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The y-ray spectra following slow-neutron capture in a target of Rh have been measured
with the fast-chopper time-of-flight facility at the high flux beam reactor at Brookhaven
National Laboratory. A total of 145 radiative intensities, involving transitions from seven
resonances and 16 unresolved resonances, to levels in Rh' have been recorded. A neutron
binding energy of 6999.3+1.5 keV is obtained. From these high-energy y-ray data, several
spin assignments for levels in Rh are made. The distribution of transition probabilities in
rhodium is not consistent with the Porter-Thomas distribution; values of v=2.70+0 ~

450 and
&=2.45 0 40 are obtained as best fits to the class of X distribution functions to spin-0 and
spin-. 1 resonances, respectively. The gross shape of the y-ray spectrum shows an enhance-
ment of strength to states near 1 MeV in excitation energy, both for thermal and resonance
capture. It is shown that this enhancement is not due to a direct-reaction process, and it is
suggested that the presence of doorway states may be responsible for this enhancement.

I. INTRODUCTION

The level density of the odd-odd nucleus Rh"' is
expected to be very high at low excitation energies.
Precise measurements of the low-energy y rays
emitted following thermal-neutron capture have
been previously made by Gruber' and Melioranskii,
Kalinkin, and Estulin (MKE).2 Using these data to-
gether with the Ritz combination principle, MKE
have reconstructed the level diagram for the low-
lying states in Rh'~.

The number of low-energy y rays that have been
observed is very large. Schults observed 255 y
rays in the energy range 32.22 to 406.31 keV, with
an average spacing of 1.66 keV. This leads to a
large probability of accidental combinations. Thus,
the direct observation of the levels, through (d, P)
or high-energy (n, y) measurements, forms the
best way for identifying and verifying the existence
of low-lying states.

The high-energy y-ray spectrum of thermal-neu-
tron capture has been investigated previously. 4 '
Thermal-neutron capture in Rh' ', however, is
completely dominated by the 1.257-eV resonance.
Since resonance-capture y spectra display large
fluctuations in intensity, the study of the y spectra
of the resonance capture in a number of resonanc-
es is necessary for the observation of a more de-
tailed structure in Rh'~.

II. EXPERIMENTAL CONDITIONS

These measurements were performed at the fast
chopper facility' of the high flux beam reactor of

Brookhaven National Laboratory. A sample of 198
g of natural rhodium (Z=45, A = 103) in powdered
form, wrapped in a thin aluminum foil, was used
as the capturing sample. This was placed in the
neutron beam at the 22-m station at an angle of
45' to the direction of the beam as shown in Fig.
1(a). The sample was viewed by a 4-cm' Ge(Li)
planar diode detector which was placed outside the
collimated neutron beam. Standard low -noise pre-
amplifiers, amplifiers, and a 2048-channel pulse-
height digitizer were used for these measurements.
The detector was shielded with both Li' and wax in
order to reduce the probability of scattered neutron
capture in the detector and its associated structur-
al supports. The over-all resolution of the detec-
tor was observed to be 6 keV for a y-ray energy of
about 7.3 MeV.

The events were recorded in digital form on mag-
netic tape, from which the desired spectra were
later assembled.

In order to cover the neutron energy range from
thermal to over 200 eV with adequate resolution
and neutron intensity, two chopper speeds were
used. A group of four runs was taken using a chop-
per speed of 3000 rpm with timing channels 4 p.sec
wide and covering a neutron energy range 0.15 &E„
&30 eV. A second group of six runs was taken with
a chopper speed of 10000 rpm and timing channels
1 psec wide in which neutrons of energy 19 &F.„
&907 eV were covered. Supplementary data at high-
er neutron energies were recorded at the 48.8-m
flight station, taking advantage of the annular sam-
ple geometry shown in Fig. 1(b). The high solid
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FIG. 1. Experimental arrangement showing the geom-
etry of the sample and the detector. (a) Regular geom-
etry. (b) Annular geometry.

angle afforded by this geometry compensates for
the lower beam intensity at this flight path.

The y-ray spectrum was obtained for y rays
which deposit energies within the range from 2.998
to 6.854 MeV at a gain of 2.046-keV per channel.

Four more tapes were recorded at the 3000-rpm
chopper speed, with a mixed target of rhodium and
chromium in the beam. These runs were used for
calibrating the y-ray energies.

A run was also taken with a carbon scatterer in
the beam at a chopper speed of 10000 rpm and was
used to estimate the background contribution to the
continuum.

The over-all continuous running time of the ex-
periment was three weeks.

III. DATA REDUCTION

The time-of-flight spectrum obtained for the res-
onance-neutron capture in rhodium at 22-m flight
path is shown in Fig. 2(a). As seen in the figure,
three resonances are completely resolved. These
are the previously determined' p-wave resonances
at 34.4 eV and the two s-wave resonances at 46.7
and 68.3 eV. Four more s-wave resonances are
seen to be adequately resolved from one another.
These are the resonances at 95.6, 125.5, 154.2,
and 187.0 eV. These are not, however, resolved
from neighboring weak p-wave resonances. Be-
cause of the smaller neutron widths for p-wave lev-
els, the contribution to the y-ray spectra from
these resonances is expected to be very small com-
pared with the contribution of the s-wave resonanc-
es. Thus the observed spectra in the overlapping
region is mainly due to the s-wave levels, which
are adequately resolved. The limits for which p-
ray spectra were obtained are indicated in Fig. 2

by the brackets underneath the peaks. The scan
over the peak at the high-energy end of the neutron
time-of-flight spectrum corresponds to captured
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FIG. 2. Neutron time-of-Qight spectra for rhodium.
(a) Regular geometry (upper figure). (b) Annular geom-
etry (lower figure). The effect of neutron capture in
the germanium detetector is displayed in the broad back-
ground peak near 100 eV. This is associated with a
resonance in Ge 3 at 102 eV.

neutrons of energies from 530 to 900 eV. This
rpnge includes 16 resonances, seven of which are
known to be l=0 resonances, six have l=1, while
the l values for the remaining three are not known.

The neutron energy range covered by the low-
energy run (3000 rpm) includes only the s-wave
resonance at 1.257 eV. Although the low-energy
cutoff in this run is 0.15 eV, the low-energy end
of the neutron spectrum (0.15 &F.„&0.49 eV) was
taken as equivalent to a thermal-capture run. This
is justifiable, since the thermal capture is com-
pletely dominated by the 1.257-eV resonance.

The y-ray spectrum obtained following thermal
capture is shown in Fig. 3. The energy and rela-
tive intensity for a yray were obtained from the
respective double-escape peak position and area
using the peak-fitting program as described else-
where. 9 The energy scale was calibrated using the
chromium lines 7100.2 and 6644. 5 keV which were
measured by Kane and Mariscotti' from the Crs'-
(n, Z)Cr'A reaction. Pulses from a highly stable
pulser were used to correct for the system nonlin-
earity over the energy range covered in the experi-
ment.
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FIG. 3. p-ray spectra for thermal-neutron capture in rhodium.

The intensities were normalized to absolute val-
ues by comparison with the absolute intensities of
Rasmussen et a/. ' for thermal-capture y rays. The
energies and intensities obtained in this experi-
ment are listed in Table I. The errors in energy
include only the uncertainty in the peak position
and do not include the uncertainty in the absolute
energy scale, which is believed to be 1.5 keV.

A value of 6999.3+0.2 keV for the ground-state
transition in Rh'" was obtained in this experiment.
This is in very good agreement with the values ob-
tained in other independent measurements. A val-
ue of 6999+ 3 keV was measured by Hughes, Ken-
nett, and Prestwich (HKP). ' No systematic differ-
ences with energy are seen in comparison with
either Refs. 5 or 6.

Since the y-ray intensities were normalized to
those of Rasmussen et al. ,

' the agreement between

the two measurements is good, as would be expect-
ed. The absolute values reported by HKP are
about a factor of 2 larger than what we obtained.
However, the relative intensities are in better
agreement.

The list of Table I includes 119 transitions with
energies greater than 4135 keV which were not re-
ported previously. This is due to the fact that the
existence of many transitions was exhibited from
resonance-capture spectra and due to the improve-
ment of the resolution over the other measure-
ments.

