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Neutron Resonance Parameters of the Erbium Isotoyes*
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Neutron resonance parameters, s-wave strength functions, level densities, and radius parameters for
Eri6~, Er'64, Er'6, Er'", and Er" have been determined from total neutron cross-section measurements.
Average cross-section measurements for Er' ', Er'", and Er" have been analyzed to determine neutron
strength functions in the keV region, and the results are compared to those derived from the low-energy
resonance-parameter data. A spin cutoff factor o of 2.5+0.8 is derived from a comparison of the level
densities of Er'", Er'6', and Er' . The thermal-neutron total cross sections were measured for Er" and
Er'64, and the paramagnetic scattering cross section for Er" was determined to be 26.1+2.5 b.

I. IÃTRODUCTIOH

'HE s-wave neutron strength function has been the
subject of considerable theoretical and experi-

mental investigations because of its importance in the
development of the optical model. Early calculations

by Feshbach, Porter, and Weisskopf' (FPW) showed

clearly that the "cloudy crystal ball" model 6tted the
general trend of the experimental values of the strength
function better than the "black nucleus" model. With
the improvement in experimental techniques, the more
accurate data on strength functions, especially in the
region around mass number A = 160, made it clear that
the FPW optical-model calculations do not adequately
describe the experimental values in this region. The
inclusion of deformation' in the optical model led to a
splitting of the 4-S giant resonance peak. in the strength
function into two peaks located around A=140 and
180. More recently, Feshbach, Shakin, and Lemmer'
introduced the so-called intermediate model to take
into account the eAect of the two-particle —one-hole

states, also known as the doorway states, on quantities
such as total cross sections and strength functions. Their
theory predicts that one would observe fluctuations in

the strength function as a function of energy and mass
number A. The latter type of fluctuation is superim-
posed on the giant single-particle resonance behavior.

For the past three years, we have been devoting our
eGorts to the study of neutron-transmission measure-
ments in the rare-earth region on highly enriched iso-

topes of Gd, Dy, Yb, and Er. The primary purpose of
these investigations is to determine the systematic
behavior of the strength function with atomic mass
number. As a byproduct of these studies, we obtained
the following quantities for the various isotopes: (a)
resonance parameters, (b) potential scattering radii, (c)
thermal cross sections, and (d) level densities. Sum-
maries on strength functions' and on the systematic

*Work performed under the auspices of the U. S. Atomic
Energy Commission.' H. Feshbach, C. E. Porter, and V. F. Weisskopf, Phys. Rev.
96, 4"8 (195+).

'D. M. Chase, L. Wilets, and A. R. Edmonds, Phys. Rev.
110) 1080 (1958).

3 H. Feshbach, A. K. Kerman, and R. H. Lemmer, Ann. Phys.
{N.Y.) 41, 230 (1967).

4R. E. Chrien and S. F. Mughabghab, in Nuclear Structure

162

properties of neutron resonances in the rare-earth
region' have been reported in previous publications. In
this paper, we discuss in detail our results on the Er
isotopes. Preliminary results on the Er isotopes have
been reported. ' ' A survey of the literature at the start
of this experiment revealed that very few measurements
were made on the separated isotopes. Mpller et ul. ,s

using the BNL crystal spectrometer, studied the two
low-lying resonances in Er"' at 0.460 and 0.584 eV.
Later, Vertebny et al. ,

' reported some measurements on
the separated Er isotopes in a narrow energy region.
Early unpublished BNL fast-chopper data, General
Atomic data on the linac, and recent preliminary
Columbia results on the separated isotopes can be found
in Goldberg et cl.'

II. EXPERIMENTAL PROCEDURE

Neutron-transmission measurements were carried out
on enriched Er isotopes, using the fast-chopper facility
at the Brookhaven Graphite Research Reactor (BGRR).
The samples in the form of powdered oxides were ob-
tained on loan from Oak Ridge National Laboratory.
The powdered samples were carefully packed in steel
and plastic holders to ensure uniform thickness. The
enrichment and impurities of the various samples are
shown in Table I. Also listed are the sample thicknesses
calculated using the stoichiometric formula Er~03.

