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to determine the gyromagnetic ratios g~ and g~. The
derived values g~=0.49 and go=0.37 appear to be in
fair agreement with the theoretical values"" g~ ——0.48,
g~ ——0.30 and 0.32. Also the theoretical values for the
reduced M1 transition Probability, B(M1, ss ~ ss )
=4.7 and 3.7, agree with the experimental result.

The magnetic moments and the B(M1) value have
also been calculated considering Coriolis admixture of
the L510] IC=-,' Nilsson state. However, this did not
improve the agreement between the observed and
calculated values. These calculations were performed
with recent Xilsson matrix elements" treating g~ as an
adjustable parameter.

»O. Prior, F. Boehm, and S. G. Nilsson, Nucl. Phys. A110,
257 (1968).

's S. G. Nilsson (private communication).

Upon closer inspection, however, it appears that the
mentioned agreement with a pure rotational assignment
is quite accidental. This can be seen as follows. If the
rotational motion is undisturbed, the second excited
state of the E=-,' ground-state band is expected to be
at about 170 keV. No level of this energy has been
observed. " Coulomb excitation experiments" indicate
that the collective excitations of the ground state have
the energies 69.6 and 219.4 k.eV, deviating strongly
from those of a pure rotor. It appears that a more
adequate description of these states can only be
achieved by resorting to an elaborate bandmixing calcu-
lation, probably also including vibrational interactions.

'3 A. Z. Hrynkiewicz, B. Sawicka, J. Styczen, S. Szymczyk, and
M. Szawlowski, Acta Phys. Polon. 31, 437 (1967);and J. de Boer
(private communication).

PH YSICAL REVIEW VOLUME 174, NUM BER 4 20 OCTOBER 1968

Resonant and Nonresonant Capture of Slow Neutrons in
Tm'"(n T)Tm"'t

M. A. LoNE, R. Er CHRIENy Oe Ao WAssoNp Ms BEERS' Me Re BHAT~ AND H. R. MUETHERf
Brookhaven Eationa/ Laboratory, Upton, Eezv York ll973

(Received 11 June 1968)

The intensities of radiative transitions following slow-neutron capture in Tm'es(n, y)Tm"' have been
measured for neutron energies up to ~136 eV. From the determination of the strengths of transitions
feeding final states in Tm"', the partial radiative widths of resonances below 136 eV are determined, and
the partial cross sections o~j f below 30 eV are fitted with a simple Breit-Wigner multilevel formula. A
direct amplitude is necessary to achieve good fits for several transitions, including that to the ground state.
The correlation of the direct amplitude to the strength of the state as observed in (d,p) is investigated.

INTRODUCTION

HE availability of high-resolution radiation detec-
tors and intense neutron sources has made feasible

more detailed studies of the radiative de-excitation of
states formed in slow-neutron capture. Hy measuring
the decay characteristics of the compound nucleus as
a function of the incident neutron energy, it is possible
to study the (e,p) reaction mechanism. By virtue of
populating the final states in the residual nucleus,
information relating to the nuclear structure of the
residual nucleus is obtained.

In this experiment, the partial radiative widths in
the reaction Tm'ss(e, y)Tm"' have been measured.
The spectra in the "between-resonance" regions have
been obtained, and by combining this data with the
partial widths of the resonances, multilevel analyses
of the partial cross-section ratios in these regions have
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been performed. The strong interference eGects seen
in the off-resonance region can only partly be accounted
for by interfering levels; a direct amplitude term is
necessary to get good fits in general.

Lane and Lynn' have discussed the possibility of the
direct capture mechanism in the (e,p) reaction, where
an incident s-wave neutron is scattered into a final state
without the formation of a compound nucleus. This
direct capture can be encompassed by the R-matrix
theory by formally identifying it with the faraway
levels contribution to the dispersion sum. Similar con-
siderations lead to an entrance channel contribution
from the external region. ' Although this process has the
same resonant-energy dependence as the ordinary com-
pound-nucleus contribution, it is proportional to the
single-particle component of the capturing state. The
channel resonance contribution arises from the part of
the dipole integral for which r&R, and for which the
initial wave function may be simply regarded as the
target nucleus plus a single neutron. This situation

~ A. M. Lane and K. Lynn, Nucl. Phys. 17, 563 (1960); 17,
S86 (196O).

2 R. G. Thomas, Phys. Rev. 84, 1061 (1951).
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leads to the following relationship between the partial
radiation widths I'),~y and the reduced neutron width
r,„"

I'», ——It'S,„r„„a+a,
where E' is a constant, Sy„ is the reduced neutron
width of final state, and d includes residual terms,
arising from more complex configurations of the target
nucleons.

If the channel resonance contributions are strong, the
above equation implies that there must be strong corre-
lations between F),~y and I'), ', and also between Fq~y
and Sy„. These correlations are a crucial test of the
importance of this channel resonance contribution,
since otherwise it is indistinguishable from that of the
compound-nucleus contribution. So far the efforts to
determine experimentally the channel resonance and
the direct capture contributions have employed the
following three methods:

(1) Comparison between the calculated and the
experimental values of the partial and the total cross
sections. '

(2) Comparison between the (e,p) and the (d,p)
reduced widths. '

(3) Determination of the direct capture amplitude
from the interference effects between this amplitude
and the resonance amplitudes.