The y-ray spectra following capture in the indi-
vidual resonances are shown in Figs. 4 and 5. The
y-ray intensities following resonance capture were
normalized to absolute values using the thermal
run after correcting for the background contribu-
tions to the spectra. The carbon run was used to
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TABLE I. Energies and intensities of y rays emitted in thermal-neutron capture in rhodium, and in broad epithermal-
neutron energy ranges for the reaction Rh (n, y)Rh

(keV)
Qg

(keV)

0.14 &E„&0.487 eV
I

(No. /1000) (No. /1000)

0 14 &&n &15 V
I

(No. /1000) (No. /1000)

2 2 &En &900 eV
I . lU

(No. /1000) (No. /1000)

6999;3
6948.0
6902.3
6820.2
6814.3
6801.9
6785.6
6768.0
6762.6
6753.4
6731.3
6726.6
6657.5
6615.3
6576.8
6514.5
6484.0
6476.6
6459.6
6419.9
6413.5
6406.9
6397.1
6379.7
6354.4
6302.4
6287.1
6210.8
6206.5
61S3.2
6182.5
6171.8
6163.9
6133.5
6109.2
6100.6
6092.1
6082.8
6067.4
6056.3
6046.0
6026.0
6017.0
6011.3
5989.8
5966.6
5948.6
5934.9
5927.1
5916.5
5906.5
5880.9
5847.7
5836.5
5820.4
5812.2
5803.4

0.2
0.3
0.6
0.4
0.3
1.0
0.1
0.8
0.6
0.8
0.5
1.0
1.1
0.3
0.5
0.3
0.4
0.3
0.3
0.3
1.5
0.5
0.8
0.7
0.3
0.2
0.2
0.2
0.3
0.3
0.3
0.1
0.5
0.2
0.1
0.3
0.9
0.1
0.5
0.8
0.1
0.3
0.4
0.6
0.2
0.4
0.2

0.4
0.0
0.4
0.2
0.4
0.8
0.7
0.3
0.7

1 ~ 76
0.30
0.19
0.24
0.44
0.13
4.75

—0.01
0.26
0.06
0.04
0.30
0.18
0.88
0.00
0.52
0.48
0.36
0.24
1.09
0.12
0.25
0.10
0.14
4.54
1.88
0.00
8.02
0.47
1.30
0.73
6.82
0.59
0.15
2.63
0.07
0.03
5.83
0.15

-0.09
8.46
0.15
0.18
0.13
1.38
0.39
0.86
0.54
1.11

12.85
1.30
1.18
0.02
0.54
0.00
3.48
0.26

0.11
0.11
0.12
0.11
0.10
0.11
0.14
0.09
0.09
0.11
0.12
0.19
0.12
O.ll
0.13
0.09
0.14
0.30
0.16
0.14
0.15
0.11
0.12
0.13
0.15
0.15
0.13
0.18
0.17
0.17
0.17
0.24
0.22
0.20
0.11
0.11
0.17
0.20
0.17
0.21
0.22
0.19
0.19
0.14
0.13
0.16
0.21
0.23
0.28
0.29
0.25
0.12
0.20
0.22
0.20
0.13
0.14

1.63
0.51
0.33
0.24
0.49
0.39
5.40
0.24
0.32
0.07
0.00
0.33
0.20
0.67
0.09
0.46
0.27
0.28
0.40
1.19
0.31
0.37
0.36
0.43
4.11
1.77
0.90
7.41
1.20
1.60
1.37
6.90
0.97
0.67
3.86
0.83
0.77
6.40
0.72
0.50
8.22
0.45
0.39
0.51
1.84
0.70
1.06
0.44
1.06

11.92
1.81
1.33
0.49
0.96
0.25
3.35
0.20

0.06
0.05
0.05
0.05
0.06
0.07
0.12
0.06
0.05
0.07
0.11
O.ll
0.06
0.07
0.12
0.05
0.14
0.07
0.06
0.08
0.14
0.07
0.07
0.07
0.17
0.07
0.17
0.20
0.18
O.ll
0.12
0.31
0.26
0.08
0.09
0.08
0.08
0.13
0.09
0.13
0.15
0.09
0.09
0.09
0.09
0.11
0.09
0.09
0.15
0.19
0.35
0.10
0.11
0.22
0.16
0.12
0.14

1.83
0.92
1.48
1.30
0.79
0.51
7.45
0 43
0.27
0.41
0.51
0.13
0.25
1.08
1.10
2.66
0.64
0.95
2.21
2.41
0.93
0.67
0.61
0.68
3.03
1.30
1.71
3.66
1.37
1.27
1.95
5.10
1.92
3.22
5.57
1.02
1.23
6.38
0.83
1.32
4.78
1.61
1.52
0.82
2.83
0.93

1.00
2.05
6.48
1.58
0.95
1.28
1.13
0.58
2.05
0.64

0.06
0.08
0.10
0.11
0.09
0.10
0.11
0.07
0.12
0.08
0.11
0.11
0,10
0.10
0.18
0.30
0.06
0.07
0.13
0.12
0.13
0.11
0.13
0.14
0.18
0.12
0.18
0.24
0.23
0.19
0.19
0.23
0.20
0.53
0.17
0.13
0.16
0.19
0.17
0.21
0.23
0.14
0.14
0.15
0.48
0.16

0.18
0.16
0.18
0.16
0.14
0.13
0.14
0.10
0.11
O.ll
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TABLE I (Continued)

jV

(keV) (keV)

0.14 &E„&0.487 eV
lU I

(No. /1000) (No. /1000)

0 14 &En &15 eV
I DI

(No. /1000) (No. /1000)

2.2 &E„&900 eV
I AI

(No. /1000) (No. /1000)

5797.8
5786.8
5766.6
5757.7
5743.0
5734.0
5713.5
5708.4
5695.1
5688.8
5674.1
5656.0
5648.3
5634.4
5616.5
5604.4
5587.9
5574.8
5566.1
5546.6
5527.0
5521.0
5507.6
5493.6
5476.2
5472.5
5463.3
5456.8
5458.3
5441.4
5434.5
5422.9
5418.5
5399.2
5391.5
5364.5
5354.9
5346.5
5333.7
5323.0
5311.5
5298.0
5266.4
5257.3
5251.0
5237.7
5223.1
5217.6
5203.8
5186.8
5180.2
5173.1
5152.8
5142.9
5133.6
5123.4
5106.9
5094.0

0.2
1.0
0.4
0.4
O. B

0.8
0.5
0.8
0.4
0.9
0.2
1.0
1.0
0.4
0.2
0.3
0.3
0.6
0.6
0.2
0.3
0.2
0.2
0.5
0.6
0.4
0.3
0.6
0.7
0.7
0.3
0.2
0.3
0.6
0.7
0.4
0.5
0.2
0.9
0.4
0.4
0.7
0.1
0.6
0.4
0.2
0.5
0.4
0.2
0.6
0.6
0.7
0.2
0.4
0.8
0.5
0.4
0.3

5.21
0.25
0.61
0.86
0.83

—0.06
0.37
1.42
1.11

-0.16
1.61
0.37
0.01
0.48
2.89
1.27
0.63
0.00
0.06
2.44
1.69
5.16
1.33
0.19
0.12
1.25
1.98
0.78

-0.19
0.00
2.79
1.66
1.59
0.46
0.65
0.21
0.68

14.48
0.71
1.99
0.70
0.39
9.06
1.15
1.19
2.04
1.03
1.13
5.22
0.44
1.04
1.09
5.68
0.95
1.20
0.02
1.57
1.30

0.15
0.18
0.19
0.20
0.14
0.14
0.20
0.20
0.14
0.16
0.19
0.13
0.14
0.10
0.21
0.28
0.16
0.22
0.22
0.20
0.24
0.25
0.23
0.24
0.17
0.13
0.23
0.22
0.20
0.17
0.20
0.16
0.17
0.18
0.17
0.28
0.24
0.29
0.25
0.18
0.17
0.17
0.30
0.26
0.26
0.15
0.15
0,16
0.28
0.35
0.34
0.35
0.29
0.24
0.19
0.20
0.41
0.42

4.84
0.37
0.88
0.94
0.67
0.35
0.78
1.12
1.85
0.56
2.55
0.52
0.33
0.79
8.85
2.55
1.24
0.25
0.35
2.82
2.36
5.61
2.02
0.85
0.63
1.77
2.76
0.75
0.49
0.60
2.41
2.14
1.99
1.19
0.89
1.65
1.64

13.99
2.46
2.23
1.26
0.72
8.82
1.69
1.53
2.41
1.20
1.44
4.88
0.85
1.29
1.23
4.81
1.19
1.57
0.44
1.99
1.46

0.10
0.16
0,10
0.10
0.10
0.10
0.14
0.22
0.11
0.11
0.18
0.11
0,11
0.13
0.11
0.16
0.13
0.11
0.13
0.18
0.22
0.23
0.15
0.16
0.16
0.14
0.16
0.16
0.17
0.18
0.14
0.11
0.12
0.15
0.13
0.51
0.22
0.22
0.33
0.19
0.18
0.18
0.15
0.13
0.13
0.11
0.11
0.12
0.28
0.14
0.14
0.25
0.27
0.12
0.12
0.12
0.22
0.17