In order to span the neutron energy range from ther-
mal to a few keV, generally five separate runs for each
isotope were carried out. For neutron energies greater
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Phys. Letters 248, 573 (1967).
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TABLE I. Isotopic composition and sample thickness of Er samples. Each column refers to a particular sample in terms of its main
isotope. The rows give the percentage abundance of the indicated isotope, except that the last row gives the total sample thickness in
atoms/barn.

% Isotopic
compositions

Er162

Er164

Fr166

Er167

Er168

Er170

N(10 3 atom/b)

Er162

20.4 +O.a

3.91+0.05
33.5 &O.i
17.6 a0.1
17.3 +0.1
7.29a0.05
9.93

Er164

0.09
62.7 +O.i
20.6 ~0.1
7.87&0.1
6.4 +0.1
2.29~0.05

10.58

Er166

&0.005
&0.005
99.97 ~0.01
0.03 &0.01

&0.01
&0.005
10.93

E1167

&0.01
&0.05

3.50+0.05
91.1 ~0.1
4.89+0.05
0.47~0.05
9.26

Fr168

&0.005
&0.005
&0.005

0.013
99 99

&0.005
14.44

than 0.712 eV, a Right path of 29.74 m and a bank of
BF3 detectors were used; the chopper was spun at
speeds of 10 000, 6000, and 2000 rpm, with respective
input delays of 0, 224, 512 p,sec. The associated channel
widths of the time-of-Qight analyzer were 0.5, 1, and
4 @sec, respectively. The nominal time resolution was
50 nsec/m at 10 000 rpm. As we were approaching the
scheduled date for the shutdown of the fast-chopper
facility at the BGRR, we were able to carry out only
two measurements in the thermal region on Er'" and
Er'". For these sets of measurements, spanning an
energy region of 2.19—0.228 eV and 0.662—0.021 eV, a
10-m Qight path and a He' detector were utilized; the
chopper was run at a speed of 400 rpm. The channel
widths were 2 and 8 @sec, respectively.

The raw data were accumulated and later stored on
magnetic tapes in an on-line SDS-910computer, "which
is time-shared with a slow-chopper experiment. Since
the cycling mechanism was located at the exit stator
of the chopper and the samples were inserted in a slit
package located at the entrance stator, a method was
devised to handle the cycling procedure. For each trans-
mission measurement, it was necessary to take two runs:
one in which a sample and a dummy were placed, for ex-
ample, in the east and west slits of the two-beam hole of
the fast chopper, respectively; another in which sample
and open were interchanged. The appropriate slit was
selected by a moving stage carrying three 3-in. lucite
plugs at the exit stator. : The stage was programmed to
repeat 20-min cycles in which the east slit was covered,
then the west slit, and 6nally both were covered for a
background measurement. The backgrounds per channel
for the open beam and the sample spectra were generally
determined by two methods: (a) by calculations from
the total background counts, the elapsed times, and the
chopper speed, (b) by the method of "blackout" reso-
nances for runs where strong resonances were present.
A typical background rate is about 10% of the open
beam spectrum. The zero time of the high-energy run
was deduced from the zero time of the p-ray Qash and
from the position of the Na line at 2.85 keV.

». R. K. Chrien, S. Rankowitz, and R. J. Spinrad, Rev. Sci.
Instr. 35, 1150 (1964}.

III. A5'ALYSIS OF DATA

This section consists of two parts. The first part deals
with the reduction of the raw data to obtain sample
transmissions and the subsequent extraction of reso-
nance parameters by the Breit-Wigner area analysis.
The second part describes briefly the method of obtain-
ing the strength functions from the energy variation of
the transmission curve in the keV region.

