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Sensitivity of tungsten neutron cross sections to target band mixing and P6 deformation
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It is shown that insertion of a deformation parameter P6 in coupled channels calculations

may be necessary for proper predictions of the neutron total cross sections {o.T) at incident

energies below -700 keV. This is illustrated in the present work with the oz measure-

ments of Whalen et al. on the ' "' W isotopes. In a previous report it has been estab-

lished that these data could not be well reproduced using coupled channel calculations in-

volving only pq and p4 deformations. It is shown presently that this discrepancy can be re-

moved if, provided that self-shielding corrections to these measurements are made, a small

deformation parameter P6 is considered in coupled channel analyses. As the W isotopes

are lying at the rotational edge of the A =190—200 transitional mass region, it is also em-

phasized that band mixing effects on the model predictions might be of some importance.
These effects have been investigated for ' ' ' W as well as for ' % using realistic collec-

tive wave functions.

NUCLEAR REACTIONS Neutron total and scattering cross sections.

Tungsten isotopes. Statistical model calculations. Realistic collective

models. Coupled channels analyses. Deduced P6 deformation parame-

ters. Calculated inelastic cross sections for ground state and vibrational

band levels.

I. INTRODUCTION

In previous work by Delaroche et al. ' the dif-
ferential cross sections of measurements of neutron
elastic and inelastic scattering from the

% isotopes at an incident energy of 3.4
MeV have been reported. These nuclei, lying at the
rotational edge of the A =190—200 transitional
mass region, were assumed to be rigid rotors in the
coupled channels (CC) analyses. With this assump-
tion, especially rough for ' W as is well known

from Coulomb excitation measurements, the analy-
ses' which combine these scattering measurements

and s- and p-wave strength functions as well as to-
tal cross sections (o T) reported in a wide energy

range led to a satisfactory agreement between

the calculations and most of the available neutron

cross section measurements. However, as they seem

related to the model assumptions made, a few prob-
lems are remaining. First of all, the model calcula-
tions failed to reproduce the experimental values of
O.T at incident energies below -700 keV. In addi-

tion, it was found that the hexadecapole deforma-
tion parameter p4 was significantly larger for ' W
than for ' % and ' %. As it was briefly discussed
in Ref. 1, this result might depend on the rotational
model (RM) assumption for this even-odd nucleus.

On the other hand, recent measurements performed
by Guenther and Smith for the 2& vibrational lev-

els cannot be accounted for properly using the sta-
tistical model calculations described in Ref. 1.
Thus, it is necessary to consider calculations of the
direct interaction cross section for these excited
states, on the basis of realistic collective wave func-
tions.

The present work is an extension of the reported
study on neutron scattering from the tungsten iso-
topes. ' Its aim is (i) to investigate the band mixing
and p6 deformation effects on fast neutron scatter-
ing from these nuclei in order to understand the ori-
gin of the problem mentioned above and (ii) to esti-
mate the magnitude of the direct interaction cross
sections for vibrational states at low excitation ener-

gy. Coupled channels calculations are presented,
which involve Kumar's and Faessler et aI's. ' wave
functions available for the even-even W isotopes,
and Kerman's" and Casten et al. 's' wave functions
adjusted on the strongly mixed rotational bands of
183~

II. COUPLED CHANNELS
CALCULATIONS

In the following CC calculations the optical po-
tential U and deformation parameters p' and pq are
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identical to those given in Ref. 1. The potential U
may be expressed as:

U= —( V +i 8'„)f(r,a„,A„)

d
+4iap 8'p f—(r, ap, Rp)

dp B(EA,;I J)= iMJI'i
(2I +1) (3)

M(k) ( )A, +J—IM(x)IJ

and are related to the reduced EA, transition proba-
bilities 8(EA.) and spectroscopic quadrupole mo-
ments Ql. These relationships ' are, respectively,

where f (r, a;,R;) is a Woods-Saxon form factor. As
in Ref. 1, the potential U is expanded into spherical
harmonics F~ (with A, &8). In the present work we
are dealing with an energy range E &4 MeV where
the volume absorptive potential 8'„has been
neglected. For the sake of completeness, parameters
of the potential are given in Table I. No further op-
timization of these parameters has been attempted
since the purpose of the present work is to estimate
band mixing and 136 deformation effects. Only a
minor adjustment of O'D had to be made, as is ex-

plained in Sec. IV. The coupled channels analyses
have been performed using the code EcIs 78 (Ref.
13) in a manner similar to that described by Baker
et al. ' in their analyses of (n, a') scattering mea-
surements from osmium isotopes. Although ap-
proximate, this method has proved successful in the
analyses of (a,a'), ' ' (' C, ' C' ),