2.75
0.91
1.29
0.75
0.88
0.91
1.55
2.17
1.65
1.25
1.25
0.71
1.21
1.13
1,79
1.98
1.68
0.79
0.69
1.37
2.22
2.57
1.13
0.75
1.29
0.97
1.71
0.27
0.70
0.59
1.51
1.52
1.50
1.02
1.00
1.52
1.39
8.32
0.99
1.44
0.97
0.71
4.18
1.76
0.98
2.28
1.47
1.28
2.08
0.59
0.98
1.21
2.49
0.77
0.98
0.69
1.52
1.18

0.11
0.11
0.14
0.15
0.11
O.ll
0,21
0.23
0.25
0.24
0.23
0.18
0.11
0.14
0.13
0.14
0.15
0.14
0.15
0.15
0.18
0.18
0.14
0.14
0.11
0.14
0.11
0.17
0.11
0.14
0.13
0.13
0.13
0.19
0.24
0.15
0.14
0.62
0.14
0.13
0.12
0.12
0.19
0.19
0.19
0.22
0.18
0.19
0.38
0.13
0.17
0.18
0.25
0.25
0.24
0.26
0.21
0.15
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TABLE I (Continued)

(keV) (keV)

0 14&En &0 487 eV
I AI

(No. /1000) (No. /1000)

14&En &15 V
I AI

(No. /1000) (No. /1000)

2.2 &E„&900 eV
I AI

(No. /1000) (No. /1000)

5082.2
5070.0
5060.2
5036.9
5081.4
5020.9
5004.8
4978.3
4972.7
4960.8
4950.0
4928.0
4918.6
4900.6
4890.8
4863.2
4858.2
4848.2
4838.7
4834.1
4824.3
4811.8
4800.6
4778.6
4773.4
4765.5
4751.1
4743.8
4735.2
4724.9
4709.3
4697.4
4690.4
4671.0
4665.0
4649.2
4642.9
4628.9
4614,2
4601.9
4595.1
4586.8
4579.5
4568.1
4563.0
4549.3
4542.8
4536.4
4522.2
4515.4
4502.2
4483.9
4478.7
4455.9
4444.6
4429.1
4417.7
4407.7

0.5
0,4
0.8
0.7
0.6
0.3
0.8
0.8
0.5
0.6
1.2
0.6
0.3
0.3
0.6
1.1
0.9
0.4
0.8
0.2
0.5
0.8
0.6
0.6
0.7
0.5
0.6
0.5
0.8
0.3
0.5
0.6
0.4
0.5
0.5
0.6
0.8
0.6
0.5
0.9
0.6
0.4
0.3
0.9
0.9
0.7
0.6
0.6
1.0
0.4
0.4
0.4
0.3
0.6
0.2
0.6
0.3
0.4

0.88
1.00
0.80
0.37
0.52
2.76
2.32
0.86
1.08
1.25
0.18
2.27
4.04
2.46
0.18
0.57
2.02
1.59
0.81
8.84
0.90
0.56
0.92
0.79
0.80
0.86
1.31
j 47
0.00
2.73
0.46
1.40
2.12
1.39
2.05
0.73
0.75
5.26
1.05
1.17
1.68
0.44
1.66
0.25
0.45
1.05
2.24
1.58
0.42
1.29
1.65
0.96
3.15
0.55
2.94
0.35
0.35

-0.28

0.20
0.21
0.32
0.29
0.21
0.88
0.32
0.21
0.23
0.19
0.29
0.21
0.20
0.23
0.29
0.40
0.85
0.27
0.26
0.26
0.26
0.22
0.22
0.28
0.27
0.84
0.23
0.24
0.31
0.32
0.36
0.86
0.85
0.30
0.81
0.38
0.46
0.51
0.27
0.22
0.21
0.20
0.37
0.45
0.45
0.40
0.40
0.39
0.58
0.46
0.49
0.42
0.34
0.28
0.25
0.37
0.37
0.33

0.43
1.28
1.08
0.45
0.57
2.46
2.56
0.16
1.70
1.10
0.68
2.45
4.54
2.19
1.09
0.85
1.70
1.77
0.76
8.98
1.18
1.54
1.17
1.18
1.80
1.25
1.39
1.94
1.10
3r 17
1.00
1.69
2.47
1.53
2.37
1.25
1.10
6.16
1.50
2.28
2.07
0.88
1.58
0.76
0.50
1.66
2.64
1.92
0.69
a.50
1,85
2.11
2.99
0.97
3.a4
1.09
1.60
0.76

0.13
0.13
0.12
0.12
0.12
0.26
0.13
0.12
0.18
0.19
0.21
0.38
0.26
0.26
0.29
0.12
0.21
0.19
0.18
0.18
0.18
0.19
0.15
0.14
0.27
0.24
0.20
0.21
0.19
0.19
0.12
0.27
0.26
0.35
0.38
0.18
0.20
0.39
0.18
0.64
0.46
0.12
0.12
0.51
0.52
0.24
0.24
0.24
0.15
0.18
0.16
0.22
0.22
0.13
0.20
0.17
0.13
0.13

1.21
1,15
0.88
0.56
0.56
1.58
1.50
1,13
1.35
1.18
0.79
1.61
2.74
1.64
1.03
0.74
0.88
1.21
0.79
1.77
0.90
1,09
1.79
0.99
0.96
1.07
1.19
1.00
1.02
1.80
0.81
1.08
2.45
1.30
1.16
0.81
1.28
1.72
1.01
1.08
1.80
0.74
1.11
1.51
1.86
1.48
0.99
1.36
0.43
0.48
0.65
1.30
1.91
0.58
1.68
0.00
0.79
1.09

0.20
0.21
0.22
0,13
0.13
0.14
0.12
0.21
0.20
0.28
0.28
0.25
0.25
0.24
0.28
0.17
0.21
0.17
0.12
0.12
0.12
0.21
0.32
0.42
0.24
0.19
0.38
0.25
0.25
0.21
0.23
0.16
0.38
0.21
0.20
0.24
0.20
0.20
0.17
0.21
0.21
0.17
0.15
0.15
0.17
0.35
0.81
0.32
0.19
0.20
0.26
0.14
0.13
0.13
0.15
0.27
0.15
0.25
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TABLE I (Continued)

Ey
(keV) 0 eV)

0.14 &E„&0.487 eV
I

(No. /1000) (No. /1000)

14 &En &15 eV
I

(No. /1000) (No. /1000)

2.2 &E„&900 eV
I lU

(No. /1000) (No. /1000)

4398.1
4892.0
4384.2
4377.4
4368.7
4360.3
4854.8
4843.5
4334.9
4326.9
4321.8
4310.1
4302.6
4294.5
4287.9
4282.9
4270.2
4256.8
4248.8
4241.9
4233.9
4222.6
4216.2
4198.8
4187.2
4181.4
4171.6
4165,3
4158.6
4146,3
4132.1

0.3
0.6
0.6
0.5
0.9
0.5
0.3
0,4
0.4
0.6
0.3
0,5
0.2
0.5
0.8
0.7
0.5
0.4
0.5
0.9
0.5
0.6
0.4
0.8
1.0
1.5
0.8
0.8
0.4
0.6
0.4

1.50
0.64
0.07
0.06
0.24
1.28
1.73
1.04
0.68
1.38
1.39
0.14
2.74
0.94
0.00
0.82
0.76
1.26
1.48
0.54
1.12
0.44
0.91
0.10
0.56
0.87
0.09
1.16
1.47
0.00
1.10

0.81
0.31
0.32
0.32
0.29
0.80
0.32
0.21
0.23
0.37
0.41
0.32
0,31
0.29
0.40
0.54
0.40
0.38
0.36
0.37
0.39
0.37
0.36
0.35
0.34
0.35
0.38
0.38
0.36
0.43
0.35

2.23
1.44
0.98
0.94
1.36
1.80

1.67
1.63
1.36
1.38
2.59
1.25
3.39
1~33
1.54
0.61
1.77
2.25
2.18
1.64
1.69
1.21
2.29
1.09
1.39
1.53
1.34
1.50
2.46
1.46
1.77

0.16
0.16
0.13
0.20
0.18
0.24

0.26
0.18
0.13
0.20
0.21
0.19
0.18
0.19
0.20
0.21
0.32
0.24
0.24
0.24
0.24
0.17
0.16
0.21
0.36
0.33
0.22
0.21
0.19
0.19
0.17

1.79
0.93
0.11
0.-87

0.73
1.02
0.87
0.50
0.45
0.72
0.60
0.67
1.28
0.35
0 44
0.89
0.97
1.45
0.60
0.62
0.98
0.20
1.07
0.45
0.90
0.34
1.45
0.46
0.33
0.35
0.37

0.26
0.27
0.24
0.28
0.27
0.28
0.22
0.19
0.17
0.22
0.21
0.18
0.17
0.26
0.16
0.16
0.27
0.26
0.17
0.17
0.28
0.20
0.28
0.29
0.27
0.13
0.32
0.13
0.27
0.80
0.33

determine these background contributions.
The y-ray intensities obtained for neutron cap-

ture in the different resonances for 145 final states
are listed in Table II. These intensities reflect the
wide fluctuations generally observed in resonance-
capture spectra. Since thermal capture is dominat-
ed by one resonance, these fluctuations show the
importance of the capture study in other resonanc-
es in obtaining information about final states in
Rh'~

