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Low-Energy Gamma Rays from Resonant Neutron Capture in Tm
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Low-energy y rays following slow-neutron capture in thulium have been used to check the
angular-momentum assignments of the neutron resonances. A previous discrepancy in the spin
of the 17.5-eV resonance has been resolved. The correlation between reaction widths noted in

previous work has been recalculated and found to be substantially unchanged. An isomeric state
at 183.2 keV has been investigated by measuring the delay in the low-energy transitions involv-
ing this state, and a half-life of 3.2+ 0.3 p, sec is obtained, in fair agreement with previous work.

1. INTRODUCTION

This brief note on some new experimental data
on the TmM9(rr, y)Tm'r reaction is to be consid-
ered as an addendum to a paper by Lone et al. ' In
this paper, the emphasis was on the prompt high-
energy y rays from the resonance- and thermal-
neutron capture in Tm" . Additional data on the
partial widths of the 151-eV resonance'were re-
ported by Chrien at the Dubna Nuclear Structure
Conference. In the present work, we have studied
low-energy (~511-keV) y rays from individual
resonances in this nucleus. From these data, we
have found it possible to (a) determine the spine of
the neutron resonances and (b) find the half-life of
an isomeric state at an excitation energy of 183.2
keV in Tm'

2. EXPERIMENTAL RESULTS

The data were obtained at the high-flux beam re-
actor fast chopper with a 87-c.c. Ge(Li) detector,
a chopper speed of 10000 rpm, and a flight path of
48.8 m. The Ge(Li) detector had a resolution of
3.8 keV at 511 keV. The thulium target was 3.8
&3.8 in. with 179.4 g of Tm203, and the total run-
ning time for the experiment was 31 h. The time-of-
flight spectrum obtained is shown in Fig. 1, where
the resonance energies are given in eV. We are
able to resolve resonances up to an energy of 115.2
eV. Some recent work by de Barros et al.' has
shown that the resonance at 94.0 eV is made up of
two closely spaced resonances at 93.5 and 94.0 eV,
and we are not able to resolve these. The straight

lines under the resonances indicate the scan limits
set on the time-of-flight to obtain the y-ray spec-
tra originating by neutron capture in these reso-
nances. Such spectra obtained from the 14.4- and
34.8-eV resonances are shown in Fig. 2 and are
typical of the y-ray spectra obtained from these
resonances. The analysis of these spectra to ob-
tain the resonance spins is discussed in the next
section.

3. DETERMINATION OF THE SPINS OF THE
s-WAVE NEUTRON RESONANCES
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FIG. 1. Time-of-Qight spectrum of thulium.
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These low-energy y rays observed in resonance
capture represent transitions between the different
low-lying levels of the compound nucleus Tm'"
and are the result of these states being populated
by a large number of the high-energy primary
transitions. Hence, these y rays represent some
sort of an average over contributions from many
intermediate states and do not show the wide inten-
sity fluctuations characteristic of primary transi-
tions. In spite of such an averaging, one can ex-
pect the intensities of these low-energy y rays to
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TABLE I. Spin assignment of Tm resonances.
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Low-energy y spectra from resonances in
thulium.
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depend on (i) the spine of the compound-nuclear
state formed by neutron capture, (ii) the number
of steps in the y cascade, (iii) multipolarity of
transition at each step, and (iv) spine of the differ-
ent states involved in the cascade. These simple
considerations arise solely from accounting for
the population of final states which can connect
with initial states by virtue of the selection rules
governing electromagnetic radiation. The assump-
tion is made that the decay proceeds by a purely
statistical process, independent of the nuclear
structure of the states involved, and in particular,
independent of the final-state spin. Therefore, a
systematic study of the intensity variation of these

y rays could enable us to determine the spins of
the neutron resonances involved. Such differences
were first observed by Draper et a/. 4 in the spec-
tra of the three lowest resonances in In'" with

Nal(Tl) detectors. Similar measurements on the
resonance neutron capture in Er"' and Hf'" were
made by Fenstermacher eI'a/. ' These are even-
odd nuclei and the low-energy transitions between
the 6', 4', 2', and 0' levels of the even-even nu-

clei resulting from neutron capture were measured.
These experimental ratios were interpreted in
terms of the simple dipole y-ray cascade model of
Huizenga and Vandenbosch, ' and resonance spins
were assigned. Subsequently, the cascade model
has been refined by Pbnitz' and Sperber and Mand-
ler' to include mixing of quadrupole transitions
and energy-dependent factors in calculating the
transition probabilities. Recently, similar mea-
surements have been reported by Wetzel and Thom-
as' using Ge(Li) detectors and even-odd target nu-

clei such as Er' and Os' '' . They have mea-
sured the transitions between the members of the
rotational band of the even-even nuclei Er'" and
Os' ' and assigned some resonance spins.