A. Resonance Parameters

The initial steps of analysis, consisting in reducing
the raw data to transmission form, are performed on the
SDS—910 computer. These include the following: (a)
smoothing the background, using a least-squares 6tting
procedure; (b) normalizing the open to sample running
time; (c) subtracting the background counts from the
open beam and sample spectra; (d) calculating a "cross
slit" transmission by dividing the sample spectrum of
one slit by the open spectrum from the other (it should
be emphasized that this is not a true transmission
because of spectrum differences between the two slits);
and (e) finally, taking a geometric mean of the two
cross slit transmissions to obtain the true transmission.
The anal transmission is punched on paper tape which
thereafter is converted to punched cards by means of
an IBM tape-to-card converter.

To extract resonance parameters from the trans-
mission data, a modified version of the Atta-Harvey"
code of Breit-Wigner area analysis written for the
IBM-7094 computer is used. A detailed discussion-of
the modifications has been previously described. ""
Since no attempt has been made to obtain radiation
widths, a weighted average value of 88&9 mV is as-

sumed in the analysis for all resonances in all the
isotopes. This is based on the BNL crystal spectrometer'
ag.d the General Atomic linac values of radiation
widths. " For the even-odd Er"' isotope, a statistical
weight factor of 0.5 is assumed.

1"S.E.Atta and J.A. Harvey, Oak Ridge National Laboratory
Report No. ORNL 3205, 1961 (unpublished}."R. E. Chrien, Phys. Rev. 141, 1129 (1966}.

"M. R. Shat and R. K. Chrien,
'

Phys. Rev. 155, 1362 {1967}.
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resonances of Er'" have been included in the calculations.

scattering cross section. The strength-function values
are derived by the use of a program which makes a
least-squares 6t to the average transmission after cor-
recting for impurities, sample thickness effects, and
level fluctuations. "Two conditions are imposed on the
result in order for it to be considered acceptable: (a)
The value of the strength furiction must converge
rapidly after a11 corrections have been applied. For iso-
topes with small average level spacings, this criterion
is readily satisfied because each eriergy interval contains
several hundred resonances. (b) The vahie of nuclear
scattering radius R' obtained from this analysis"mus't
agree' within the experimental error with that derived
from curve:Gt;&ing ig. tht: lo~-energy region.

IV. RESULTS AgD DISCUSSION

A. Resonance Parameters

Figure 2 represents our fitted data for Kr'", Kr'~, and
Er"' in the energy region 10.6-0.712 eV. The strong
effect observed at the low-energy side of the trans-
mission curve is due to the 0.460- and 0.584-eV reso-
nances in Er"'. The parameters of these two resonances
were obtained from two measurements in the thermal-
energy region on an Er'" sample which contains
7.87% Er"' impurity. The parameters obtained from
area analysis are fed into a code vrhich computes the
transmission, including instrumental resolution and
Doppler broadening in the ca,lculations. The shape of
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FIG. 4. The fitted transmission curves of Er"6 and Er" in the higher energy region. Er"8 does not have any
positive energy resonances below 79.9 eV.

Examples of the transmission curves of the higher
energv runs are given in Fig. 4. Again we notice here
that Er"' and Er'" have a common resonance at 245
eV. This resonance, appearing in the transmission of
the Er"' sample, can not possibly be accounted for by
an Er"' impurity. There are indications from our results
that the 1410-eV level is actually two resonances. This
is substantiated by the Columbia measurements. "The
main deficiences in the curve Gtting are to be found at
the peaks and at the low-energy sides of the resonances.
This eGect has been studied carefully in Th'" and has
been explained as largely being due to the presence of a
tail in the resolution function. " The neutron widths
are included in Table II. The error given for the reso-
nance energies is derived from the full width of the
resolution function at half-maximum. The errors on the
neutron widths are obtained principally from statistics,
uncertainty in determining the base line, and an un-
certainty of 9 mV in the radiation width.