IV. CAPTURING STATES

The ground state of Rh"' is a 2 state, thus cap-
ture of an s-wave neutron leads to states with spin
0 or 1 . On the other hand, p-wave capture will
lead to the formation of states with spin 0', 1', or
2'. Intensities from neutron capture in the 34.4-
eV P-wave resonance could not be determined, be-
cause of the lack of sufficient statistics which
could give Meaningful results. The strongest tran-
sition in the spectrum of this resonance has an en-
ergy of 6407 keV, as shown in Fig. 6. The inten-

sity of this transition is estimated to be about 10
photons per 1000 neutron capture in the resonance.
Of the s-wave resonances studied in this experi-
ment, the 46.7-, 95.6-, and 154.2-eV resonances
had all been assigned' a spin 0, while the reso-
nances at 1.257, 125.5, and 187.0 eV had been as-
signed' as 1 . No previous spin assignment had
been made for the s-wave resonance at 6S.3 eV.
Although, in general, a spin assignment to a reso-
nance level can be made by observing its decay to
low-lying states, such an assignment was not pos-
sible for this resonance owing to the fact that only
one of the transitions proceeding from this level
populates a final state with a unique spin assign-
ment. This is the transition to the 1' ground state,
which can be populated via an El transition from
either spin 0 or 1 .

A relatively strong transition (-0.5 the single-
particle estimate for El transitions) with energy
6902 keV is observed in the spectrum of the 95.6-
eV resonance. This transition, which is not ob-
served for thermal neutrons, populates the second
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FIG. 4. y-ray spectra
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ture in rhodium.
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excited state at 97 keV. This state has been de-
termined to have a spin of 2' by Greenwood" from
the decay of the 5' isomeric state at 129 keV. The
95.6-eV resonance has been assigned a spin of 0
by Trochon, Lottin, and Rubin" and independently
by Vfang et a/. "from transmission and scattering
measurements. The only possible transition con-
necting such initial and final states will give rise
to M2 radiation. Since M2 transitions have never
been observed in high-energy y-ray transitions,
this implies that if the spin assignment of 2' for
the 97-keV state is assumed certain, the 95.6-eV
resonance should have a spin of 1 and not 0 .
This agrees with the tentative assignment of Mox-
on and Rae (see Ref. 2).

In order to ascertain that this transition arises
from neutron capture in the 95.6-eV resonance and
not in the P-wave resonance at 98.7 eV, an addi-
tional run was taken with a Qight path of 48.9 m
with an annular geometry as shown in Fig. 1(b).
Scans over the energy regions corresponding to

the positions of the unresolved 95.6- and 98.7-eV
resonances showed conclusively that the above-
mentioned transition belongs to the 95.6-eV reso-
nance.

V. LOW-LYING STATES

Level diagrams for Rh'~, as determined from
low-energy y rays and electron-conversion mea-
surements, are given in the compilation of Bar-
tholomew et al. '4

VYhile transitions from a capturing state of spin
1 can proceed to a final state of spin 0', 1', or
2' by E1 radiation, only states of spin 1' can be
populated by E1 transitions from 0 capture levels.
Thus, it is possible to identify the 1' low-lying
states whenever they are populated strongly follow-
ing capture in 0 resonances. Furthermore, since
only high-energy transitions of E1, M1, or F2 mul-
tipolarity are observed experimentally, only final
states of spin 1', 1, or 2 can be populated from
the decay of the 0 levels. One, however, should



1801RE SONANC E NEUTRON CAP T URE IN Rh'

200-

160-

120-
En= 95+6, 98.7 eV

40-

0 I III

160— E„~113.9, 125.5 eV

FIG. 5. y-ray spectra
for resonance-neutron cap-
ture in rhodium.
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be careful when applying these restrictions to the
weak transitions observed in this experiment,

ade for the contri-since no correction has been ma e o
in 1 levels nor for thebution of adjacent overlapping

possible contributions from captu re in the unre-
solved p-wave levels.

The final states below 700 keV to which transi-
tions are observe xnd in this experiment are shown

se obtainedin Fig. 7. The spins indicated are those obtaine

om the observed high-energy transxtions usmgfrom e o
th arguments presented above, pe argu

nments based on previous work citcited in Ref.assignmen s
with Ref. 14 shows that14. A comparison of Fig. 7 with Re .

of the 29 levels previously observerved below 645 keV,
13 are populated by high-energy y- yr -ra transitions.
A close doublet at 266 8 and 269.3 keV and the dou-
blet at 524. 5 annd 524.7 keV, assigned from the low-
energy y-ray-ray spectra are seen as a sing e s a e
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TABLE II. Energies and intensities of y rays observed in the resonance-neutron capture in rhodium for the reaction
Hh~ 3(n, y) Hh~ . Intensities are expressed in photons per 1000 captures.

E& E„=1.257 eV E„=46.7 eV
(keV) I m I

En=68.3 eV
I lU'

En=95.6 eV
I DI

En = 125.5 eV
I

E„=154.2 eV
I lU

E„=187.0 eU
I AI

530 &E„&907 eV
DI

6999.3 1.38 0.11
6948.0 0.43 0.08
6902.3 0.19 0.08
6820.2 0.37 0.18
6814.3 0.33 0.18
6801.9 0.27 0.16
6785.6 5.81 0.21
6768.0 0.36 0.14
6762.6 0.24 0.11
6753.4 0.00 0.17
6731.3 0.35 0.15
6726.6 0.45 0.11
6657.5 0.30 0.10
6615.3 0.76 0.17
6576.8 -0,04 0.13
6514.5 0.42 0.16
6484.0 0.20 0.14
6476.6 0.08 0.14
6459.6 0.14 0.18
6419.9 0.76 0.19
6413.5 0.00 0.18
6406.9 0,19 0.19
6397.1 0.23 0.16
6379.7 0.25 0.14
6354.4 3.80 0.23
6302.4 0.90 0.22
6287.1 0.35 0.22
6210.8 7.61 0.25
6206.5 0.50 0.29
6193.2 1.75 0.17
6182.5 1.26 0.17
6171.8 6.85 0.24
6163.9 0.57 0.21
6133.5 0.69 0.23
6109.2 3.86 0.27
6100.6 0.76 0.22
6092.1 0.54 0.26
6082.8 6.95 0.30
6067.4 0.97 0.25
6056.3 0.91 0.40
6046.0 8.16 0.46
6026.0 0.54 0.17
6017.0 0.26 0.17
6011.3 0.40 0.17
5989.8 1.83 0.23
5966.6 0.60 0.23
5948.6 1.25 0.18
5934.9 0.78 0.16
5927,1 1,31 0.19
5916.5 12.71 0.25
5906.5 1.08 0.20
5880.9 1.13 0.25
5847.7 0.50 0.21
5836.5 1.35 0.22
5820.4 0.67 0.23
5812.2 2.94 0.24
5803.4 0.44 0.25

9.07
1.21
0.85
1,93
3.31

-0.21
2.61
0.87
0.76
1.15
0.00
1.01
0.53
1.93
5.31
1.47
1.11
0.85

14.74
5.51
1.15
0.64
0.90
1.92
1.62
0.95
2.54
9.12
0.64
2.86
2.30

15.60
2.62
3.90
3.59
1.32
0.33
0.24
0.26
2.86
6.05

11.53
0.87
1.75
0.90

-0.12
0.00
1.42
2.39
4.34
4.12
0.78
1.16
1.16
0.53
1.76
0.74

0.81
0.42
0.56
0.55
0.60
0.43
0.43
0.42
0.40
0.40
0.29
0,49
0.56
0.55
0.69
0.52
0.52
0.56
1.01
0.81
0.59
0.70
0,60
0.59
0.64
0.76
0.77
0.76
0.70
0.76
0.73
0.97
0.76
0.76
0.63
0.64
0.87
0.81
0.82
0.53
0.76
0.99
0.94
0.90
0.48
0.48
0.81
0.74
0.68
0.68
0.70
0.60
0.61
0.65
0.65
0.64
0.70

1.74 0.94
1.00 1.06
0.77 1.09
0.40 0.68
1.65 O.74
0.00 1.03
4.55 1.36
0.00 1.03
0.66 1.11
0.00 1.11
0.00 1.12
1.27 1.24
0.00 1.14
1.00 1.12
2.70 1.24
2.42 1.45
0.71 1.42
0.00 1.18
1.54 1.42
1.90 1.23
0.66 1.18
0.00 1.18
0.81 1-39
p.pp 1.15
2.94 1.51
3.37 1.56
O.OO 1.27
4.30
4.28
1.83 1.55
2.04 1.54