None of these methods constitutes a completely
unambiguous test. Usually there are many competing
factors which can make the transition strength of a
particular & ray anomalously strong or weak. Most of
the data for (1) and (2) is from the thermal neutron
capture. Ke shall see in the present work that these
intensities are in no way characteristic of the average
intensities from the resonances. These intensities at
thermal energies may be drastically changed by inter-
ference between the resonances. ' Even if the intensities
from a few resonances are observed, these may be
influenced by the Porter-Thomas distribution, ' be-

' C. K. Bockelman, Nucl. Phys. 15, 205 (1959);W. V. Prestwich
and R. E. Cotb, Phys. Rev. 155, 1223 (1967); L. V. Groshev and
A. M. Demikov, Yadern. Fiz. 4, 785 (1966) (English transl. :
Soviet J. Nucl. Phys. 4, 558 (1967)); H. Ikegami and G. T.
Emery, Phys. Rev. Letters 13, 26 (1964); B. B. Kinsey, G. A.
Bartholomew, and W. H. Walker, Phys. Rev. 85, 519 (1951);
H. U. Gersch, W. Rudolph, and K. F'. Alexander, Nucl. Phys.
54, 405 (1964).

4 O. A. Wasson and J. E. Draper, Phys. Letters 6, 350 (1963);
Nucl. Phys. 73, 499 (1965); D. Dorchoman, B. Kardon, D. Kish,
and. G. Samosvat, Zh. Eksperim. i Teor. Phys. 46, 1578 (1964)
/English transi. : Soviet Phys. —JETP 19, 1067 (1964)g; K. J.
Wetzt.'1, C. K. Bockelman, and O. A. Wasson, Nucl. Phys. A92,
696 (1967);V. D. Huynh, S.de Barros, J.Morgenstern, C. Samour,
J. Julien, and G. LePoittevin, Proceedings of the International
Conference on the Study of Nuclear Structure with Neutrons, Antwerp,
1N5 (North-Holland Publishing Co. , Amsterdam, 1966), p. 551.

'O. A. Wasson, M. R. Shat, R. E. Chrien, M. A. Lone, and
M. Beer, Phys. Rev. Letters 17, 1220 (1966).

6 R. E. Chrien, D. L. Price, O. A. Wasson, M. R. Shat, M. A.
Lone, and M. Beer, Phys. Letters 25$, 195 (1967).

'R. E. Cote and L. M. Sollinger, Phys. Rev. Letters 6, 695
(1961).' C. E. Porter and R. G. Thomas, Phys. Rev. 104, 483 (1956).

cause in the resonances the compound-nucleus contribu-
tion (internal region) is usually much more important
than the external channel contributions. Thus, unless
these e6ects are taken into account, the correlations or
the anticorrelations observed in Refs. 1 and 3 may have
little significance.

The third method is the attempt to observe direct
capture amplitude between resonances. Earlier work4
with Na(I) detectors yielded no definite results but
recently Wasson et al. s and Chrien ei al. using Ge(Li)
detectors have been able to establish its existence
definitely. In both these cases, the final states showing
direct capture have large (d,p) stripping strengths.

Tm" is well suited for applying methods 2 and 3.
There are many low-energy resonances and many bound
states in Tm'" have p-orbital components. Thus, from
a knowledge of the partial radiation widths Fq~y, we
shall be able to determine the correlations between the
I'q~y and the reduced neutron widths of the resonances.
Several high-energy p rays are found to be quite strong,
thus the direct capture contribution to the states
populated by these transitions can be determined by
carrying out the interference analysis.

Tm" is a deformed odd-odd nucleus, whose 69th
proton configuration is described by the Nilsson orbital
—',+L411j belonging to a dsis single-particle state. The
ground-state neutron configuration is described by the
-', —L521j orbital, belonging to a pals single-particle
state. From the work of Sheline and his co-workers, '
it is found that there are five states below an excitation
energy of 240 keV with J&2, in which the last neutron
is in the p orbital.

In the previous studies of Tm'"(rz, y)Tm"s with
thermal neutrons, the ground-state transition, although
F=1 in character, is found to be very tweak. %e shall
see that this anomalous intensity is explainable in
terms of level-level interference. Resonance spins and
the level scheme of Tm'" will also be examined.

EXPERIMENTAL METHOD

A preliminary account of some aspects of the present
work. , mainly the correlation between partial widths of
'ssTm(n, y)'reTm, may be found in Ref. 10.

This work was done at the fast chopper facility of the
high-Aux beam reactor (HFBR) at Brookhaven National
Laboratory. This facility has been described earlier by
Chrien and Reich." A sample of 192 g of powdered
Tm203 inside an aluminum container, 7)&7&(1.5 cm,
with 0.8-mm walls, was placed at an angle of 45' to
the neutron beam at a Bight path of 21.7 m; a 10-cc
Ge(Li) detector with a resolution of 12 keV at 7 MeV

9 R.. K. Sheline, C. E. Watson, B. P. Maier, U. Gruber, R. H
Koch, O. S. Shultz, H. T. Motz, E. T. Jurney, G. L. Struble~
T. V. Egidy, T. H. Elze, and E. Beiber, Phys. Rev. 143, 857
(1966).IM. Seer, M. A. Lone, R. E. Chrien, O. A. Wasson, M. R.
Shat, and H. R. Muether, Phys. Rev. Letters 20, 340 (1968).

I R. E. Chrien and M. Reich, Nucl. Instr. Methods 53, 93
(1967).
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was used for p-ray detection. The relative efficiency of
the detector, as obtained from an independent experi-
ment with thermal neutrons on a CC14 sample, is shown
in Fig. 1. Ratios of the full energy to double escape and
single-escape to double-escape areas are shown in Fig. 2.

Standard low-noise preamplifiers and amplifiers and
a 2048-channel pulse digitizer were used for these
measurements. The electronics, other peripheral equip-
ment, and data acquisition methods have been de-
scribed in detail by Shat et al."The over-all linearity of
the electronic system is shown in Fig. 3.