The present experiment shows that the low-ener-

gy y spectra from capture in the Tm resonances
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FIG. 3. Intensity ratio of the 149.7-keV y ray to the
144.5-keV y ray for the resonances of thulium.
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fall into two well-defined groups with respect to
the intensities of the two prominent y peaks at
144.5 and 149.7 keV. Typical members of these
two groups are shown in Fig. 2. A cursory exami-
nation of these spectra shows that the intensity ra-
tios of these two y rays is about 1:2 in one group
of resonances, typical of which is the spectrum
from the 14.4-eV spin-0 resonance. In the other
group, this intensity ratio is 1:1, and typical of
these is the 34.8-eV spin-1 resonance. Part of the
energy level diagram of Tm'" pertaining to these
transitions is shown in Fig. 2 as obtained from the
work of Sheline et a/. ' From this energy level dia-
gram we notice that with a finite number of steps
in the y cascade, the 144.5-keV y ray depopulating
a 3' state could be expected to be less intense in
the 0' spin resonances, as the 3' state is farther
removed from the 0+ than from the 1+ spin state
corresponding to the other group of resonances.
This is indeed found to be true if we accept the
resonance spins in Tm as measured by other tech-
niques. "'" The measured ratios of the 149.7-keV
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y ray to the 144.5-keV y ray for the 13 resonances
in Tm are given in column 2 of Table I and are al-
so shown in Fig. 3. Clearly, these ratios fall into
two well-defined groups. The resonance spins as
measured by other techniques and as given by
Goldberg et al."are also shown in this figure.
Using the refined analysis of P5nitz, ' one could re-
produce these ratios by assuming appropriate val-
ues for the y-ray multiplicity, the level-spacing
parameters, the multipole mixing ratios, and by
including the specific nuclear-structure effects in
Tm"'. Since these parameters are largely un-
known, such detailed agreement with theory would
be largely an exercise in curve fitting, and the
point of view of the present work is to simply ac-
cept the experimental fact of the division of the
spectra into two groups which can be associated
with the capturing-state spin. From the data we
can assign a spin of 1 to the 29.1-, 38.0-, and
63.0-eV resonances which are weak and where
spins could not be determined by the usual meth-
ods."" This, incidentally, points out one of the
advantages of the present method over the scatter-
ing measurements which determine the resonance
spins by measuring the statistical-weight factor g.
The scattering measurements are difficult to carry
out with weak resonances and are not very reliable
with high-spin nuclei where the two values of g are
close together. Such limitations do not apply to
the present method. As a result of an interference
analysis carried out in the previous paper, ' a spin
of 1 was assigned to the 17.5-eV resonance, where-
as the present work indicates that its spin is 0.
This agrees with the measurement of Singh, "and
with earlier assignments" based on the absence of
high-energy y rays to final states of spins 0 and
2 . The ambiguities inherent in the interference
analysis coupled with the clear indications of the
present experiment indicate that the correct assign-
ment is zero. In Table I we summarize the spin
assignments for the resonances in Tm from the
present work and the measurements of Asghar
et al "and Singh"

Considerable interest has been drawn to thulium
because of the observed correlation of neutron re-
duced width and radiative widths. ' Lone' and
Chrien' analyzed these correlations, assuming
that the 17.5-eV resonance has spin 1. The pres-
ent experiment shows decisively that this spin
assignment is in error. The deletion of the 17.5-
eV resonance, however, causes very little change
in the correlation coefficient. The average for the
correlation coefficients over 15 final states is
+0.33, omitting the 17.5-eV resonance, as con-
trasted with a previously reported value of +0.274.
Furthermore, if we now include three spin-1 reso-
nances previously omitted from consideration

—those at 59.2, 115, and 153 eV-the average cor-
relation coefficient becomes It = (c—orr(I'„, I"z„, )),.
=0.304. The quantity 8 is a sample estimate of
the infinite-population and zero-error correlation
coefficient p„. The 10 and 90% confidence limits
on p'„as estimated from Monte Carlo calculations
are 0.7 and 0.2, respectively. The change in spin
assignment and the inclusion of additional reso-
nances have made no significant change in the ob-
served correlation.
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FIG. 4. Time-of-flight corresponding to the 149.7-
keV y ray ("prompt" spectrum) and the 144.5-keV y ray
("delayed" spectrum).

4. DETERMINATION OF THE HALF-LIFE OF
THE 1S3.2-keV ISOMERIC STATE IN Tm'

The low-energy y rays observed in resonance
capture could be used to determine the half-lives
of the isomeric states from which they originate,
provided such half-lives are in the range of a few
microseconds. This technique will be described
elsewhere" and we will not go into the details here.