3. Potential Scattering Radius R'

The ability to 6t the transmission data over a wide
energy region containing many resonances enables one
to extract a potential scattering radius R'. Most of the
samples had a transmission of between 0.8 and 0.9
between resonances. Normalization errors are reduced.
to a minimum because of the unique cycling procedure
which was described earlier. Such types of errors were
estimated to be about 2%%uz from the internal consistency
between various runs. Since the samples are in oxide
form, a correction due to oxygen scattering was applied.
The most troublesome correction, however, is due to
the small amount of w'ater present in these oxide
samples. This correction is negligible in resonance-
parameter analysis, because it can be included in the
base line, but it becomes signi6cant when one desires
to obtain R' from the data. For this reason it became
necessary to study water absorption in the Er samples
in a separate experiment, by taking a sample of natural
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'|AsLE II. Resonance parameters.

Z, (eV}

5.48
7.60

14.6
20.3
33.0
43.2
46.0
51.4
57.5
67.8

, 112.1
127.0
142.6
158.5
187.8
210.2
228.5

+ 0,08
~ 0.12
~ 0.).

~ 0.1
~ 0.2
+ 0,3
+ 0.3
+ 0.3
~ 0.4

0.5

~ 1.3
~ 1.6
~ 1.8
& 2.3
~ 2.8
& 3.2

7.92
30.5
49.7
53.8
56.7

108.1
130.8
136.5
160.9
194.2
211.7
225.2

+ 0.02
~ 0.2
~ 0.4
~ 0,4

04
~ 1.0
~ 1.4
+ 1.4
~ 1.9
& 2.5
~ 2.9
& 3.1

15.56
73.9
81.9

155
172
245
303
319
357
392
504
526
603

~ 0.14
& 0.6
~ 0.2
& 2
+ 2

+ 5
& 6
& 7
~11
+11
+14

r„(meV}
Er162

0.32+ 0.03
0.66& 0.05
4.1 * 0.3
8.3 a 0.8
5.0 & 0.5
22 ~ 02

19.5 ~ 1.5
52 + 6
32 & 3
3,1 ~ 0.5

12.7 ~ 1.1
29.3 ~ 5.6
14,3 + 2.4
93 + 25
41 + 14

12g ~ 37
54 ~ 15

Er164

0,73~ 0.13
04

5.4 ~ 0.4
2,3 ~ 0.2
6.6 ~ 0.5

57 & 6
104 ~ 15

9.9 ~ 2.2
61 ~ 15
66 ~ 8
31 ~ 6
90 ~ 15

Er166

23 + 02
60 & 3
8.0 a 0.8
7.0 a 0.3

425 ~ 20
21 & 2

200 & 15
318 ~ 20

80 ~ 15
155 ~ 30
31 ~ 10
90 ~ 30

570 ~100

F 0 (meV}

0.14 + 0.01
0.24 ~ 0.02
1.07 + 0.08
1.84 + 0.18
0.87 + 0.09
0.33 + 0.03
2.88 ~ 0.22
7.25 + 0.84
4.2 + 0.4
0.38 + 0.06
1.2 + 0.1.

2.6 + 0.5
1,0 + 0.2
7.4 + 2.0
3.0 + 1..0
8.8 % 2.6
3.6 & 1.0

0.26 + 0.05
0.80 ~ 0.07
0.77 ~ 0,06
0.31 ~ 0.06
0.88 ~ 0.07
5.2 ~ 0.6
9.2 ~ 1.3
0.86 + 0.19
48 ~ 1.2
4.9 ~ 0,6
2.1 ~ 0.4
6.0 ~ 1.0

0.58 + 0.05
7.0 a 0.3
0.88 ~ 0.09
0.56 + 0.02

32.4 ~ 1.5
1.3 ~ 0.1

11.5 ~ 0.9
17.8 + 1.1
4.3 & 0.9
7.7 ~ 1.5
1.4 ~ 0.4
3.9 ~ 1.3

23.2 + 4.1

Eo (eV)