'
(p,p'), ' and

(n, n'}' scattering from some transitional nuclei.
Briefly, the potential form factors U~ were calculat-
ed' in the rotational mode1 framework and the
band mixed wave functions

~

IM ) of the target nu-
cleus were inserted into EcIS 78 as computational in-

puts through the corresponding reduced matrix ele-
ments (J~ ~M(EA, )~ ~I) of the collective electric mul-
tipole operators M (E)}.'(

In the present work, the notation

used currently by spectroscopists for the reduced
matrix elements (RME) has been adopted. The
RME values satisfy the following symmetry rela-
tion:

&MII(2)

I (2I —1)
(I + 1)(2I+1)(2I+3)

1/2

(4)

In principle, any collective model would be able
to provide all the Miz' values for A, )2. This would
be the case for the dynamic deformation theory '

(DDT), and the rotation vibration model' (RVM)
which both describe quite well the low energy col-
lective properties of ' ' ' W. The level
schemes for these nuclei are shown in Fig. 1 and,
for "W, the comparison between experimental and
RVM predicted level schemes is presented in Fig. 2.
The rotation particle coupling (RPC) model"
would also be able to provide RME values for '

Unfortunately, the only available RME's from (i)
DDT and RPC, and (ii) RVM models are MIJ'
(Refs. 9 and 23) and MIJ' for A, =.2,4 (Ref. 10),
respectively. Part of the present work has been
done in order to compare the CC calculations (see
the next sections) based on DDT, RVM, RPC, and
RM (Ref. 25) models. For this purpose, the mul-
tipole operators M(E6) and M(E8) and their
respective RME values have been determined from
RVM (see Appendix A), and the RME values from
DDT and RPC models have been estimated for the
operators M(E4), M(E6), and M(E8) (see Sec.
IV A). Finally, it must be pointed out that the M~&'
values from the RPC model have been calculated
using Kerman's" and Casten et al. 's' admixed am-
plitudes (see Appendix B). The reduced matrix ele-
ments involved in the present work are given in
Tables II—IV.

W, =4.93—8.00 —+1.30E'~' V„=6.00

TABLE I. Tungsten isotopes. Neutron optical potential and deformation parameters determined in a previous work
{see Ref. 1). Strengths in MeV; geometry parameters in femtometers. Incident neutron energy E in MeV; E & 9 MeV.

V =49.90—16.00 — —0.25EX —Z

rp ——1.26
ay ——0.63
'82W: Pg ——0.223+0.007, Pg ———0.054+0.006.
'8 W: P& ——0.209+0.009, P4 ———0.056+0.006.

I'D ——1.28
aa ——0.4p
'"W: P, =0.220+0.012, P4=- —0.075+0.010
""W: P, =0.203+0.006, P, = —0.057+0.006

r„=1.26
a„=0.63
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this even-A W isotope.
Thus, in order to improve the fit, a deformation

parameter pq has been included in new CC calcula-
tions. This is achieved by expressing the potential
radius R; as follows:

R;=r;A'~ 1+ g P~ Yq
A.

' =2, 4,6

2+ 2+

+

182 184 186
W

FIG. 1. Level schemes of even tungsten isotopes at
low excitation energies (Ref. 22). Ground state band
(K=O), P-vibrational band (K=O), and y-vibrational
band (E=2).