A time-oMight spectrum taken at 12 000 rpm with
1-p,sec charm 1 width and 16-@sec initial electronic
delay is shown in Fig. 4. All events which deposit
more than 1.56-MeV energy in the detector are included
in this spectrum. The error bars under the peaks show
the time regions selected for obtaining the pulse-height
spectra from these resonances. Small bumps near
channels 630, 500, and 300 are due to an Er impurity in
the sample and belong to the resonances at 5.98, 9.38,
and 26 eV in Er'"', respectively. A spectroscopic
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FIG. 2. The ratios of full energy and single-escape-peak area
to double-escape-peak area for the j.0-cm' Ge(Li) detector used
in~~this experiment.

'2 M. R. Bhat, B. R. Borrill, R. E. Chrien, S. Rankowitz, B.
Soucek, and O. A. Wasson, Nucl. Instr. Methods 53, 108 (1967).
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FIG. 1. Relative efficiency for double-escape-peak areas for
j.0-cc Ge(Li) detector. The intensities for thermal neutron capture
in chlorine I L. V. Groskev, A. M. Demidov, V. N. Lutsenko, and
V. I. Pelekov, Atlas of Gamma Ray Spe-ctra from Radt'at& e Capture
of Thermal Neutrons (Pergamon Press, Inc. , New York, 1959)g
were used as a basis for this curve.

analysis of the sample shows that this impurity is less
than 0.1%.Other major sources of background include
the scattered neutrons oG the sample. This background
was studied for a general case by Chrien" by placing a
carbon sample which scattered 98% of the beam at the
sample position. A proper thickness of Li or I-i~C03
in front of the Ge(Li) detector is suKcient to eliminate
most of the scattered neutrons below 100 eV from
reaching the detector. For the present experiment, a
carbon slab equal in area to the Tm.oe sample and
thickness whose scattering is equivalent to potential
scattering from the sample was placed in the beam.
Normalized time-of-Aight spectra for three diferent
samples are shown in Fig. 5. We see from this figure
that in this region the background due to scattered
events is less than 13%.This is also evident from the
peak-to-continuum ratio in the spectrum shown in
Fig. 4.
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DETERMINATION OF y-RAY ENERGIES
AND PARTIAL WIDTHS

Figure 6 shows several typical pulse-height spectra,
from the resonances at 3.9, 14, 17, and 29 eV. As we shall
see later the peaks marked 1, 2, 3, 4, and 5 are of the
transitions to the final states of spins 1, 2, 0, 2, and 2.
The difference in the appearance of these transitions
from the strong resonances at 3.9 and 14 eV reftects the
difference in the spins of these resonances. The 17-eV
resonance presents an interesting case. All of these
transitions except No. 1 are weak, which indicates that
the resonance spin might be 0, yet the interference
analysis as discussed in the section on nonresonant
capture shows that the spin of this resonance is 1.
Similar spectra were obtained from other resonances.
The changes in the relative intensities of various y
rays from one resonance to another resonance as ex-
pected from the Porter- Thomas distribution are
clearly visible. The spectrum from the thermal neutron
capture is shown in Fig. 7. The complexity of this
spectrum is noteworthy. Peaks corresponding to the
numbers marked on the channel axes are well resolved
in spectra from the resonances. The ground-state
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transition in this spectrum is very weak, although this
is the strongest transition in the 14-eV spectrum. This
fact and many other features (discussed later) clearly
indicate that the thermal spectrum does not represent
a characteristic spectrum from any resonance (although
the 3.9-eV resonance dominates in the thermal region)
or a good average over all of the capturing states.
This difficulty is usually present in interpreting the
results of thermal neutron capture.

The peak positions are determined by direct examina-
tion of the pulse-height spectra and also with the help
of a computer program which can resolve closely spaced
peaks. This program makes a skew Gaussian fit. to the
peak. The function is of the form

II expL —(x—a)'(1—eb)/2o'],

where 8=-1 for x(u, 8=0 for x& u, and u is the position
of the peak, II its height, , and b the degree of skewness.
Any of the variables H, a, b, and |T can be kept fixed or
varied.

From Fig. 3 we see that the system is quite linear in
the region between 600—1500 channels. In this region,
at a gain of 3.774 keV/channel, the integral nonlinearity
is 0.21 keV per 100 channels. The error in the p-ray
energy determination due to this nonlinearity is less
than the uncertainty in the peak positions due to the
statistics. The system gain is obtained from the posi-
tions of the single-escape and the double-escape peaks,
and the positions of the 6556.4- and the 5945.0-keV
p-ray peaks with the help of the pulser. The p-ray
energy scale is calibrated with respect to the 6556.4-
and 5945.0-keV p rays, taken from the work of Ref. 9.
The p-ray energies are computed from the positions of
their respective double-escape-peak positions.

The areas of the two escape peaks of the p rays are
determined in each pulse-height spectrum. The relative
peak area of a y ray f in a spectrum from resonance X
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FIG. 5. A comparison of the time-of-Qight spectra for the (a)
thulium sample, (b) carbon scatterer, and (c) no sample cases.
The background contamination of the thulium spectrum is seen
to be very small.

is defined as

ax~r ——A),~r/A A,

where A),~~ is the double-escape-peak area corrected
for the detector efficiency. Aq is the sum of the counts
in the whole of the spectrum belonging to the resonance
X. Ke assume that A), is a measure of the neutron
capture in the resonances P; then

a)„r= (1/k) (o g f/pg, )= (1/k) (I"g f/1, ),
where 0.~~~ is the partial capture cross section and 0),~
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is the total capture cross section. I'»f and I'~~ are the
partial radiation width and the total radiation width,
respectively, while k is a constant independent of the
capturing state. In a spectrum from the thermal
neutron capture,

~t~vf (l / ~)l&»7f ~

where Itgyf is the intensity per neutron capture of the
y ray f following thermal neutron capture. We use the
intensities measured in Ref. 9 to evaluate this constant
k. The value of k obtained from the data available on

several intense high-energy y rays from this reference
ls

k =4.0~0.34,
and the units are such that

kQ»f = I/7 f ~

where I»f is equal to the number of primary photons
of energy Ezf per neutron capture in the resonance P.
The partial radiation width of this p ray in the reso-
nance X is then given by

~)yf Ixyf~' y ~
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The energies and the intensities of the primary p-rays
are given in Table I.The uncertainty in the p-ray energy
is &3 keV unless otherwise stated. The errors in the
intensities are statistical and do not include the system-
atic error due to k. The upper limits given for some of
the high-energy p rays are equal to twice the standard
deviation.