0.460
0.584
5.98 + 0.08
7.92 ~ 0.12
9.35 ~ 0.04

20.3 ~ 0.1
22.0 ~ 0.1
26.2 + 0.1
27.5 ~ 0.1
33.0 ~ 0.2
37.7 a 0.2
39.4 ~ 0.2
42.4 ~ 0.3
50.6 & 03
53.8 w 0.3
60.2 ~ 0.4
62.9 & 0.4
69.9 & 0.6
74.1 & 0.6
76.2 & 0,6
79.4 % 0.6
85.4 + 0.7
91.5 & 0.8
95.1 & 0.8

107.9 ~ 1.0
115.0 ~ 1.2
131.8 + 1.4
142.2 + 1.6

79.9 + 0.7
191 + 2
245 ~ 4
314 + 5
534 & 6
838 ~23

1119 +35
1410 +50

94.8 ~ 0.8

r (me V)

Fr16?

0.31~ 0.02
0.24~ 0.02

21 ~ 3
0.22~ 0.06
7.7 ~ 0.4
5.2 & 0.5
1.1 ~ 0.1

105 ~ 5
11.8 & 3.1
6.2 ~ 0.6
8.3 ~ 0.7
7.5 ~ 0.6
3.4 ~ 0.3
7.4 a 0.7

47 a 5
16.1 & 2.1
17.8 & 2.2
2.4 ~ 0.4

22 & 2
0.5 ~ 0.2

17.0 ~ 1.4
0.91+ 0.14
4.8 & 0.6

25 & 5
26 ~ 4
2.5 ~ 0.5

68 ~ 10
14 ~ 3

P r168

39 + 2
77 & 7

535
125 ~ 20
845 % 60

1120 ~250
1120 &400
1100 &450

Erl?0

902 ~ 40

F„' (mevl

0.46 ~ 0.04
0.32 a 0.03
8.6 & 1.3
0.078~ 0.021
2.5 ~ O.i
1.2 & 0.1
0.23 ~ 0.04

20.5 ~ 1.0
2.25 & 0.59
1.1 a 0.1
1.4 ~ 0.1.

1.2 ~ 0.1
0.52 w 0.05
1.04 a 0.10
6.4 + 0.9
2.1 ~ 0.3
2.2 ~ 0.3
0.29 & 0.05
2.5 ~ 0.3
0.057~ 0.023
1.91 + 0.16
0.098+ 0.015
0.50 + 0.06
2.56 + 0.51
2.5 + 0.4
0.23 ~ 0.05
5.9 a 0.9
1.17 ~ 0.25

4.4 + 0.2
5.6 + 0.5
34.2 ~ 3.2
7.1 + 1.2

36.6 + 2.6
38.8 + 8.7
33.5 ~11.9
29.3 ~12.0

92.7 ~ 4.2

erbium oxide and heating it in a platinum crucible for
2 h at 800'C under a vacuum of better than 10 ' mm
Hg. Placing the samples in a desiccator after ignition
proved to be ineffective in preventing water absorption.
The increase in weight of the sample due to water
absorption is found to be 0.26%. This correctiori factor
was therefore applied to the data. The results are sum-
marized in Table III and can be compared with the
value 7.4 F, derived from R= 1..35 A'~' F.

C. s-Wave Neutron Strength Function

Two methods were adopted to obtain this quantity:
(a) from the individual resonance parameters in the
low-energy region, applying the relation

strength function =

where the summation is carried out on Ã resonances
located in an energy interval AE=E~ E~, and (b)—
from the slope of the average cross section in the un-
resolved energy region 5—15 keV. The two methods are
illustrated in Figs. 5 and 6 for Er"'. In Fig. 5 the energy
range is extended up to a neutron energy of 31S eV.
Although individual resonances of Er"' are not well
resolved above a neutron energy of. 170 eV, the values
obtained from the analysis above this energy can con-
tribute a meaningful result to the strength function,
and are included up to 315 eV. The aim behind this
approach is to obtain a statistically significant result for
this quantity. The results are included in Table III.
The errors attached to the strength-function values
when obtained from the parameters are derived from
(2/1V)'", which is an asymptotic approximation de-
rived from the Porter-Thomas distribution of reduced
neutron widths. -For Er"~ in the neutron energy interval
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TABLE III. Summary of results.