III. HEXACONTATETRAPOLE
(Ps ) DEFORMATION EFFECTS

As pointed out in Ref. 1 the CC calculations
based on the simple rotational model are able to
reproduce with a good accuracy (i.e., better than

5%) the energy variations of the ' ' ' W total
cross sections measured ' ' at incident energies (E)
higher than -700 keV, but fail below this energy if
one considers Whalen et al. 's o.T measurements.
The self-shielding corrections made recently ' to
these measurements are appropriate to restore fair
fits for or (' W) and oT (' W). Although they
also produce a substantial effect on the measured'

ol (' W) values, the self-shielding corrections are
not large enough to remove all the deviations be-

tween the calculations' and the corrected o.T
values ' for ' W. The "residual" discrepancy
should reflect the effect of a specific property of

p, ('"w) ——o.o4,

10

OT (b)
182~

Several attempts have been made previously in or-
der to determine Pq from hadron scattering for
some W isotopes. Analyzing an (a,a') inelastic
scattering measurement for ' W at 60 MeV, Hen-
drie et al. found that a small, if any, pq deforma-
tion parameter would be needed to reproduce the
data. Recently a (p,p') inelastic scattering measure-
ment has been performed at 35 MeV incident ener-

gy for ' W; unfortunately, a complete analysis of
these data is not yet available. On the other hand, it
is expected from Nilsson et al. 's structure calcula-
tions that p6 is small and negative (p&- —0.01)
for ' W and negligible for ' W. These values have
been presently considered as indicative since the ex-
perimental values of p6 reported in the rare earth
region deviate strongly from the model predictions
(see Fig. 11 of Ref. 35). A few CC calculations
have been performed in the present work assuming
ps@0. Some results shown in Fig. 3 support a
small negative P& value for ' W. Similar results
have been obtained for ' W and ' W. It seems
that the following values,

b+ 0.808

I+ 0.396 0.38I

4+ 1.031 1.030

(3+) 0862 0.874

2' 0.~37 0.73&

Exp. RVM

'f - band

(2+) 1306,."
(0+) Q882 0,882

Exp. R YM

P-band

2+ 0.122 0.122
En(Mev)

0+ 0.0
Exp.

0.0
RVM

GS-band

FIG. 2. Ground state, P- and y-vibrational bands for
The experimental energy, spin, and parity values

are from Ref. 22 and compared with the rotation vibra-
tion model predictions (Ref. 10). Energies are in MeV.

0.& 0.2 0.3 0.' 0S
I

0.6 0,7

FIG. 3. Energy variation of the total cross section crT
('"W) at incident energies below -700 keV. The exper-
imental data are taken from Ref. 31. The full, dashed,
and dotted-dashed curves represent coupled channels
calculations performed assuming P6 ——0. , —0.02, and
—0.04, respectively (see Sec. III).
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would be appropriate for fitting quite well the
corrected o r values ' for the three isotopes. The ef-
fect of this P6 parameter on the calculated or
(' W) is -4% at E-100 keV and decreases with

energy, as can be seen in Fig. 3. Of course the un-

certainties attached to the P6 values are probably
large (typically -50%) since the values given above
are correlated with the values of P2 and Pq deter-
mined previously' (Table I). An additional support
of a small negative P6 value is provided by the in-

elastic scattering cross sections for the first 2+ and
4+ excited states'. Figure 4 shows a better agree-
ment between experimental and presently calculated
angular distributions for ' W at 3.4 MeV incident
energy if a P6 value of —0.04 is included in the CC
calculations. Similar improvements are found for

W. Furthermore, the inclusion of P6 in the
Cc calculations does not change the calculated total
cross sections by more than —l%%uo at 3.4 MeV, and,
more generally, at energies above 1 MeV. All these
considerations corroborate a specific P6 effect on

10

the neutron scattering properties of ' ' W.
An investigation of the target band mixed wave

function effect on the calculated 0.
& must be per-

formed since band mixing phenomena might also
alter the calculated values of the cross sections.
These structure properties of the even W isotopes
extensively studied by Kumar and Baranger are
considered in the following section.

IV. BAND MIXING EFFECTS

Band mixing effects are investigated in Sec. IVA
for the even W isotopes, and in Sec. IV 8 for '

A. Even% isotopes

Let us search for a possible departure from the
rotational model predictions, discussed in Ref. 1 for
both total cross sections and inelastic scattering
cross sections for the 2+ and 4+ states belonging to
the ground state (g.s.) "band, " when target band
mixed wave functions ~IM) are used in the CC
calculations. These wave functions may be written
as:

~

IM ) = g Ax
~

IMK ),

10

v) 102

b 10

I I t I i I t i

0 20 40 60 80 100 120 140 160 180

~c.m.{deg )

FIG. 4. Elastic and inelastic scattering angular distri-
butions for "% at 3.4 MeV incident energy. The ex-
perimental data and calculations based on symmetric ro-
tational model assumptions (full lines) are taken from
Ref. 1; the dashed lines result from similar calculations
for p, = —O. O4.

where Ax. is a mixing amplitude, and
j
IMK) the

eigenfunction of the symmetric top Hamiltonian,
From these wave functions we can also estimate the
direct interaction (DI) cross sections for the P- and
y-vibrational states. The present study has been re-
stricted to the Op (' W) and 2z (' '" W) levels for
which a few inelastic scattering measurements are
available. ' ' ' In the following discussion we
will mainly consider the nucleus ' W.