3.41
0.96
2.01 1.42
7.13 1.73
0.00 1.39
0.00 1.43
3.85 1.64
0.00 1.43
2.14 1.59
1.12 1.42
0.00 1.36
0.00 1.36
2.52 1.61
2.47 1.62
0.00 1.38
0.00 1.40
0.40 1.42
0.16 1.23
6.98 1.90
1.46 1.59
1.36 1.59
1.24 1.43
0.00 1.42
1.52 1.61
1.51 1.62
3.01 1.89

2.08
0.63
5.47
0.27
2.27
0.26
1.81
2.14
0.63
1.96
0.00
1o33
1.30
2.59
1.27
6.77
0.87
0.97
3.33
6.16
2.51
0.60
1.48

-0.19
3.20
2.35
0.27
3.80
3.29
1,36
2.18
4.94
5.85
1.69

11.18
0.91
0.19
6.45
3.48
1.92

10.03
1.17
0.70
5,02
1.82
4.65
1.69
0.91
3.64

13.68
3.22
1.92
2.73
1.71
3.48
3.72
1.79

0.63
0.51
0.75
0.49
0.57
0.78
0.70
0,75
0.90
0.72
0.65
0.61
0.60
0.51
0.49
0.76
0.63
0.79
0.81
1.11
1.30
0.87
0.57
0.55
0.69
0.76
0.69
0.70
0.72
0.65
0.61
0.82
0.75
0.61
0.75
0.69
0.87
0.92
0.92
0.85
0.94
1.00
1.17
0.90
0.57
0.57
0.72
0.91
0.69
0.82
O.81
0.72
0.72
0.75
0.85
0.81
0.88

2.46
1.47
1.74
1.29
0.42
1.64
5.12
0.11
0.54
0.83
2.36
1.58
0.00
2.07
1.20
4.86
1.66
1.64
1.62

17.97
1.58
1.01
0.42
0.59
6.78
3.76
1.67
1.99

16.85
0.75
4.50
4.26
3.92

16.77
3.35
0,49

-0.72
5.61
1.61
2.14
5.07
1.17
0.22
2.84
5.33
3.59
0.59
1.99
1.10
3.52
1.06
2.04
0.52
1.99

-0.07
1.20
2.30

0.67
0.56
0.52
0.62
0.67
0.70
0.73
0.57
0.72
0.86
0.54
0.43
0.78
0.83
0.87
0.75
0.70
0.89
0.99
1.15
0.87
0.83
0.77
0.66
0.63
0.86
0.77
0.78
0.89
1.08
1.10
1.02
1.07
0.75
0.62
0.62
0.75
0.73
0.66
0.94
0.78
0.94
1.05
1.02
1.01
1.02
0.68
0.68
0.72
0.99
1.01
0.96
0.92
0.91
0.82
0.59
0.63

1.76
1.61
0.49
1.84

-0.03
1.84

45.38
1.68
0.46
0.56
0.00
0.53
1,82
2.18
0.21
1.49
0.95
1.63
9.86
1.66
0.00
0.77
0.74
0.68
1.60
1.04

12.24
2.45
0.15
0.57

-0.12
17.75
2.02
3.16

16.31
1.92
2.83

10.21
1.35

-0.56
15.92
1.99
0.97
1.04
5.78
0.85
0.32
0.51
3.83
2.74
1.24
0.99
3.58
1.61
0.66
0.15
0.35

0.42
0.59
0.32
0.61
0.63
0.50
0.92
0.42
0.53
0.66
0.53
0.46
0.50
0.67
0.51
0.66
0.38
0.40
0.63
0.50
0.64
0.51
0.71
0.60
0.42
0.56
0.71
0.74
0.79
0.78
0,74
1.06
0.88
0.72
0.72
0.59
0.51
0.57
0.50
1.73
0.64
0.45
0.75
0.43
0.82
0.74
0.63
0.72
0.67
0.61
0.63
0.42
0.43
0.43
0.77
0.51
0.53

2.28 0.45
1.06 0.30
2.O2 0.48
0.03 0.54
0.83 0.61
0.79 0.53
7.39 0.54
0.58 0.60
0.00 0.54
2.30 0.57
0.77 0.56
0.16 0.45
0.32 0.34
1.20 0.86
4.53 0.49
2.74 0.73
1.M 0.53

-0.03 0.53
1.69 0.58
1.54 0.60
1.73 0.60

-0.01 0.61
0.58 0.48
0.85 0.42
1.24 0.46
3.57 0.71
1.27 0.49
2.46 0.64
1.89 0.74
0.46 0.53
4.50 0.57
7.p9 0.62
1.56 0.58
3.93 0.71
3.33 0.69
1.43 0.69
1.26 0.50
6.18 0.56
0.57 0.52
0.50 0.66
1.95 0.65
2.89 0.77
1.15 0.77
0.64 0.73
5.84 0.73
0.01 0.64
0.93 0.56
1.05 0.57
6.72 0.61
5.37 0.60
1.22 0.56
1.64 0.50
2.00 0.52
1.43 0.54
1.09 0.73
4.26 0.78
0.52 0.70

3.53
1.62
2.17
2.78
2.12
0.41
4.61
0.89
0.35
0.23
0.48
0.00
0.33
0.74
1.46
4.01
0.86
1.62
4.60
2.64
0.89
1.54

-0.04
0.06
6.36
2.18
3.07
2.51
0.25
0.57
4.46
4.54
0.57
3.71
5.61
0.98
0.74
4.83
0.53
1.98
2.41
2.02
1.10
0.61
2.51
0.90

-0.27
0.69
1.81
3.31
2.18
0.79
2.24
0.34
0.07
0.74
1.56

0.28
0.41
0.34
0.44
0.44
0.50
0.56
0.75
0.57
0.31
0.37
0.37
0.42
0.45
0.49
0.97
0,45
0.49
0.42
0.42
0.59
0.38
0.40
0.35
0.50
0.48
1.38
0.40
0.57
0.57
0.59
0.59
0.55
0.33
0.34
0.31
0.23
0.23
0.44
0.53
0.75
0.55
0.52
0.55
0.42
0.35
0.35
0.35
0.35
0.37
0.40
0.41
0.41
0.49
0.45
0.44
0.44



RE SONANC E NE UT RON CAPTURE Rhinos

TABLE II (Continued)

Ey
(keV)

En= 1 257 eV
I lU

E„=46.7 eV
I

En=68.3 eV
I lU

En = 95.6 eV
I lU

En 125.5 eV En = 154.2 eV En = 187.0 eV
I AI I M I

530 &En & 907 eV
I

5797.8
5786.8
5766.6
5757.7
5743.0
5734.0
5713.5
5708.4
5695.1
5688.8
5674.1
5656.0
5648.3
5634.4
5616.5
56o4.4
5587.9
5574.8
5566.1
5546.6
5527.0
5521.0
5507.6
5493.6
5476.2
5472.5
5463.3
5456.8
5453.3
5441.4
5434.5
5422.9
5413.5
5399.2
5391.5
5364.5
5354.9
5346.5
5333.7
5323.0
5311.5
5298.0
5266.4
5257.3
5251.0
5237.7
5223.1
5217.6
5203.8
5186.8
5180.2
5173.1
5152.8
5142.9
5133.6
5123.4
5106.9
5094.0

4.54
0.02
0.55
0.64
0.79
0.18
1.41
0.18
1.13
0.08
2.47
0.13
0.25
0.49
3.79
1.84
1.18
0.07

-0.02
2.03
3.15
4,79
1.65
0.67
1.46
0.18
2.50
0.30
0.00
0.00
1.83
1.50
1.39
0.49
0.85
0.90
0.49

14.72
1.32
1.69
0.89
0.32
9.12
1.14
1.24
1.95
0.76
1.16
5.25
0.99
0.56
1.27
5.66
0.81
1.02
0.31
2.06
0.97

0.26
0.22
0.18
0.18
0.20
0.18
0.20
0.23
0.18
0.19
0.21
0.26
0.17
0.21
0.26
0.22
0.23
0.19
0.20
0.21
0.26
0.26
0.22
0.23
0.27
0.30
0.31
0.30
0.27
0.30
0.22
0.22
0.23
0.29
0.29
0.29
0.30
0.36
0.30
0.25
0.23
0.25
0.29
0.26
0.25
0.29
0.32
0.35
0.27
0.24
0.26
0.26
0.29
0.29
0.29
0.26
0.33
0.31

1.15
0.55
0.97
1.94
0.08
3.57

-0.23
1.45
0.55
0.43
0.13
0.98
2.75
1.76
4,54
2.83
6.95
4.04
1.08
0.07
5.68
1.15
4.57
0.72
1.21