Isotope

Er'6

Er164

Fr16

Er16Y

R' (F}
8.1~0.9

9.2+0,8

7.7~0.9

9.9&0.9

6.6a0.8

— -X104 (from
D
resonances)

2.1&0.7

1.6+0.5

1.9&0.7

2.6+0.4

1.4+0,7

— X10'
D

(from 0, )

2.1~0.6

1.4+0.3

1.7~0.2

5* 104

2 5+2.2
' —1.0

1 3+1.0' —0.5

7+1e2
' —0.7

7+102
' —0.7

4+1e3
' —0.6

D (eV)

6.9+ 1.2

20.0+ 3.0

3.7& 0.4

125 +19

D' (eV)

6.8 1.2

212+"—33

+10—8

3 9+ 0.5
' —0.4

126 —19

170—315 eV, the number of levels have been estimated
from a knowledge of D in the resolved energy region.
Following the method of Muradyan and Adamchuk, '
we have also evaluated the most probable value of the
strength function, S~, and its associated error, using
the relation

3I
ga p 1 og (~ p g,s) tis

where Q* is dretermined from the maximum condition
on the distribution of S. The summation is carried out
on E resonances and M spacings. For the case where no
resonances are missed, 3f=A —1. The calculations of
S* from the parameters are listed in Table III for the
case of 3f=E—1. Inspecting Table III, one notices
that the agreement between the two experimental
methods of calculating the strength function in two
different energy regions is generally quite good, except
for Er"", where the two values do not overlap within
the experimental errors. If this difference is considered.

real, i.e., outside the statistical Quctuations it may bi.
interpreted as being caused by a doorway state accord-
ing to the Feshbach-Kerman-Lemmer model. It is
signi6cant to note that in this A region, Auctuations in
the total cross section in the neutron energy range 100—
600 keV have been recently observed' in the separated
isotopes, W'", %'~, and W'".

C(2J+1)
exp

U'

—J(J+1)
ex@2(aV) t&s (4)

where J is the spin of the compound state, U is the

II I I I I

6r')
= tl.7*0.2) Xto '

D. Syin Deyendence of Level Densities

In what follows we shall base our calculations on the
level-density formula derived on the basis of the Fermi-
gas model. "

80—

50;--

I 0—

.8—
CA
V)

.6--
tA

p 0 40 0 0 00 p 0

40"

30.'—

. LLi t ~M L
20.0 l0.0 5.0 E (~ey)

'
1,0 0.5

20

lo-
l l l l I 1 I I

0 30 60 90 120 150 I 80 2 lo 240 270 300

EN (ey)

FIG. 5. The cumulative reduced neutron width for Kr' plotted
against neutron energy up to an energy of 315 eV. The slope of
the straight line is equal to the neutron stiength function.

"H. V. Muradyan and Yu. V. Adamchuk, in XNclear 5trgcture
Study mth Segtroes, edited by M. Nkve de Mdvergnies et al.
(North-Holland Publishing Company, Amsrterdam„1966)t p. 569,

J J. l,
0 Io 20 30 40 50 60 70 80 90 l00

t (~sec)

Fio. 6. The average transmission of Er'" in the keV region
plotted against time-of-Qight and energy. The meaning of the
symbols are as follows: open circles indicate the experimental
average transmission, triangles represent corrections for oxygen
and isotopic impurities, closed circles represent corrections for
sample thickness effects and level fluctuations of neutron reduced
widths.

'8 A. B. Smith and J. F. Khalen, Bull. Am. Phys. Soc. l2, 107
(1967); and (private communication)."T.Erioson, Advan. Phys. 9, 425 (1960).
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The use of relation (4) to obtain 0 requires a knowl-
edge of i. Adopting a value of i9 MeV ' for this pa-
rameter for the Kr isotopes from Refs. 2i and 22, we
obtain 0.=2.5&0.8. This is in very good agreement with
recent values derived from other types of nuclear data,
such as (n,n), ss (n, 2e) ss and isomeric yield ratio mea-
surements. '4 The implications of such a result is that
the supposition of only a (2J+1) dependence for level
densities is not well obeyed for nuclei with high spin
values. A similar conclusion had been reached by
Hughes et a/. ,

25 from a study of fast neutron capture in
various isotopes.