As explained in Sec. II the band mixed wave
functions ~IM) have been inserted into ECIs 7s

through the corresponding reduced matrix elements
defined in Eqs. (1)—(4). We have considered here
the RME values obtained from DDT and RVM.
The E2 DDT reduced matrix elements have been
taken from Ref. 9. In calculations involving these
E2 RME's, the EA. reduced matrix elements for
A, g 2 have been assumed to be those of a simple ro-
tor since, unfortunately, they have not been re-

ported by Kumar in Ref. 9. Just the opposite, the
RVM reduced matrix elements have been calculated
using equations and tabulations given in Ref. 10.
Analytic expressions for the E6 and ES reduced
matrix elements have been determined in the
present work. These expressions as well as those for
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E2 and E4 transitions are given in Appendix A in a
suitable form for the present calculations.

For E2 transitions, these are compared in Table
III with the values inferred by the. measurements of
8 (E2) available for ' W. From Tables II and
III it can be seen that both DDT and RVM predict
E2 RME values in agreement with measurements.
The DDT and RVM predictions for MIJ' relative to
the 0+, 2+, 4+ levels of the g.s. band deviate by less
than -9%. For other kinds of transitions from the

g.s. band levels to the 2& or Op excited state, the de-

viation between the E2 RVM and DDT reduced
matrix element values seem to be more important.
Presently, the DDT and RVM predictions cannot
be verified for transitions leading to the Op and 2r+

excited states since the Coulomb excitation mea-
surements now available are very scarce. However,
neutron inelastic scattering might bring some sub-

stantial information.

1. Ground state band levels

Using DDT and RVM reduced matrix elements
and assuming the coupling basis (0+,2+,4+) and

the potential parameters given in Table I, CC calcu-
lations have been performed for oT and inelastic
scattering to the first 2+ and 4+ excited state at 3.4
MeV incident energy. Below -700 keV, DDT and
RVM lead to calculated O.T values which deviate
from the CC calculations of Ref. l by less than
0.6% for ' W as well as for ' ' W. Thus it is
clear that band-mixing effects on or at low energies
are very small and do not contribute significantly to
the solution of the o T discrepancy considered in

Sec. III. The calculations based on the DDT wave
functions performed at 3.4 MeV for elastic and in-

elastic scattering from ' W are shown as dashed
lines in Fig. 5; the curves include compound nucleus

(CN) and direct interaction (DI) contributions. The
calculations based on the RVM wave functions, not
shown in Fig. 5, give results very similar to those
based on the DDT wave functions. It can be seen

that, at this energy, the band mixing effects are
small. The fact that the full (RM) and dashed

(DDT) curves are almost identical is not surprising
since all these models produce similar E2 RME
values (see Tables II and III) for the g.s. band tran-

TABLE II. Relative E2 reduced matrix element

values (in barns) used in the coupled channels calcula-

tions for 1 82~ 1 84~ 186~

10
I.

Q+

0+
2+

2+

2y'

2+

182~

—1.000
—0.085'

1.185'

1 ~ 195"

184~

—1.000
—0.149'

1.155'

1.195"

186~

—1.000
—0.209'

1.096'

1.195b

10

)02
L/l

2+
y

4+

—0.658'—0.484'—0.360'2+

2+ —1.679'
—1.603
—0.738'

0.171'
1.444'
1.529"

—0.273'
—0.946'

0.727'
1.214'

—0.155'
—0.053'
—0.513'
—0.754'

—1.660'
—1.603
—0.500'

0.206'
1.500'
1.529"

—0.247'
—0.680'

0.814'
0 747'

—0.191'
—0.098'
—0.397'
—0.990'

—1.645'
—1.603
—0.090'

0.230'
1 530'
1.529"

—0.205'
—0.460'

0.865'
0.205'

—0.210'
—0.145'
—0.290'
—1.110'

2+
4+
4+

2+
y

2y'
4+

Q+
P

Q+
P

0+
P

2+
P

0+
2+
4+
2+

'DDT value (see Ref. 9).
RM value (see Ref. 25).