LEVELS OZ Tm»o

The ground-state spin and parity of Tm'" is 2+. From
s-wave neutron capture, states of 0+ and 1+ character
will be formed. Many of these resonance states can be
assigned spins on the basis of observing primary transi-
tions to the 6nal states in Tm'".

Sheline and his co-workers have investigated levels
in Tm'" by a combination of (d, p) and thermal (e,y)
experiments. ~ Nilsson orbital assignments are given in
that reference for all states below 427-keV excitation
energy. In the present experiment, we assume that the
primary transitions have electric dipole character. These
transitions have final-state spins and parities 0, 1,
and 2 .Below 427 keV all 0, 1,2 states are identified
by Sheline as excited neutron configurations.

Table II compares the states excited in the present
experiment with those observed by Sheline. The observ-
ed transitions in the present experiment are in all cases
consistent with the spin assignments proposed by
Sheline with the following important exception: Sheline
has proposed y-vibrational states at 411, 456, and 512
keV based on the E= 1 ground-state band, and a state
at 662 keV based on the E=0 band. None of these
states are populated in the present experiment, although
the dipole selection rules permit populating the propos-
ed 1 411-, the 2 456-, and the 2 662-keV levels.

It is suggested by Sheline et al. that the fact that only
excited neutron configurations are populated in the
(n,y) reaction indicates the presence of a direct reaction
mechanism. Ke shall present other evidence for a direct
mgchanjsm in the sectton on oonresonant capture.

The spin assignments for the initial states (reso-
nances) ca,n be made by considering the transitions
denoted by lines 1, 2, 3, 4, and 5 in Table I. The spins
of the final states are 1,2, 0—,2—,and 2, respectively.
The presence of line 3 to the 0 final state unam-
biguously fixes the resonance spin as 1+. The absence,
however, of this line does not necessarily indicate a
0+ resonance, because of the broad distribution of
partial radiative widths. All five transitions are allowed
from a 1+ resonance, but only the ground-state line 1
should be observed in a 0+ resonance. The pulse-height
spectra from the J=1 3.9-eV resonance and the J=O
14-eV resonance clearly demonstrate this.

The 14- and 17-eV resonances have spectra which
appear to be similar, in the absence of observable
transitions to low-lying spin-0 and spin-2 states. How-
ever, the interference analysis to be described in Sec. VI
clearly demonstrates that the 17-eV resonance has
spin 1. This case illustrates the effect of Porter-Thomas
Quctuations on making spin assignments based on
failure to observe a p ray allowed by the spin selection
rules. The probability that lines 2, 3, 4, and 5 are
jointly weaker than the experimental sensitivity has
been calculated to be about 20%, based on the X'
distribution with one degree of freedom for radiative
widths. Thus, the interference analysis is not incon-
sistent with the observed 17=eV spectrum.

The spin assignments for resonances observed in the
present experiment are tabulated in Table III.

STATISTICAL PROPERTIES OF
PARTIAL WIDTHS

In Fig. 8 we compare the reduced y widths of the
11 high-energy y rays as observed in several resonances.
In Fig. 8(a), Iq„"'refers to the intensity of the protons
observed at a 45' angle. The intensity by itself is not
proportional to the reduced width of this final state.
(See section on theoretical estimates of direct capture
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TAnLE II. Levels populated in Tm"9(n, y)Tm" and Tm'"(d p)Tm"0 reactions.

Line
No.

8
9

10

12

13

14

0.0
37.5

149.0

1
0, 2

0, 2

204.6 0, 2
218.9 0,2
237.9 0, 1, 2

590.6

649.0
683.1
694.4

735.9

784.9
~6
822.7

1
1

0, 2

0, 2

0, 2

Present work
E, (keV)

(~ ~) Jwa

2.5 1
395 2

115.0
149.6 0
183 3c 4 3+
208.2 2
218.2 2
236.6 1
269.6 3
353.2 3, 4
380.4 4
427.3
446.2 3
542.1
587.8
609.9
650.2
689 6c

1+ 2'

717.9

753.9
787,0

841.4

Sheline et al.b

E (keV)
(d,p)

Line
No.