-0.69
2.27
1.43
0.00
2.73
1.45
3.53
1.49
5.96
0.86
0.49
0.97
6.50

-0.33
1.45
2.01
1.20
3.24
3.34
1.37
4.56

-0.56
1.28
2.14
1.74
1.58
1,02
3.20

-0.68
0.52
2.41
3.07
2.60

0.80
0.74
0.57
0.57
0.36
1.29
0.91
0.91
0.73
0.73
0.81
0.85
0.99
0.43
0.43
0.49
0.97
0.89
0.86
0.87
0.90
0.82
0.86
0.76
0.76
0.73
0.72
0.72
0.94
0.80
0.74
0.76
0.76
0.98
0.38
0.74
0.74
0.81
0.77
0.87
0.82
1.01
0.57
0.59
0.63
0.77
0.73
0.73
0.74
1.11
1.10
1.33
0.74
0,80
0.77
0.76
0.72
0.80

0.30
2.16
0.00
0.00
2.13
1.02
1.18
2.95
0.00
0.00
2.89
0.90
1.80
3.78
2.32
3+13
0.00
0.00
1.23
1.74
2.60
2.94
0.00
0.00
2.83
0.00
3.73
3.16
0.00
2.41
1.83
0.00
3.00
0.00
0.00
0.00
0.00
6.39
5.00
0.77
0.00
1.49
3.47
0.00
2.10
2.35
0.00
0.00
2.26
0.00
0.00
3.01

10.86
2.18
3.29
2.91
0.00
3.82

1.43
1.65
1.45
1.62
1.70
1.67
1.33
1.43
1.46
1.46
1.73
1.68
1.71
1.79
1.76
1.33
1,40
1.40
1.73
1.56
1.79
1.80
1.56
1.55
1.83
1.58
1.70
1.70
1.59
1,83
1.83
1.61
1.87
1.62
1.67
1.68
1.70
2.04
2.02
1.74
1.73
1.96
2.05
1.76
2.02
2,04
1.80
1.80
2.05
1.80
1.82
2.11
2.15
1.86
2.04
2.13
1.86
2.18

1.95
1.45
1.87
0.42

-0.27
0.51
0.85
0.39
5.17

2.06
0.00
2.10
2.65
2.56
2.98
2.39
2.32
1.81
0.31
2.81
2.51
5.25
1.29
2.36
2.65
0.61
0.87

-0.36
-0.08

2.20
1.08
4.02
2.42
2.26
3.69

11.03
8.85
3.54
1.55
0.00
2.08
8.24
2.98
0.76
2.35
1.32
3.75
6.32
2.26
2.47
4.19
1.82
3.02
1.61
2.02
1.15
4.38

0.79
0.91
0.75
0.73
0.79
0.60
0.85
0.82
0,91
0.82
0.78
1.03
1.09
0.75
0.72
1.11
0.88
0.82
0.81
0.88
0.85
0.82
1.14
0.81
0.90
0.88
0.79
0.81
aya3
0.96
0.82
0.81
0.91
1.06
1.06
0.99
1.11
1.09
1.02
0.63
1.17
0.61
1.24
1.17
1.17
1.15
1.43
1.36
1.21
0.93
0.93
0.93
1.17
1.38
1.29
1.21
0.85
0.88

4.10
1.42
3.17
2.95
0.00
4.46
1.61
3.05
2.20
0.54
1.48
0.00
2.30
3.06
2.47
3.97
3.03
2.17
4.58
0.00
0.00
2.22
1.39
1.39
0.17
4.18
1.02
0.57
2.76
4.86
0.51
3.06
1.85

-0.16
1.47
2.26
1.58
5.87
1.99
3.62
4.43
1,52
4.61
7.72
3.71
2.39
0.62
2.18
4.00

-0.83
0.94
0.87
3.68
0.94
3.52
0.78
1.82
1.87

0.89
0.67
0.87
0.86
0.96
0.29
0.86
0.84
0.83
0.89
0.54
1.10
0.52
0.70
0.57
0.70
0.49
0.48
0,51
1.15
1.17
0.72
0.61

0.77
1.11
3.12
1.74
2.77
1.82
1.99
1.27
8.53
0.98
0.57
0.00
3.77
4.29
2.21
4.o6
1.07
0.50
2.87
2.63
5.29
2.52
2.06

0.61 2.00
0.70 1.48
0,61 1.09
0.61
1.04
0.59
0.83

0.71
2.38
0.00
2.80

0.80 -0.20
0.77
0.77
1.27
1.26
1.02
1.01
1.26
1.02
1.08
0.97
0.97

2.33
0.32
2.13
0.21
1.02
0.00
9.58
1.50
0.70
1.53
2.28

0.54 2.39
0.57 1.61
0.57 -0.21
0.80
0.75
0.75
0.80
1.13

4 93
0.35
0.00
2 o37

2.23

1.07
1.52
1.24

0.59
0.00
3.17

1.16 2.65
0.63 5.67
1.37 10.80

1.15 2.95
1.18 -1.10

0.54
0.60
0.54
0.53
0.56
0.45
0.57
0.36
0.86
0.93
0.78
0.81
0.82
0.75
0.63
0.77
0.60
0.77
0.69
0.43
0.49
0.45
0.45
0.49
0.46
0.46
0.49
0.49
0.75
0.53
0.50
0.51
0.51
0.72
0.51
1.00
0.85
1.46
0.77
0.55
0.54
0.56
0.78
0.79
0.85
0.82
0.70
0.90
0.72
0.57
0.57
0.85
0.43
0.93
0.46
0.50
0.67
0.68

2.29
0.99
0.79
1.40
1.81
1.05
1.64
3.07
4.06
2.96
2.58
0.38
2.45
6.63
1.07
0.12
1.60
2.09
0.73
8.22
4.99
0.00
2.79
0.42
0.78
0.00
1.18
1.35
1.52

-0.26
1.19
1.46
2.17
0.82
1.76
2.08
1.67
5.04
3.37
0.89
0.70
0.14
0.61
1.18
0.79
0.50
2.33
1.50
0.74
1.20
0.90
3.31
0.07
1.59
2.10
0.12
0.66
2.41

0.69
0.73
0.57
0.58
0.75
0.61
0.71
0.33
0.40
0.34
O.M
0.74
0.56
0.91
0.79
1.02
0.56
0.52
0.50
0.61
0.62
0.79
0.58
0.61
0.73
0.73
0.73
0.90
0.79
0.53
0.52
0.52
0.56
0.33
0.32
0.61
0.60
0.61
0.65
0.70
0.66
0.66
0.67
0.60
0.62
0.65
0.69
0.66
0.65
0.66
0.69
0.86
0.61
0.60
0.62
0.65
0.77
0.75

3,41
2.44
2.10
0.49
1.17
1.13
0.74
0.38
1.65
0.74
1.01
1.91
0.30
1.94
0.89
2.03
1.58
1.58
1.35
0.66
2.48
1.38
0.96
1.38
2.78
3.09
3.89
0.00
0.31
0.37
1,51
1.61
0.97
1.64
1.19
1.44
1.68
5.28
0.25
1.80
1.79
1.61
3.36
0.82
1.34
2.24
0.91
1.M
1.71
0.72
0.35
1.73
2.55
0,19
1.25
0.34
1,42
0.94

0.44
0.47
0.55
0.52
0.55
0.57
0.61
0.53
0.50
0.49
0.52
0.34
0.35
0.45
0.45
0.41
0.41
0.38
0.38
0,40
0.60
0.70
0.57
0.64
0.42
0.45
0.40
0.63
0.41
0.53
0.52
0.50
0.53
0.45
0.45
0.52
0.53
0.53
0.81
0.45
0.42
0.42
0.35
0.34
0.35
0.59
0.55
0.55
0.56
0.41
0.93
0.74
0 44
0,41
0.42
0.44
0.52
0.50
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TABLE II (Continued)

Ey En 1 257 eV En=46. 7 eV En= 68.3 eV n=95.6 eV En= 125.5 eV E„=154.2 eV En = 87.0 eV 530 &En & 907 eV
{keV) I DI I M I M I LU I dZ I &I I Zd I lU

5082.2
5070.0
5060.2
5036.9
5031.4
5020.9
5004.3
4978.3
4972.7
4960.8
4950.0
4923.0
4913.6
4900.6
4890.8
4863.2
4858.2
4848.2
4838.7
4834.1
4824.3
4811.8
4800.6
4778.6
4773.4
4765.5
4751.1
4743.3
4735.2
4724.9

0.52
1.54

0.70
0.36
0.55
3.71
2.24
0.00
2.00
0.89
0.75
2.33
4.25
2.30
0.44
1.41
1.53
1.34
0.43
3.52
0.42
0.94
0.64
2.25
0.63
0.57
0.73
1.13
0.70
3+32

0.32
0.35
0.23
0.29
0.29
0.26
0.32
0.30
0.23
0.25
0.23
0.39
0.38
0.36
0.37
0.33
0.32
0.35
0.50
0.53
0.46
0.31
0.24
0.45
0.57
0.37
0.30
0.30
0.32
0.31