'Following O' Brien et al. (Ref. 26) the first 2+ state

predicted (Refs. 2 and 9) beyond the first excited state

has been identified to the 2y state; the second one (Refs.
2 and 9) has then been identified to the 2@+ state.

a
~ 102
b

10

1 I I I I I I I I

0 20 40 60 80 100 120 1L 0 16 180

e, ~(deg )

FIG. 5. Elastic and inelastic scattering angular distri-
butions for "% at 3.4 MeV incident energy. The ex-
perimental data and calculations (full lines) are taken
from Ref. 1. The dashed curves result from similar cal-
culations in which Kumar's E2 reduced matrix elements
of Ref. 9 are used (see Sec. IV).
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E8
(b')

RVM'RVM' expg RVM' RVM'RM'

TABLE III. Relative E2, E4, E6, and ES reduced matrix element values for "W. Comparison between rotation vi-
bration model (RVM), rotational model (RM), and measurements (exp).

E2 E4 E6
I J (b) (b ) (b')

0+ 2+
0+ 2y+

2+ 2+
2+ 2y
2+ 4+
2+ 2+

y y
2+ 4+

y
4+ 4+
0+ 4+

—1.000
—0.237

1.19S
—0.445
-1.664
—1.135
—0.095

1.457
0.000

—1.000
0.000
1.195
0.000

—1.603
0.000
0.000
1.529
0.000

0.207+0.007"
1.172+0 052 '"

0.314+0.012"
1.526+0 064""

—0.917+0.221d

-1.529

0.000
0.000
1.160
0.257

—1.104
0.431
0.792
1.132
1.000

0.000
0.000
1.195
0.000

—1.140
0.000
0.000
1.207
1.000

0.000
0.000
0.000
0.000

—1.356
0.000

—0.305
1.195
0.000

0.000
0.000
0.000
0.000

—1.2S4
0.000
0.000
1.122
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.384
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
1.347
0.000

'See Ref. 10.
"Absolute value.
'See Ref. 27.
"See Ref. 26.
'See Ref. 25.
See Ref. 28.

~In e b units.
"Rotational model value obtained from the combination of the 8(E2;0+—+2+) value (Ref. 29) for ' %' (nucleus which
may be assumed a "good" rotor) with the measured ratio (Ref. 30) of the " "W quadrupole moments Q2+.

sitions as emphasized above. Similar results are ob-
tained for the ' ' % scattering cross sections, and,
in addition, the total cross sections predicted by the
three models are almost identical. Thus it is we11

justified to have assumed in Ref. 1 rotational model
wave functions for the 2+ and 4+ g.s. levels, and to
consider that band mixing effects are not as impor-
tant as the P6 deformation effect discussed in Sec.
III.

ate the DI contribution.
Experimental and calculated cross sections for

the 2&+ states of ' ' % are shown in Figs. 7 and 8,
respectively. It can be seen in Fig. 7, which
displays the inelastic scattering excitation func-
tion ' ' for the 2& (' W) level at energies between
threshold and 4 MeV, that the CN cross section
determined from Ref. 1 lies below the experimental

2. P- and y vibrational states-

Let us now consider the DDT and RVM wave
functions in view of predicting the DI cross sections
for the 13- and y-vibrational bandhead levels. For
this purpose, the coupling bases (0+,2+,4+,

Ot+t ) and
(0+,2+,4+,2r+) have been considered. As pointed
out in Sec. II, the surface absorptive potential 8'D
of Ref. 1 has been slightly decreased by 8% because
the coupling basis is presently larger. The calcula-
tion results afe shown in Figs. 6—8. As can be seen
on Fig. 6, the fit to the cross section measured at
2.7 MeV for the Ott (' W) bandhead level is im-
proved when the DI contribution is taken into ac-
count though the data are somewhat scattered. Un-
fortunately, at this incident energy, the strong CN
contribution does not permit us to accurately evalu-

~10

E

l3

182

En- 2, 7MeV

o

Ik

Op(1. 137 MeV)

t P. T. GUENTHER (1977)