14b
15

19
20

21
22
23
24
25
25c
26
28
28b
29a
29
30
31
32
33
35
36
37
38
39
40

864.2
909.5

1075.6
1040.8
1047.6
1165.9
1177.3
1196.3
1211.4
1233.9
1267.9
1380.5
1435.2
1445.4
1471.8
1517.1
1543.4
1611.5
1643.5
1675.6
1792.9
1822.8
1845.9
1860.6
1944.3
1954.9

0, 2
0, 2

0, 2
0, 1, 2

0, 2
0, 2
0, 2

1
0, 1, 2

1
1

0, 1, 2
0, 2
0, 2

1

0, 1, 2
1

0, 1, 2
1

0, 1, 2
1
1

0 2
0. 1, 2

Present work
L. (keV)

(~,v)

Sheline et al.b

F (keV)
(d p) Jx

865.2
915.7
985.8

1069.2

1152.9

' Parity of all the levels is negative, unless mentioned." Reference 9. ' Appear to be doublets.

cross section. ) If all these states were excited by /„= 1,
then Id„45 will be proportional to the reduced width,
except for a possible Jr dependence. The Figs. 8(b)
through 8(n) give the values of the relative reduced
widths Bpyf B)yf/PIBqrr—, where Bq~r ——I'q~r/E~r' for
several neutron resonances. Distributions of these
reduced widths differ from resonance to resonance, as
expected from the fact that compound-nucleus forma-
tion is the predominant mode of the capture mechanism.
In Fig. 8(o), the thermal reduced widths are shown.
Figure 8(p) gives the value of the B&,~r averaged over
12 spin-1 resonances, whereas Fig. 8(q) gives Bz~r
averaged over 14 spin-1 and -0 resonances. From the
former it is noticeable that there is no systematic
dependence of B)„~on tee final-state spin. In the latter
the reduced width of the final states of spins 0 and 2

are smaller than those of spin 1. This difference stems
from the fact that spin-1 final states are populated by
F.-1 transitions both from spin-1 and spin-0 capturing
states, whereas spin-0 and spin-2 final states can be
populated from spin-1 resonances only. In fact,

(Brr)J~= 1
—= 1.54~0.15~0.31,

(B,r)~.=o,2

where B~y is the average over 14 capturing states. Also

(B.~)J~= 1—= 1.3a0.1~0,33,
(B~r)Jr=0, 2

(B., )(J=o)

(B.,r)(J= 1)
= 2.84&0.34.

TABLE III. Spin assignment of Tm'" resonances.

Resonance —eV

3.92
14.4
17.5
29.1
34.8
38.0
44.8
50.7
83.4

Jb Present work

0
ic
1
1
1
1
1
1

' P. P. Singh (private communication), quoted in Brookhaeen NationalI aboratory Report No. 3Z5 (U. S. Government Printing Office, Washington,
D. C., 1966), 2nd ed.. Suppl. 2.

b M. Asghar, M. C. Moxon, and C. M. Chaffey, in Conference on Study
of Nuclear Structure unth Neutrons (North-Holland Publishing Co., Amster-
dam, 1966).

& A preliminary value of 0 for this level is quoted in Brookhaoen National
Laboratory RePort No. 3Z5 (U. S. Government Printing Office, Washington,
D. C., 1966), 2nd ed. , Suppl. 2.

"J.M. Slatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley 8z Sons, Inc. , Net York, 1958), p, 648,

where 8~~ is the average over 12 spin-1 capturing states.
The error (0.1) is due to the experimental uncertainties
and (0.33) is the statistical error for a limited sample.
The reduced width to a final state depends upon the
level spacing at the capturing states as predicted by
Blatt and Weisskopf. "This is evident from the value of
the ratio
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LLI
CL

0

CL

M 0..
2— (b)

I I I I I

3.9 eV

I l.

where E is the number of resonances, is given for each
line. The correlation coeKcient, averaged over final
states, is

p= (1/15)grpr ——+0.274.

2:-p-I I

2—
o

(c) I7.0

(d) 29.0

A statistical analysis of the significance of this ob-
served correlation between partial radiative widths and
neutron reduced widths of the capturing states has

2:
Q

I

2:
p I I

2:
p ~.

LLJ

O
~ 2-

2

CO

2—
o

2:
p I I

2:
Q I

2:
0

2:
p I

2:
. I

2—

(e) 34.8

I

(&) 38.0
I t

(g) 44. 0

(h) 50 7

54, 59

(~) 83.o

(k) .95,95

(I ) I i 5.p

(m) i4. o

63,65
I

THERMAL
(o)

(p)

20 ~

0

2—

o

2—

o i

2—

o

p = —O. i3

(2) p = + 0.74

(3) p =+0.2

I ll I,
(4)

(5)

p = 0.35

p = -0.14

(6) p =+O. I8

(7) p =+0.44

(8) p =+0.44

l l I l I I I I I J j

0
4

2—

0
(q)

Ill i t i ll lg

200 400 600
E,„(keV)

800

2—

o l
Fro. g. The relative reduced radiative widths, Bq~r =I'z~r/E„', —

for thulium. The d,p intensities at 45' are shown for comparison
P'g. g(a)3.

(9) p =+ 0.53

(i2) p = —0.07

(io) p = O. I6

The error is for a sample size of 10 for the numerator
and 16S for the denominator.

Contrary to the lack of knowledge of the final-state
reduced widths the reduced neutron widths of the
resonances are known. If channel contributions as pre-
dicted by Lane and Lynn are present, the reduced
partial radiation widths must show a correlation with
the reduced neutron widths. Figure 9 shows such a
comparison. In the top diagram of this figure, the values
of I'q„e/(I'q„') are given for various resonances up to
115 ev. Other diagrams give the values of 1'q r/(1'&, r)q

for several high-energy p rays. The p-ray numbers are
the same as in Table I. The correlation coefficient,

p

(i4) p =+o 75

(i4b) p =+ o. i

(is) p = -O.24

I I II I I

(l9) p =+0.79

p =+O.68

I I il l

0 20 40 60 80 IOO l20
E„(eV)

&~(»,r—(A,y)) (1'~ '—(1'x-')) (&—1

P~(&,r—(&),,y))'P), (&'~.'—(1'x.'))'$"' & &

I"ic. 9. The relative radiative widths for 9 J=-1 resonances for
15 final states. The correlation coefficients p~=corr(I'), Ip),f} are
indicated and the relative reduced neutron width is shown.
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been published elsewhere. "It is shown in Ref; 10 that
the probability is less than 1% to obtain a correlation
coefficient of 0.274 or higher for an uncorrelated X'

distribution with one degree of freedom for the statis-
tical sample composed of eight resonances and 15 final
states. There is, then, a negligible probability that the
observed correlation is a statistical fluctuation.

