. 1. Particle spectra for a mixed Sm-Li target in
a thermal neutron flux.

6 M. J. Higatsberger, Acta Phys. Austriaca 9, 179 (1955).
7 C. G. Campbell and R. G. Freemantle, Atomic Energy Re-

search Establishment Report AERE-RP/R 2031 1956 (un-
published).

qun-

'C, H. Westcott, W. H. Walker and T. K. Al dexan er, in
e ings of e Second United Nations International Conference

on the Peaceful Uses of Atomic Energy, Geneva, 1958' (United
Nations, Geneva, 1959), Vol. 16, p. 70.

A. Energetics and Decay Scheme

The Q value for the Sm'4'(zz, rr)Nd"' reaction calcu-
lated from atomic mass differences is 9.47+0.15 MeV. ' "
This agrees well with the Q measured for the higher-
energy alpha group (9.38&0.04 MeV). The Q value for
the more prominent group is 8.96&0.04 MeV, which is
consistent with that expected for a transition to the 6rst
excited state of Nd"', a 2+ state lying 455 keV above
the ground state. " This agreement with the Q values

(1957).
W. H. Johnson, Jr, , and A. O. Nier, Phys. Rev. 105, 1014

120 235 (1960).
"V. B.Bhanot, W. H. Johnson, Jr., and A. O. Nier Ph . R

1073 (1954).
"W.Bernstein, S. S. Markowitz, and S. Katcoff Ph s. R 93ys. ev.
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-- 796
l' 990/~

TABLE III. a-particle transmission probabilities and o,'-decay
widths for the Sm"'(n, n)Ndr4' reaction.

3.0@x l

2+
o~-

Ng/46

= 0, ,Sm"0 Q (MeV)

8.96
8.96
8.96
9.38

Ti

1.89X10 '
7-33X10 s

1.36X10 s

348X10 '

I' (eV)

1.99X10 7

7 70X10—s

1.43X 10—s

3.66X10 '
Fst-. 2. Proposed partial decay scheme of the s-v. ave

neutron-capturing state of Sm'"'.

from atomic mass data suggests that most of the alpha
decay takes place from the capturing state of Sm'" and
not from intermediate states in Sm'" populated by
p-ray emission from the capturing state. A proposed
decay scheme is given in Fig. 2.

Neutron capture for Sm'4' in the region of thermal
energies is dominated by a resonance at 0.0967 eV.' The
spin of the capturing sta, te is 4, the result of an I+sr
addition""" of an s-wave neutron to the nuclear spin
of Sm'4' (I=-',)." The parity of the ground state of
Sm'4' has not been experimentally established. However,
shell-model theory favors an odd parity, with the
unpa, ired neutron occupying an f7/9 level. "The parity
of the capturing state would also be expected to have an
odd parity for s-wave neutron capture. n-particle emis-
sion from this state can take place with /=3 and l=5
waves to the 6rst excited state of Xd", but the ground-
state transition is forbidden by parity conservation.
This state is presumably responsible for the major part
of the (fs,n) cross section to the first excited state of
Nd". However, no transitions to the ground state
should have been observed if the 0.0967-eV resonance
were the only contributing state. This suggests a contri-
bution from an I—

~ or 3—state which can alpha decay
to the Nd"' ground state by an /=3 wave. A second
resonance occurs at 0.87 eV, but it is also formed by an
I+—', addition of the neutron. "The I/e component of
higher-energy resonances in the thermal region is too
small to account for the observed (rr, rr) cross section. A
possible source of a contributing 3—state may be found
in the bound levels of Sm'" lying just below the neutron
ieparation energy. Pattenden, in fact, observed that
there appeared to be an additional 1/v component of a
magnitude equal to 760/gZ eU b in the cross-section
data for Sm'" at neutron energies below the 0.0967-eV
resonance. ' If this were due to the contribution of a
bound 3- level, it would provide an explanation for the
appearance of the ground-state alpha decay in the
Sm'"(e rr)Nd"' reaction.

"H. Marshak and V. L, Sailor, Phys. Rev. 109, 1219 (1958)."B.N. Brockhouse, Can. J. Phys. 31, 432 (1953)."L. D. Roberts, S. Bernstein, J. W. T. Dabbs, and C. P.
Stanford, Phys. Rev. 95, 105 (1954)."H. Marshak, H. Postma, V. L. Sailor, F. J. Shore, and C. A.
Reynolds, Bull. Am. Phys. Soc. 6, 418 (1961)."G. S. Bogle and H. E. D. Scovil, Proc. Phys. Soc. (London)
A65 368 (1952)."B.R. Mottelson and S. G. Nilsson, Kgl. Danske Videnskab.
Sefskab, Mat. -fys. Skrifter 1, No. 8 (1959).

In the calculation of the (fs,n) cross section discussed
below, the assumption is made that a bound 3—state
contributes to the thermal neutron cross section. It is
further assumed that the contribution of this state to
the cross section has a I/n dependence (760/gE eU b)
so that the effective absorption cross section (o) for this
component is equal to the 2200-m/sec cross section (o'p).