I i

20 40 60 80 l 00 l20
EN (eV)

I60 200 240

FIG. 7. The number of levels up to an energy B versus E, for
Er' ' Er'", and Er' '. Note that above an energy of 67.5 eV for
Er'6', small resonances are being missed mainly because of the
masking eBect of strong resonances of the isotopic impurities
above this energy.

eR'ective excitation energy de6ned below, a is the level
density parameter, 0 is the spin cutofI' parameter, and
C is a factor that depends on A. For slow neutrons, the
effective excitation energy is expressed by

E. Thermal Cross Sections and
Paramagnetic Scattering

It has been known for some time that the ions of
the rare-earth elements have permanent magnetic mo-
ments caused by unfilled inner electron subshells. The
inQuence of the magnetic moment on thermal neutrons
is to give rise to a paramagnetic scattering. This would
contribute an additional term to the total cross section

O'F =0'a+&pm+&a g

where 8 is the neutron binding energy, and for the
compound nucleus,

even-even,

even-odd,

odd-even,

odd-odd.

(6)

The average level spacings are obtained by the usual
procedure described in Fig. 7 for Kr' ' Kr'" and Kr"
where the integrated number of levels is plotted against
energy. The results are listed in Table III. The error
on D is given by t (4—s.)/vrcV J', which is an asymptotic
approximation derived from the signer distribution
for level spacings. For comparison we have also included
in the table the most probable values of the spacings,
D*, and the corresponding errors DD~, calculated by
the method of Muradyan and Adamchuk, "where

ZDP I
. (g)

(4M s-i )
'~ P. E. Nemirovsky and Yu. V, Adamchuk, Nucl. Phys. 39,

551 (1M2).

The neutron and proton pairing energies, b„and 5„.
have been taken from the work of Nemirovskii and
Adamchuk. " It would be of particular interest to ex-
tract a value for cr from the observed average neutron
level spacings. This factor is important in low-energy
nuclear physics because it can be related to the nuclear
temperature T and the moment of inertia I through the
relation"

o' = TI/O'.

where o, is the nuclear scattering, 0.~ is the paramag-
netic scattering, and 0, is the absorption cross section.
The paramagnetic scattering can be written in the form"

a„==s's (e'/mc') y'dusP,

where e'/mc' is the classical electron radius, y is the
magnetic moment of the neutron, p is the eGective
magnetic moment of the atom in Bohr magnetons, and
Ii is the neutron scattering form factor. Equation (9)
indicates that one can determine ~~ if cr~, 0-„and o.,
are known. The measured total cross section of Er'"
and Kr" at 0.0253 eV are 50&8 b and 33.6&2.0 by

respectively. Corrections have been made for dead-time
count losses, water absorption by the samples, oxygen
scattering, and isotopic impurities (for Er"4). The
accuracy of these measurements is determined pri-
marily by the uncertainty in the normalization, and to
a lesser extent by counting statistics. The potential
scattering cross sections for Er'" and Kr"' are found to
be 10.6+ i.8 and 5.5&i.3b, respectively. Using an
absorption cross section" of 2.03+0.41 b for Kr"', we

"E. Erba, U. Facchini, and E. Saetta Minichella, Nuovo
Cimento 22, 1237 (1961)."J.A. Harvey, in N'eutrorl, Tense-of-Flight Methods, edited by
J. Spaepen {Euratom, Brussels, 1961)."K.Breuer, B. Goel, K. N. Muller, and E. Rossle, in Nuclear
Structure Studies with Neutrons, edited by M. Neve de Mevergnies
et cl. (North-Holland Publishing Company, Amsterdam, 1966),
p. 542.