Shown in the bottom row of Fig. 9 is the average,
over Gnal states, of these 15 transitions. The correla-
tion coe%cient of the average width and the neutron
reduced width is +0.68. The nonzero value observed
in the present experiment may be interpreted as a
manifestation of the channel capture hypothesis of
Lane and Lynn. ' The correlation coeS.cient for each
individual transition is also displayed in Fig. 9.

NONRESONANT CAPTURE

Pulse-height spectra for several off-resonance neutron
. energy regions below 25 eV were obtained and o.„rr/o„r
determined for these spectra. This ratio is plotted
against neutron energy. The background due to the
scattered beam was studied by placing a carbon sample
of equivalent neutron scattering powder. The normalized
time spectra for Tm~03, C, and no sample are shown in

Fig. 5. The maximum background contribution at 10
and 25 eV is less than 13%%uq.

A detailed curve fitting has been carried out for 10
of the strongest transitions. We illustrate this procedure
by a discussion of several examples. These examples are
chosen to be representative of the kinds of fits obtained
for these 10 partial cross-section ratios. In several
cases equally good fits were obtained by varying the
partial width of the bound level, postulated at —4 eV,
and altering the relative signs of the product of the
reduced width amplitudes for the resonant states,
QI'„qs+I'&, r~. In other instances, a range of acceptable
fits was found within experimental statistics. For these
cases, it is not possible to specify an unambiguous value
for the direct amplitude parameter D~', a range of Df'
values, however, can be specified. In all attempts the
same value of Df for both spin states, I~» is assumed.
Table IV summarizes the partial radiative amplitudes,
and their phases, which yielded the best fits to the data.
The best-fit curves and discussion are presented below
for the 1 ground-state transition, the 2 level at
205 keV, and the 1 level at 591 keV.

Occasionally, an observed partial width was varied
within statistical error, to secure a better fit to the
experiment.

Tmr.E IV. Resonance amplitudes for ground, 37.5-, 149-, 204.6-, 237.9-, 590.6-, 649.0-, 683.1-, 735.9-, and 857.4-keV states. Note
that the signs shown actually apply to the amplitude product QF„&'grq~. The quantity D, which represents the quantity DP defined
in the text, is dimensionless.

Resonance

—4.00
3.92

14.33
17.44
29.10
34.83
38.00
44.80
50.70
59.00
66.00
93.50

. 94.00
115.00
130.00

Resonance

—4.00
3.92

14.33
17.44
29.10
34.83
38.00
44.80
50.70
59.00
66.0i)
93.50
94.00

115.00
130.00

1
1
0

1
1

1
1
0
0
1
1
1

E„=6594
D=6X10 '

1.98
1.19
3.80
0.90
1.50
0.72
1.02
1.06
0.97
1.10—1.03—1.10
1.10
0.79
1.26

E~ =6356
D=O
—0.28

1.54
0.0
0.88
0.0
0.88—1.4—1.9
0.0—1.0
1.2
0.0
0.0
1.2—0.4

E~=6556
D=O

4.0
2.5
0.0
0 6a

—1.34—0.70
1.10—1.0
0.0—0.64
0.0
0.0—1.0—0.6—0.7

E~=6356
D=6X10 '

—0.48
1.54
0.0
0.8
1.0
0.88
1.4
1.9
0.0
G.O
0.0
0.0
0.0
0.0
0.0

E~=6556
D=3X10 '

6.0
2.5
0.0
0.6'

—1.34
0.70—1.10—1.0
0.0—0.64
0.0
0.0—1.0—0.6—0.7

E„=6003
D=G

—1.8
1.32
3.28
1.02
0.0
0.0—0.30—0.30
0.0
0.0—1.16
0.0—1.40—1.20
0.0

—PAR
D=O

—0.8
1.32
0.0
0.69—0.84a

—0.78—1.58
0.0—0.56—0.4
0.0
0.0—0.4
102

0.0

E~ =5945
D =6X10-'

—1.6
2.44—0.66
0.99—1.51
1.17
1.94
0.42
1.07
0.97—0.68
0.0—1.48—1.26
0.0

QAAA

D=6X 10-'

—0.8
1.32
0.0
0.69'
0.0
0.78
1.58
0.0
0.56
0.4
0.0
0.0
0.4
1.2
0.0

E~ =5911
D=O

—0.80
1.54
0.66
0.0—1.16—1.17—0.73—0.46—0.90
0.0
0.0
0.0
0.0
0.0
0.0

E~=6389
D=O
—2.8

1.52
0.0
0.66'

—1.0—1.2
102—1.32—0.8—1.0
0.0
0.0
1% 1—0.8—0.84

E~ =5858
D=O
—0.60—1.24

0.0
0.61—099
1.53
0.95
1.97—0.56—1.0
0.0
0.0
0.0
0.0
0.0

E~=6389
D=8X10 '

30 1
1.44
0.0
0.66
1.0
1.2
1.2
1.32—Og
0.0
0.0
0.0
0.0
0.0
O.G

E~=5736
D=O

—2.2
1.9g
0.0—1.50—0.88—0.74
0.84—1.4
1.68—0.92
0.0
0.0
0.0
0.0
0.0

a Upper limit.
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The points in Fig. 10 represent the experimental
values of the ratio n„~//u r. Vertical bars are the statis-
tical errors and the horizontal bars represent the neutron
energy region. The arrows on the energy axis show the
positions of the resonance. The curves are computed
from the formula

rr„rf (grl'), n I'gr f)
D '+2

~ E—E,+-,'ir, I

(g I' „"I',)'" '