2.41
3.80

3.04
2.47
1037
0.52
3.24
0.00
2.27
0.90
0.68
0.78
2.84
3.51
0.65
1.47
0.73
3.14

-1.03
3.82
2.05
1.68
0.12
0.74
1.53
2.84
4.97
3.21
1.64
1.92

0.80
0.82

0.43
0.97
0.93
0.87
0.98
1.20
1.12
0.72
0.48
0.64
1.29
0.97
1.24
1.17
1.17
1.10
1.24
1.82
1.10
0.98
0.98
0.69
0.69
0.70
1.10
1.09
0.98
1.10

0.00
2.33
0.92
0.00
0.00
0.00
1.58
1.27
3.11
0.00
0.00
1o73

6.76
0.00
0.49
1.61
2.68
0.00
2.64
0.00
0.00
0.00
0.00
0.00
0.00
3.63
4.75
0.00
0.00
0.00

1.87
2.16
1.95
1.96
1.92
1.93
1.98
1.98
2.07
1.99
1.99
2.05
2,39
2.04
2.80
2.07
2.21
2.10
2.41
2.11
2.13
2.14
2, 18
2.25
2.27
2.51
2.52
2.20
2.21
2.21

4.55
1.33
1.04

-0.58
4.13
4.26
1.87
2.83
3.01
2.26
3.25
2.89
4.89
5.20
0.60
1.56
2.26

-0.10
1.24
0.21
4.05
2.38
1,30

-0.21
1.77
0.73
0.75
2.51
1.39
3~23

0.91
0.96
1.20
1.35
1.33
1.17
1.38
0.81
0.94
0.96
1.27
0.94
0.93
0.96
1.20
1.75
1.87
1.11
1.18
1.17
1.15
1.11
0.90
1.11
1.12
1.15
0.90
0.88
0.82
0.91

1.82
2.25
3.99
1.77
0.19
2.57
2.49
2.93
4.13
3.54
0.00
6.43

10.43
1.55
0.49
0.99
1.45

-0.32
4.56
2.25
8.11
0.30
3.41
3.27
2.95
3.01
2.89
0.70
2.14
1.18

0.64
1.42
1.74
0.80
0.75
0.68
0.75
0.64
0.67
0.67
1.45
1.15
1.17
1.10
1.17
0.67
1.M
0.73
0.82
0.96
0.78
0.87
0.91
0.82
0.82
0.83
1.05
0.97
0.97
1.05

5.79
3.02
2.05

-0.71
1.28
1.14
4.69
1.66
4.75
0.33
6.44
2.88
2,67
0.36
2.39
3.87
2.42
1.37
1.20

-1.31
0.50
2.31
1.46
7.46
0.00
3.86
0.14
0.14

-0.50
2.10

0.67
0.75
0.63
1.20
1.17
0.63
0.68
0.82
0.82
0.79
0.87
0.98
0.93
0.93
1.02
0.68
0,71
0.61
0.63
0.58
0.56
1,19
1.28
0.95
0.81
0.96
0.78
0.77
0.74
0.79

0.64
0.08
3.31

-0.90
0.91
0.79

-0.73
1.99
0.54
0.17
3.80
1.20
4.06
1.32
1.97
0.87
0.97
1.19
0.74
2.75
0.79
2.59
1.57
6.10
0.00
1.28

-0.74
3.77
3.15
3.64

0.75
0.91
0.82
0.97
0.98
1.50
0.93
0.65
0.73
0.69
0.67
0.62
0.65
0.61
0.66
0.71
0.67
0.66
1.01
0.70
0.74
0.53
0.67
0.85
1.15
1.05
0.86
1.19
1.19
0.61

2.13
1.80
0.40
1.38
1.50
1.58
1.42
1.20
0.14
1.98
0.83
2.80
3.11
2.85
2.17
0.64
1.83
1.85
2.21
1.38
0.55
0.20
1.65
1.57
1.35
1.31
2.05
1.10
1.90
1.69

0.55
0.57

0.53
0.57
0.96
0.86
0.56
0.56
1,02
0.79
0.81
0.63
0.60
0.60
1.08
0.63
0.56
0.55
0.53
0.53
0.59
0.68
0.60
0.59
0.75
0.75
0.64
0.63
0.56
0.56

in each case, populated by high-energy y emission.
Greenwood" suggested a 3 or 3' state at 269

keV. A state at 268.0 keV is populated weakly from
the 1 levels but not from the 0 levels. This could
indicate that this is a 3 state involving an E2 tran-

50—

sition, the probability of emission for an M2 tran-
sition to 3' being negligible.

As mentioned earlier, the strongest transition
from the P-wave 34.4-eV resonance is the 6407-
keV line. This populates a final state at 592 keV
which would be a negative-parity state, assuming
an E1 character for this transition. The transition
is also seen weakly in the spectrum of the 0 154.3-
eV resonance. This limits the spin of the final
state to either 1 or 2 .

40—
UJ

o 30—

6407 keV

VI. DISCUSSION OF RESULTS

104
A. Low-Lying States in Rh

I—z 20—
O

I

1280
I II l

I 320
CHANNEL NUMBER

I 360

FIG. 6. y-ray spectra for the P-wave resonance-neutron
capture in rhodium {E„=34.4 eV).

The density of levels is seen to be high at low ex-
citation energies. This high density is expected
for this nucleus, since the proton and neutron con-
figurations lead to a large number of possible
states at fairly low energies. The ground-state
shell-model configuration of Rh'" with 45 protons
and 59 neutrons has been suggested by Greenwood"
as (vg„,)'», vd», Groshev et al..' suggest either
this configuration as proposed by Greenwood or the
alternative configuration ( g„v,)' Qvig, &,. Six states
of spin 1+ to 6' belong to the first configuration,
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kev B. Determination of Statistical Parameters

697

645

6I 9
602
586

540
523

485

384

I+

The number of degrees of freedom (v) of the dis-
tribution of partial radiative widths can be obtained
by plotting the cumulative probability distribution
of the reduced partial radiation widths (I'zz&E& )
and comparing the plot with the theoretical curves
for the X' distributions with different degrees of
freedom. However, in order to take into account
the effect of the limited sample size and experi-
mental errors, a v value is obtained using a max-
imum-likelihood method, which includes such ef-
fects." If x,,, the partial widths normalized to
unit mean for the final state i over resonance j,
are assumed to belong to a X' distribution with v

=2p degrees of freedom, then the likelihood func-
tion Qx;, , p) is defined as

P

;; ~ipse

273
268

246237 23I
2I3

I98
l85 I79

(I+)

97 2'

5t

IO4

I+

FIG. 7. Low-lying energy levels of Hh as determined
from the present measurements.

while eight states with spins 1' to 8' would belong
to the second suggested configuration. Moreover,
many of the large number of states belonging to
the configuration (wg91,)' vd„, or (wg, I,)'&vg„„
where j takes on one of 12 values ranging from
2 to ~2 formed through 20 possible combinations,
will have relatively low energies.

Low-lying negative-parity states arise from the
configuration (wp„, ) '(wg„, )',A„,which would lead
to two states of spin 2 and 3, or the alternative
configuration (wp, l,) '(mg„, )',vg„, which leads to
3 and 4 states. The lowest observed negative-
parity state is the 2 first excited state at 51 keV.
This seems to indicate that the first configuration
is the one applicable in this case. The 3 state at
268 keV could be the second member of this config-
uration. Higher-energy negative-parity states may
arise from the neutron configuration vhyj/2.

The number of degrees of freedom is then deter-
mined by solving for the p which maximizes the
above expression.

Since measured widths include zero or negative
values for which the logarithm of the likelihood
function diverges and is undefined, the sample is
truncated at a value determined by the median of
its normalized error distribution. Values smaller
than the cutoff value are set equal to one half of
the cutoff value.

In order to test the hypothesis that the physical
sample is drawn from the X' distribution with v,
degrees of freedom, a Monte Carlo method is used.
A mathematical sample of the same size as the
physical sample is drawn randomly from a y' dis-
tribution with v, degrees of freedom. Errors
drawn from a normal distribution with unit stan-
dard deviation and zero mean are then added to the
mathematical sample. This sample is then treated
as the physical sample, and the mathematical num-
ber of degrees of freedom v is determined. The
process is repeated 100 times and the distribution
of v is plotted. If v~lieswithin the 10and 90Vp

limits of this distribution, then the data are said
to be consistent with vo degrees of freedom. In or-
der to determine the best value of v the process is
repeated for different values of v„and the prob-
ability that v is larger than v~ is plotted as a func-
tion of v, . The best value for vis taken as the one
corresponding to 0.50 on this plot. The lower and

upper limits are the values corresponding to 0.10
and 0.90 on the plot. The distribution of the par-
tial radiation widths was studied assuming a X' dis-
tribution, using the maximum-likelihood method
described above.