From the low-energy data, time-of-flight spec-
tra corresponding to the 149.7-, 204.4-, and 511-
keV y rays were obtained, and the neutron reso-
nances in these spectra do not show any displace-
ment towards lower neutron energies as compared
with the time-of-flight spectra of prompt high-en-
ergy y rays.

However, the time-of-flight spectrum correspond-
ing to the 144.5-keV y ray depopulating the 183.2-
keV state of Tm'" does show a displacement to-
ward lower neutron energies in the time-of-flight
spectrum. These two time-of-flight spectra are
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shown in Fig. 4 and it is clear that the 14.4-eV
resonance peak is displaced toward higher time-
of-flight channels when scanned on the 144.5-keV
y ray, as compared with the corresponding scan
on the 149.7-y peak. lt is possible, by a least-
sguares program, "to deconvolute the "delayed
shape" using the "prompt shape" (149.7 keV) and
obtained the half-life of the 183.2-keV isomeric
state. The value obtained is 3.2+0.3 psec. . This

is to be compared with 4.25 +0.5 @sec by Andreev,
Kastner, and Manfross' and 4.2 psec by Bere-
stovoi. "

ACKNOWLEDGMENT

The authors thank Dr. Mendel Beer for enlighten-
ing discussions on the statistical aspects of the cor-
relation analysis.

/Work supported by the U. S. Atomic Energy Com-
mission.

~M. A. Lone, R. E. Chrien, O. A. Wasson, M. Beer,
M. R. Bhat, and H. R. Muether, Phys. Rev. 174, 1512
(1968).

~R. E. Chrien, in Proceedings of the International Sym-
posium on Nuclear Structure, Dubna, 1968 (International
Atomic Energy Agency, Vienna, Austria, 1969), p. 342.

3S. de Barros, V. D. Huynh, J. Julien, J. Morgenstern,
and C. Samour, Nucl. Phys. A131, 305 (1969).

4J. E. Draper, C. A. Fenstermacher, and H. L. Schultz,
Phys. Rev. 111, 906 (1958).

5C. A. Fenstermacher, J. E. Draper, and C. K.
Bockelman, Nucl. Phys. 10, 386 (195S).

6J. R. Huizenga and R. Vandenbosch, Phys. Rev. 120,
1305 (1960).

~W. P. Ponitz, Z. Physik 197, 262 (1966).
D. Sperber and J. W. Mandler, Nucl. Phys. A113, 689

(1968).
~K. J. Wetzel and G. E. Thomas, Phys. Rev. C ~l 1501

(1970).
R. K. Sheline, C. E. Watson, B. P. Maier, U. Gruber,

R. H. Koch, O. W. B. Schult, H. T. Motz, E. T. Jurney,
G. L. Struble, T. v. Egidy, Th. Elze, and E. Bieber,
Phys. Rev. 143, 857 (1966).

~~P. P. Singh, private communication.
M. Asghar, M. C. Moxon, and C. M. Chaffey, in

Proceedings of the International Conference on the Study

of Nuclear Structure saith Neutrons, Antaoerp, Belgium,
1965, edited by M. ¹ de Mbvergnies, P. Van Assche,
and J. Vervier (North-Holland Publishing Company,
Amsterdam, The Netherlands, 1966).

Neutron Cross Sections, compiled by M. D. Goldberg,
S. F. Mughabghab, S. N. Purohit, B. A. Magurno, and
V. M. May, Brookhaven National Laboratory Report No.
BNL-325 (Superintendent of Documents, U. S. Govern-
ment Printing Office, Washington, D. C., 1966), 2nd ed. ,
Suppl. No, 2.

~4A. M. Lane, in Proceedings of the International Sym-
posium on Neutron Capture y-Ray Spectroscopy, Studsvik,
Szoeden, 22-25 August 1969 (International Atomic Energy
Agency, Vienna, Austria, 1969).

' M. R. Bhat, R. E. Chrien, D. I. Garber, and O. A.
Wasson, Phys. Rev. C ~2 1115 (1970).

~~A. Andreev, R. Kastner, and P. Manfrass, in Proceed-
ings of the International Conference on the Study of
Nuclear Structure zoith Neutrons, Antzverp, Belgium,
1965, edited by M. N. de Mbvergnies, P. Van Assche,
and J. Vervier (North-Holland Publishing Company,
Amsterdam, The Netherlands, 1966).

' A. M. Berestovoi, I. A. Kondurov, Yu. E. Loginov,
and K. L. Peker, Yadern. Fiz. ~6 3 (1967) ltransl. :
Soviet J. Nucl. Phys. 6, 1 (1968)].