1 I I I I I I I I

0 20 a0 60 80 100 120 1&0 160 180

ecmtdeg )

FIG. 6. Inelastic scattering angular distribution to
the Op (E=O bandhead) state of "W at 2.7 MeV in-
cident energy. The data are from Ref. 36. The dashed
curve (CN) represents the compound nucleus cross sec-
tion. The full line is the sum of CN and DI com-
ponents calculated using Kumar's E2 reduced matrix
elements (Ref. 9).
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I
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I

W(n, n') W(2~)

( D. LISTER et at{1967)
~ ~

$ P.T. GUENTHER(1977)
THER and A.B.SMITH {1978)

Dl
CN
Dl+CN

0
0.5 1.0 1.5 2.0 2.5 3.0 3.5

E„(MeV)

4Q

FIG. 7. Inelastic scattering excitation function for
the 2& (K=2 bandhead) state of ' W. The full line
(CN) represents the statistical model component calcu-
lated from Ref. 1. The dashed line {DI) is for the direct
scattering (see Sec. IV) from this state as calculated
from Kumar's E2 reduced matrix elements (Ref. 9).
The dotted-dashed curve represents the sum of CN and
DI components. The data are from Refs. 8, 36, and 37.

data at E & 3.4 MeV. Attempts have been made to
increase the CN cross section in this energy region
performing new statistical model (SM) calculations
for which the target level density parameters have
been varied within their respective estimated uncer-
tainties. As we have excluded the possibility of
making a local SM fit, we found that the CN cross
section might not be increased by more than
-10%. This value may be considered as an upper
limit since the SM calculations should have been

L

E

U

b
U

186

En = 3.0MeV

Dl+CN:
o o

CN

2) (0.738 MeV)

~ DI

t P. T. GUENTHER (1977}

1 ) I I I - I I j I

0 20 40 60 80 100 120 140 160 180

ec.m. («g )

FIG. 8. Inelastic scattering angular distribution to
the 2~+ (K=2 bandhead) state of ' % at 3 MeV incident

energy. The data are from Ref. 36. The dashed line

(CN) represents the compound nucleus cross section.
The direct interaction (DI) calculated assuming Kumar's

E2 reduced matrix elements (Ref. 9) is represented by
the dotted-dashed line. The full line is the sum of CN
and DI cross sections.

performed using neutron transmission coefficients
obtained from CC calculations made with a cou-
pling basis (0+,2+,4+,2r+) and an absorptive poten-
tial 8'D smaller than that given in Ref. 1.

From this discussion, it seems necessary to add a
DI component to the CN cross section in order to
obtain a good fit at E &3.4 MeV. CC calculations
based on the DDT wave functions produce a BI
cross section (dashed line) with the correct order of
magnitude (Fig. 7). At energies below 3 MeV, the
sum of CN and DI cross sections, represented as a
dotted-dashed line, lies slightly above the measure-
ments. * This result must not be considered puz-
zling, at present, since the SM predictions (full line)
are probably too large in that energy range (see the
discussion above).

A direct interaction mechanism for scattering
from the 2r+ (' W) level has also been considered.
This is illustrated in Fig. 8 which shows experimen-
tal and calculated differential cross sections at 3
MeV. The measured angular distribution displays
a structure which departs slightly from the symme-
try with respect to 0, =90' which is the signa-
ture of the CN mechanism; moreover, the mea-
surements lie above the CN cross section (dashed
line) determined from Ref. 1. Further statistical
model calculations are not significantly able to im-
prove the fit to the data (see the discussion above).
After adding to the CN cross section the DI cross
section calculated using DDT wave functions, a
better agreement is found between measurements
and predictions (full line).

It can be concluded from the analyses above that
to within a minor adjustment of the absorptive po-
tential depth WD of Table I, it is possible to deter-
mine in a straightforward manner, from micro-
scopic grounds, ' the correct order of magnitude of
the DI cross sections for the 0~ (' W) and 2~
(' ' W) levels, which are nevertheless small.