E—Eg+~ii ),

in which it is assumed that all the interference terms in
the total capture cross section sum to zero. Df' is the
direct or potential capture amplitude for the final
state f evaluated at 1 eV. The dotted curve (single
level) is calculated by ignoring all interference terms in
the partial capture cross section. The discrepancy be-
tween the dotted curve and the experimental points
indicate the presence of the interference between
resonance amplitudes. The data show a destructive
interference below the 3.9-eV resonance and a con-
structive interference above this resonance. Similarly,
there is a destructive interference below and a construc-
tive interference above the 14-eV resonance. The strong
destructive interference at thermal energy indicates the
presence of at least one bound level with spin 1~ There
is also a discrepancy of (36+10) b between the measured
and the calculated value (from the positive energy
resonances) of the total cross section at thermal. This
discrepancy is only (3~8) b at 1 eV, indicating that
the bound state is quite close to thermal energy. Various
bound levels with both spins were tried but one near.
—4 eV with spin 1 gives the best results for the inter-
ference analysis and also explains the discrepancy in the
total capture cross section. The nature of the inter-
ference effects in the 4- to 14-eV region clearly indicates
that these resonances have different spins. Similarly,
constructive interference on the high-energy side of both
the resonances at 14 and 17 eV indicates that these
resonances do not interfere and their spins are different
Thus, the 17- and 3.9-eV resonances have the same

I I I

Tmq Oq Ey* 6389 keV
FIT No. 4004
D*8xl05

MULTI LE V EL
—-- SINGLE lEVEL

b
t I

x
b

I

I
I

I

I

t

Tm& 0~ Ey = 6389 keV
FIT No. 45 12
D = 0

MULTI LEVEL
SINGLE LEV F L

t I

28
I

24
I

20

I'

t 'tI I I

l6 I 2

E„(eV)

FIG. 11. o.„yf/tT 7 curve for 204.6-keV state.

B. y Ray No. 4—E,„=205 keV, E~= 6389 kev, J"= 2

spin. This conclusion is reinforced by the interference
a nalyses for the other p-ray transitions. The solid curve
is obtained by including all the cross terms in the
preceding equation. The resonance amplitudes and
their phases are given in Table IV. The amplitudes of
positive energy resonances (up to 130 eV) are calculated
from the measured partial radiation widths of these
resonances. The direct capture cross section for the
ground state at 1 eV is

an(1 eV) = 2.3 mb.

Sheline has assigned the ground state as the E= 1
bandhead of the p-', L411[.]; rt, -,' L521$1 configuration
It is strongly fed in the (d,p) reaction.

O. I

b

0.0 I

b

O.OOI

0.000 I
I

24

I I

TITIAN 0~ E„=6593 keV
FIT No. I65
DI+I/2 DI- I/2

= 6 x IO

MULTI LEV El———SINGLE LEVEL

I t I t I

20 l6 I 2~ E„{eV)

The transition to this state shows a constructive
interference at thermal energies, as is shown in Fig. 11.
Hut the nature of such an effect above the 17.4-eV
resonance is not clear. For the lit (4004) the curves are
calculated by assuming a nonzero value of the direct
amplitude which produces destructive interference
above the 17.4-eV resonance. On the other hand, curves
for the fit (4512) are calculated by assuming a zero
value of the direct amplitude which yields constructive
interference in the same region. Both the curves seem to
ht the data equally well. The amplitudes are given. in
Table IV. The limits on the direct capture amplitude
Df' are

FIG. 10. a „~f/a„„curve for ground state 0&Dfo& 8)& 10 5
~
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This state is identified in Ref. 9 as the E= 2, 2 state
with the neutron in the -,'L512t'j configuration. It is
weakly fed in the (d,p) reaction.

C. y-Ray Peak No. 'l—E, =591 keV,
E„=6003 keV, J =I

The transition to this state shows a strong construc-
tive interference at thermal energies, as is shown in
Fig. 12. The solid curve obtained with Df =0 fits the
data quite well. The curves calculated with nonzero
Bf do not fit the data. The resonance amplitudes are
given in Table IV. It is concluded that for this & ray

b

b

O.OI =

0.OOI ——
T

O. OOOI =

0.0000l
28 24

I I

Tp Oy Ey a 6005 keV
FIT No. 75 I I

D=O—MULTILEVEL--- SINGLE LEVEL

I f I

20 I6 I2

—E„(ev)

Df'=0.

The existence of this state in the d, p data is described
as doubtful. ' It has not been assigned an orbital con-
figuration in the analysis of Sheline.

THEORETICAL ESTIMATES OF DIRECT
CAPTURE CROSS SECTION

The cross section for the direct capture of a neutron
to a final state of spin, Jf, assuming hard-sphere scat-
tering, is given in Ref. 1 as

where E„is the neutron energy in eV, gy is the statistical
factor given by

gg [ps'(2J——f+1)j/6(21+1),
where I is the spin of the target nucleus and the number
of terms in this summation is equal to the number of
channel spins s' which satisfy the relationship

Jg ——s'+lr,

where l~ is the orbital angular momentum of the final
state. For Tm" at 1-eV energy,

~ =(ooo127)gf rYL()+3)/(y+1)j'b,

Pro. 12. o „~r/0 „„curve for 590.6-keV state.

where Y' is a dimensionless quantity and is equal to
k~~'E' and kN~ is the wave number corresponding to the
binding energy E&& of a nucleon state

I
1V&).The quantity

Ez& is approximately equal to E~f, the energy of the
p-ray transition which populates the final state, while

Hf' is the reduced width of the final state and is unity
for a pure single-particle state. In Table V calculated
and experimental values of the direct capture cross
section for 1-eV neutrons are compared. The calculated
values in column 6 are in units of 8~'. Noting that the
maximum value of 9~'= 1, we see that the experimental
values are not inconsistent with the calculated values.