I' '+(total) =I' '+(4,3)+I' '+(4 5)
+I'„'+(3,1)+I'„'+(3,3)+I'.'+(3,5), (2)

I" '+(total) =I' '+(3 3) (3)

The alpha width for a given value of l was obtained
from"

(4)

where D is the average level spacing for states near the
capturing states of the same spin and parity, and T& is
the transmission probability for an /-wave e particle.

Transmission probabilities for Q =8.96 and 9.38
MeV were calculated for the different / waves by using
a computer program written by Rasmussen, '0 which
calculates Tg for a nuclear potential including the real
part of the optical-model potential. "From these values
of 2'&, I' r(j,l) was calculated from Eq. (4) using a value
of D= 6.6 eV" which was obtained from an analysis of
the neutron excitation-function data for Sm'&'. The re-
sults are given in Table III.

' R. D. GrifBoen and J. O. Rasmussen, Lawrence Radiation
Laboratory Report UCRL-9566, 1961 (unpublished), p. 147.

'9 J. M. Blatt and V. F. Wiesskopf, Theoretical Nuclear Physics
(John Wiley R Sons, Inc. , New York, 1952), p. 386."J.O. Rasmussen, Phys. Rev. 113, 1593 (1959)."G. Igo, Phys. Rev. IIS, 1665 (1959).

'2 A. Stolovy and J. A. Harvey, Phys, Rev. 108, 353 (1957).

B. Comparison of the Exyerimental Cross
Section with Calculated Values

Calculations of the (n, u) cross section for a large
number of nuclides have been made by GriKoen and
Rasmussen. "The essential features of their analysis are
retained in the calculation presented here. The calcula-
tion of the cross section for the (fs,n) reaction to a
state of spin I in Nd'" requires a knowledge of I' r(J,/)

for the capturing states, where I is the spin of the final
state, J is the spin of the initial capturing state, and l is
the angular momentum carried off by the n particle. The
contributing alpha widths for each of the states are
given in the expression
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The (zz,n) cross section for 1-wave alpha emission from
the state of spin J to the state of spin I was obtained
from the (zz,y) cross section by using the expression o.-particle 0.„,~(Sm'4')

Transition / wave (b)
~„,.(Sml«)

(inb)

TABLE IV. Calculated (n,o) cross sections.

and

(r„.',(J,l) =
t F '(J,/)/I', '(total) j&& o „,,'(total),

o„, '(total) = LF '(total)/F, '(total) jXo. ,'(total), (6)

4——+2+

3—~2+
64 700
64 700
4 800
4 800
4 800

1.33X10-'
2.47X 10-7
3.43X10 '
1.33X10-'
2.47X10 '

86.0
16.0
16.4
6.4
1.2

which is valid if the (zz,y) cross section and the capture
cross section are essentially the same and if the total
p-ray width is much larger than the width for any other
mode of decay. The contribution of the proposed 3—
bound state to the (zz,y) cross section was treated in the
following manner. The 2200-m/sec cross section, os, was
multiplied by g (1.74) to obtain the effective cross
section, o„,~'+'(total), for a Maxwellian distribution of
neutrons of temperature 305'K. A contribution of
4800 b, o„~'(to, t al), from the 3—state was subtracted
from the total on the assumption that the (zz,y) cross
section is given by 760/QE eV b.' It was assumed that
F,'(total) for the 3—state is the same as for the 4—
resonance at 0.0967 eV. )The three lowest-energy reso-
nances of Sm'" all have approximately the same
F,(total)'j. A value I'~4(total) =0.058 eV was used. '

Calculated values of o, r(J, l) are given in Table IV
together with o.„, (total). The total calculated effective
cross section for the (zz,n) reaction to the 2+ state
Lo'„, '(total) j is 132 mb, while the experimental value
is 211&27 mb. The calculated cross section for (zz,n) to
the ground state is 31 mb, compared to the experimental
value of 22+10 mb. Since the calculation is expected to
provide at best only an order-of-magnitude value for
the e, n cross section, the agreement is surprisingly
good.

One of the interesting features of the (zz,u) reaction
with thermal neutrons is the use of an experimentally
determined value for D in the calculation of the alpha
width. This is not possible for the ground-state alpha
emitters where the idea of an average level spacing for
states of the same spin and parity is somewhat ambigu-

Total to 2+

3—-+ 0+ 4 800

126.0
Experimental 211+27

6.31X10 ' 30.3
Experimental 22&10

ous. The results obtained for the Sm'4s(zz, n) cross section
give some experimental support to the relation between
D and the period of motion of the nucleus at high
excitation energy. "

The thermal neutron (zz, u) cross section may provide
a means of studying properties of excited states in the
rare earth region in much the same manner as with
ground-state alpha emitters in the heavy elements.
Population of excited states at energies exceeding 1
MeV should be possible with the (zz, u) reaction in the
rare earth region because T& varies less rapidly for large
L'" . As an example, the Sm'"(zz, n) cross section to the
1.21-MeV level in Nd"' is expected to be approximately
S%%uq of the cross section to the first excited state.
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