~4 P. Venugoopala Rao and R. W. Fink, Phys. Rev. 154, 1023
C',1967).

'"' D. J. Hughes, R. C. Garth, and J. S. Levin, Phys. Rev. 91,
1423 (19S3).

'6 G. T. Trammel, Phys. Rev. 92, 1387 (1953)."R. F. Barnes, Argonne National Laboratory Report No,
ANL 5287, 1954 (unpublished).
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obtain ap =26.1&2.5 b. This value is to be compared
with a value of 23.5 b for the neighboring element Ho,
obtained" from the experimental angular distribution
of scattered neutrons, and a value of 27 b calculated
by Zimmerman et u3.29 for natural erbium, using neutron
scattering form factors calculated by Blume eI, al.30

Finally, if we use O.
p 26.1&2 5b for Er'", we get

an absorption cross section for this isotope equal to
13+9b. Since the contribution of the positive energy
resonances to the thermal absorption of Kr'" is only
2 b, this indicates that Er'" has a bound level which
contributes significantly to the thermal absorption cross
section.
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The modified Tamm-Dancoff approximation has been used to study the states of odd-mass Ni isotopes
as the superposition of one- and three-quasiparticle states. The three-quasiparticle basic states are classified
according to the well-known seniority scheme and are expressed in an equivalent second-quantized form.
These three-quasiparticle states form an orthonormal and nonredundant set. The eGect of the spurious
0+ two-quasiparticle state has also been removed from these basis wave functions. Several diRerent kinds
of two-body residual interaction have been used in the calculation. Fairly decent agreement is obtained
in the energy spectra between our results and the exact shell-model results, using the effective interaction
of Cohen et c/. Various approximate methods, such as the perturbation theory and a phonon approximation,
are discussed in the context of the present method. The eBect of the ground-state correlation is also studied.
The admixture of the three-quasiparticle states in the lowest few levels causes very little change in the
magnetic moment, and the M1 transition rates calculated on the basis of a single-quasiparticle structure
of these states. The E2 transition rate is fairly sensitive to the admixture and the type of interaction used.

I. INTRODUCTION'

HE nuclear shell model has been successfully
applied to the description of nuclei having few

nucleons in the unfilled major shell. This line of ap-
proach becomes very complicated with the increase of
number of nucleons due to the large number of near
degenerate configurations involved. Such calculations
are made possible by the development of the super-
conductivity (BCS) modeP ' of the nucleus, which
tak.es into account the strong "pairing interaction"
between nucleons by the Bogoliubov-Valatin trans-
formation resulting in quasiparticles. In the lowest

*A preliminary report on this work has been published in the
Proceedings of the Low Energy Nuclear Physics Symposium
Kanpur, 1967 (unpublished) held by the Department of Atomic
Energy, Government of India.

t Permanent address: Saha Institute oi Nuclear Physics,
Calcutta, India.' L. S. Kisslinger and R. A. Sorensen, Kgl. Danske Videnskab.
Selskab, Mat. Fys. Medd. 32, No. 9 (1960).' M. Baranger, Phys. Rev. 120, 957 (1960).

approximation, the model interprets the first few low-

lying states of odd-A nuclei as independent one-quasi-
particle excitations. The first 2+ state of spherical even
nuclei, the so-called one-phonon state, is described as a
superposition of quasiparticle pair states in the frame-
work of Tamm-Dancoff approxim. ation (TDA) and as
a superposition of quasiparticle pair and quasihole pair
states in the framework of random-phase approxi-
mation (RPA). A better approximation for odd-mass
nuclei, then, is to mix the independent quasiparticle
states with the states obtained by coupling single
quasiparticles to this phonon state. Hereafter, this will
be referred to as the phonon approximation (PA).

A more rigorous procedure is to do the configuration-
mixing calculation of quasiparticle residual interaction
in an enlarged space of all the one- and three-quasi-
particle states. Such calculations involve technical

difhculty in the construction of three-quasiparticle
basic states when all the three-quasiparticles @re in thy
same level.