In principle, ep can be obtained from the Tm'ss(d, P)-
Tm" reaction. The differential cross section or the
intensity of the proton groups observed at a fixed angle
in such an experiment is given by"

I~,„' Ado/da, ——

da/d(o= (2Jf+1)/(2J, +1)fQ S(p((e)},

St ——+8;p,

where Jf, J; represent the residual state and target
nucleus spins, respectively, q ~ the intrinsic single-

Tax,z V. The direct capture cross section wy . The bracketed numbers are tentative. The line number corresponds to Table Z.

Line
No.

1
2
3
4
6
7
8
9

11
14

Z, (MeV)

6.5939
6.5564

6.3893
6.3560
6.0033
5.9448
5.9108
5.8580
5.7365

1~;„(keV)

0.0
37.5

149.0
204.6
237.9
590.6
649.1
683.1
735.0
857.4

1
2
0
2
1
1

(1=)
(1 )

(0, 2 )
(0, 2 )

)~S

1
(1, 3)

1
(1, 3)

1

(1}
(1)

(1, 3)
(1, 3)

Lane-Lynn
(1eV)Xe '

(mb)

15.5
13.0
3.0

13.0
15.5
15.5
15.5
15.5

3—13.0
3.0—13.0

I4"(d,P)

1.0
0.15~0.04
0.68+0.09
0.1 ~0.06
0.86+0.09
0.04~0.02
0.23~0.04
0.13&0.04

Expt.
0~(1 eV}

(mb)

2.3
0—0.6
0—2.3
0—4.2
0—2.3

0.0
2.3
0.0
0.0
0.0

The bracketed numbers are tentative.

"G.R. Satchler, Ann. Phys. (N. Y.) 3, 275 (1958).
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particle cross section, and S~ the spectroscopic factor,
containing the nuclear structure information.

Satchler'4 has calculated the 0, ~, or reduced width
amplitude, for a deformed rotating nucleus, in terms
of the Nilsson quantum numbers E and Q. The expres-
sion for 0;~ is the following:

0~~(&'n*,&mr) = al (2~'+&)l(2J~+ &)]'"(Jfx~
I I'z

az, n,an, )(~, l ~,)c,,(n,~n;).
The Clebsch-Gordan coefficient represents the prob-

ability of finding the incident neutron and target
nucleus in correct alignment for nucleon transfer, while
the C;~ expansion coefficient represents the fraction of
the spherical state I';~ contained in the intrinsic Nilsson
orbital. The effect of the overlap factor (qual q, ) for the
vibrational components is not important for low-lying
excitations.

For odd-odd residual nuclei lik.e Tm", various values
of / may contribute to each final state, as can be seen
from the above equation.

Actual measurements of the angular distributions in
Ref. 9 suggest that for the final states 1, 2, 3, and 6 in
Table V, /„ is 1, although the t = 1. and 1=3 distributions
are not very different. These and all other states re-
ported in this table are of negative parity and hence
can only be excited with t = 1 or 3(7~&2) in the (d,p)
reaction. If the final-state spin is 1, l„must be 1. But
if the final-state spin is 2, l„can be 1 or 3. Presence of
the primary transitions to the states numbered 7, 8,
and 9 from the zero-spin resonances indicates that the
spin of each of these states is 1, thus /„ is also 1. The
spin of the final state 4 is 2 and no definite assignment
of the l„can be made. Similarly, /„ can be either 1 or 3
for the states 11 and 14, since their spins are unknown.

Table V shows a comparison between the I~„45 of a
final state relative to the ground state and the direct
capture cross section for the same Gnal state. For the
states numbered 2, 7, 9, 11, and 14 a small or zero value
of I~„45' is associated with a small or zero value of D'.
On the other hand, for the states 1, 3, and 6 a large value

of Ig„4' is associated with a large value of D', although
in case of 3 and 6 no definite commitment can be made.
In case of the state 4, a small value of the relative width
of the final state could be due to an incorrect l„assign-
ment. If l„ for this state is 3 instead of 1 the reduced
width will be much larger. The final state 8 is the only
state which shows a reverse trend. The fits obtained for
this p ray are not very satisfactory. It is difficult to say
whether the lack of the correlation in this case is due to
the poor fit or some other reasons. The balance of the
evidence indicates that final states with large 1=1
components can be associated with nonzero values of
the direct amplitude.

CONCLUSIONS

In this work we have measured the energies and the
partial radiation widths of many primary p-ray transi-
tions following neutron capture in several resonances.
The average intensities, i.e., averaged over capturing
states of the same spin, show no marked dependence on
the final-state spin. On the other hand, the average
intensity to a given final state show strong dependence
upon the level spacing at the capturing states as pre-
dicted by Blatt and Keisskopf. From the interference
effects between the resonance amplitudes for a par-
ticular final state and the strength of the primary transi-
tions to final states of known spin, the spins of several
resonances have been determined. The final states up to
400 keV populated by the primary tran. sitions are con.-

sistent with the level scheme proposed by Sheline et ul. ,
'

except that there seems to be no evidence for the y
vibrational bands proposed in this reference. A nonzero,
positive correlation between the partial radiation widths
and the reduced neutron widths is observed in this
experiment. This is interpreted as the "channel capture"
suggested by Lane and Lynn. The nonzero direct ampli-
tudes necessary to fit the neutron energy dependence for
partial cr'oss sections for transitions feeding states with
strong 3=1 components confirm the importance of the
direct mechanism in the (e,y) reaction.