The application of this method is not hampered
by lack of knowledge of most of the final-state
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C. Spectral Shape

Figure 3 shows, as has been noted previously by

(.0—

0.8

0.6

6)I 04
O
0

0.2

J = I

v =2.45
4 RES

0

FIG. 8. v value for the statistical distribution of ob-
served partial radiation widths from neutron-resonance
capture in rhodium. Transitions from spin 0 and l.
Resonances are analyzed separately.

spins and parities. The distribution of partial
widths over the resonances can be examined by
combining all 145 final states reported here after
normalizing the transitions to unit mean for each
final state. On this basis, y rays of either E1 or
M1 character can contribute to the distribution.
The results of the maximum-likelihood analysis
are shown in Fig. 8:

spin-0 resonances v = 2.70",40,

spin-1 resonances v = 2.45",,",.
Three spin-0 and four spin-1 resonances are in-

cluded in the above results. The 68.3-eV reso-
nance was arbitrarily assigned spin 1; the deletion
of this resonance has no appreciable effect on the
observed value for v.

These data are clearly inconsistent with the
Porter-Thomas distribution. Such deviations from
the Porter-Thomas distribution have been observed
in a number of other nuclei. "

In order to explain such deviations from the
Porter- Thomas distribution, Beer" extended a
model originally proposed by Rosenzweig" in a
manner which would allow v values greater than 1
for the distribution of partial radiation widths
while allowing a v value of 1 for the distribution
of reduced neutron widths. This model assumes
that the compound-nucleus levels can be expanded
in terms of two groups of orthogonal sets of states,
one having a large number and the other a, smaller
number of members, with the further assumption
that only the large set contributes to the reduced
neutron widths, while both groups contribute to the
partial radiation widths. The physical interpreta-
tion of this mathematical construction is not com-
pletely clear. It is attractive, however, to asso-
ciate the large set with the class of single-particle
states, while the smaller set can be associated
with the set of doorway or 2p-1h states.
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FIG. 9. Distribution of reduced transition probabili-
ties of y rays emitted in the resonance-neutron capture
in rhodium.

Groshev et a/. ,
4 that the transitions to states of

about 1-MeV excitation are enhanced in thermal
capture relative to the rest of the spectrum. The
thermal capture is dominated by a single reso-
nance (the 1.257 eV) and since it is known that res-
onance spectra show large fluctuations in intensity,
it is necessary to investigate such effects after
averaging over a large number of resonances. The
y-ray spectrum of the neutron time-of-flight peak
corresponding to neutron energy range 530 to 900
eV was considered to satisfy this condition, since
a large number of resonances contribute to the cap-
ture in this region. The spectrum of this group of
resonances still shows the enhancement of transi-
tions mentioned above. Actually, all spectra of in-
dividual resonances show the same effect and al-
though the enhanced transitions vary from one res-
onance to another, these enhanced lines fall in the
same y-ray energy region.

Figure 9 shows the distribution of the reduced
widths, summed over intervals of 200 keV, as a
function of energy (the solid line). Owing to the
high density of levels, the number of observed tran-
sitions cannot be used to study the variation of the
average reduced width with energy. However, the
level density for medium and heavy nuclei can be
expressed as e ~, where E„is the excitation en-
ergy and T is the nuclear temperature. This ex-
pression with T= 1 MeV was used in determining
the average reduced widths plotted in Fig. 9 (the
dashed line). This last plot shows that the average
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partial radiation width follows an Ez' energy depen-
dence except for the y rays in the range 6-6.2 MeV
corresponding to final states of excitation energy
0.8-1.0 MeV. Groshev et al.4 suggested that this
enhancement is due to direct capture, assuming
that the final states are p-wave neutron states.
HKP' offer the alternative explanation of the exis-
tence of a giant M1 resonance which is responsible
for this enhancement, as suggested by Bergqvist,
Lundberg, and Starfelt. '

Since the capture studied here is resonance cap-
ture, with thermal capture included since it is
dominated by the 1.257-eV resonance, we should
expect the resonance channel capture to be the dom-
inant mode of the single-particle contribution to the
reaction, rather than the direct-capture process.
Channel capture leads to a correlation between
(d, P) and (n, y) intensities and a correlation be-
tween partial radiation widths and reduced neutron
widths. There is no detailed study of the (d, p) re-
action for Rh. However, the correlation coeffi-
cient for the partial radiation widths and the re-
duced neutron widths was calculated and averaged
over 17 final states within the range of 0.8-1.0-
MeV excitation energy. This average correlation
coefficient was found to be 0.17 for 0 resonances
and 0.003 for 1 resonances. Both of these values
are consistent with zero correlation. This indi-
cates that channel capture cannot be a dominant
mode of the reaction leading to final states in this
region.

Earle, Lone, and Bartholomew" have suggested
that similar enhancement regions in the spectra of
other nuclei could arise from p-h annihilation pro-
cesses following the formation of doorway states.
The ground-state proton configuration for the tar-
get nucleus Rh"' is (7/p, /2) '(17g9/2)59. The low-lying
neutron states that are available are all positive-
parity states. These are the d,I„s„„g„„and
d3/2 states (not necessarily in this order). It is
possible to form a 2p-1h state which subsequently
decays to a single-particle state through the anni-
hilation of a p-h pair with the emission of a y ray
of dipole multipolarity only by assuming that a g»,
proton is excited to the g», orbit as a result of its
collision with the s», incoming neutron and that the
neutron occupies a d3/2 or sgI2 orbit. This 2p-1h
state can decay to a single-particle state by the
transition of the proton from the g„, to the g,~,
orbit, which is a spin-Qip process. This will lead
to an M1 multipolarity for the emitted photon. It
is not possible to construct 2p-1h states which con-
serve both the energy and parity of the system and
which can decay by the emission of E1 radiation.
Thus, if this effect is the one responsible for the
enhancement of the transition strength, then we
expect the states in the range 0.8 to 1.0 MeV to be

populated in the (d, p) reaction since they preserve
the Rh'" core, and furthermore, we expect that
the orbital angular momentum of the transferred
neutron must be even, since the reasoning we have
followed implies that the enhanced y-ray transi-
tions consist primarily of M1 radiation.

The only (d, p) study in Rh that is available at
present is that of Da Silva and Buechner, "which
only lists the energies of the states that are popu-
lated in the reaction. Of the 17 states that are ob-
served in the (n, y) reaction in the region of the
"bump" near 1 MeV, nine states are seen to be
populated in (d, p). Transitions to these nine
states show a correlation between the partial ra-
diation widths and the reduced neutron widths. The
correlation coefficient averaged over the nine final
states is found to be 0,47, which falls at the 0.99
point of the normal distribution. This correlation
does not necessarily indicate the dominance of
single-particle effects, since from the shell-mod-
el structure of the low-lying states in Rh'~, one
would expect the neutron p states to be close to the
neutron binding energy rather than near 1-MeV ex-
citation.

Such large correlations between partial radiation
widths and reduced neutron widths are also ob-
served for final states which cannot be reached by
a single-particle process. For example, the par-
tial radiation widths for the strong transitions pop-
ulating the 1' state at 213 keV are seen to be high-
ly correlated with the reduced neutron widths. A
correlation coefficient of 0.99 was obtained in this
case. Since this state is a positive-parity state,
it is assumed to have the proton configuration
(7/g9/2)5/, which involves the transfer of one proton
from the mg», orbit to the 7TPy/2 orbit, which has
only one proton in the ground state of the target
nucleus Rh"'. Thus, the population of this state
does not preserve the Rh' 3 core. This is borne
out by the fact that this state is not populated in
the (d, P) reaction. The significance of the large
correlation coefficient between the partial radia-
tive widths and the reduced neutron widths for this
case is not clear.

The strength of the transitions populating this
final state could be explained in terms of the dom-
inance of the decay of doorway states to more sim-
ple configurations through the emission of E1 ra-
diation. This process will involve a transition be-
tween the configurations

Pl/2) ( tg9/2) 9/2 3/2%7/2 ( tg9/2) 9/2 t-t 7/2 t

ol

(~Pl/2) (+g 9/2) 7/2 3/2 5/2 (+o 9/2) 7/2 5/2 t

thus, assuming that an E1 photon is emitted due to
the annihilation of the d„, proton and the proton
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P„,hole.
To summarize, it has been shown that the en-

hancement of transitions in the "bump" region can-
not be due to single-particle effects and that this
enhancement can be due to doorway state effects
only if the transitions are of M1 multipolarity.

The multipolarity could be determined from the
study of the Rh"'(d, P)Rh'~ reaction, which would

determine the parity of the final states. If these
states prove to be of positive parity, thus leading
to E1 multipolarity for the radiative transitions,
we would expect that processes more complex than
the single-particle or two-step doorway-state ef-
fects are the dominant modes of the capture pro-
cess.
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