Unfortunately, these calculations based on the E2
reduced matrix elements from DDT are not fully
satisfactory because the Ek reduced matrix ele-
ments have not been considered for A, &2. There-
fore, more complete CC calculations have been per-
formed using RME determined for A, )2 in the
framework of the rotation vibration model' (see
Appendix A). Theoretical cross sections predicted
at 3 MeV for the 2&+ (' W) excited state are shown
in Fig. 9. The coupling basis (0+,2+,4+,2r+) and
the potential parameters of Table I have been used
in the CC calculations. The dotted-dashed line
represents the result of a calculation in which only
the E2 RME's for transitions between the g.s. levels
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and the 2&+ state have been considered; the full (dot-
ted) line is obtained from the calculations in which
the E4 (E4 and E6) RME's have been considered
in addition to the E2 reduced matrix elements.

From Fig. 9 it can be seen that o(2& ) depends
mainly on the E2 and E4 RME values and that the
effect of the E4 reduced matrix elements is to in-
crease by -20%%uo the o(2& ) value calculated assum-

ing only E2 reduced matrix elements. The in-
clusion of a small Ps value in the calculations does
not alter this enhancement. Also shown on Fig. 9,
as a dashed line, is the 2& cross section determined
using E2 reduced matrix elements from DDT.
Since this curve closely follows the dotted-dashed
line, one may speculate that the dynamic deforma-
tion theory and the rotation vibration model would
lead to approximately similar predictions for o.(2&+)

from calculations involving all EA, RME's.

183~

The low-lying level properties of the ' W nucleus
have been extensively studied by Kerman, "Rowe,
Brockmeier et al. , and, more recently, by
McGowan et al. From these investigations it ap-
pears that the rotation particle coupling (RPC)
model provides a clear understanding of the elec-
tromagnetic properties of the ' W low-lying excited
states. Considering that the effect of core vibration
is negligible, this nucleus exhibits two rotational
bands built on the close K = —, and E = —, in-

10
186

5
C

VI

C3
E

C
2

0

trinsic states. Following Brockmeier et al. it is
presently assumed that ' W has an axially sym-
metric deformation.

Using the notations of Ref. 39, the ' W wave
functions can be written as

with

1

I I I I I I I

0 20 40 60 80 100 120 140 160 180
(deg )

FIG. 9. Direct interaction cross section for the 2~+

(K=2 bandhead) state of "W, at 3 MeV incident ener-

gy. The curves result from (0+ 2+,4+,2& ) coupled
channels calculations based on (a) Kumar's E2 reduced
matrix elements (Ref. 9) (dashed line), and (b) Faessler
et al. 's (Ref. 10) wave functions when: E2 (dotted-
dashed line); E2 and E4 (full line); E2, E4, and E6
(dotted line) reduced matrix elements for the transitions
leading to the 2z state are inserted, respectively, in the
CC calculations (see Sec. IV).

I,INC, v ) =
1/2

[DM/(&') ~y/, y)+( )'+ DM /(0—') ~yxy) j,
16m

where
~
(tz„) and

~ Px, ) represent intrinsic states,
D~x are rotation functions, and v is an index run-
ning over different intrinsic states having the same
E quantum number. Although these states

~

IM )
can be inserted in the coupled channels formalism,
provided that the optical potential is modified ac-
cordingly, we have decided to perform the CC cal-
culations for ' W in a manner similar to that ex-
plained in Sec. II. The reduced matrix elements
(I~ ~M(E2)~

~
J) of the quadrupole operator M(E2)

have been determined from the method explained in
Appendix B. Some numerical values of these
RME's, gathered in Table IV, have been calculated
assuming Kerman's" or Casten et al. 's' mixing
amplitudes and used in CC calculations at 3.4 MeV
with the g.s. band states from —, to —, as the cou-

I

pling basis. They are given in Fig. 10 where the
dashed and dotted-dashed lines represent the sums
of DI and CN components; also shown in this fig-
ure are the measurements and calculations (full
lines) based on the simple rotational model. ' Since
predictions are very similar, it seems not necessary
to significantly change the P2 and P4 values for

W (see Table I) which, in addition, are in excel-
lent agreement with Casten et al. 's e2 and e4 de-
formations, when converted into Pz and Pq.

V. CONCLUSION

It has been shown in the present work, on the
study of neutron interactions with tungsten iso-
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TABLE IV. Relative E2 reduced matrix element

values (in barns) used in the coupled channels calcula-

tions for the '"W ground state band.

10
1

5

I J Rotational Casten et al. ' Kerman

1—
21—
23—
2
3

2
5—
2
5—
2
7—
2
3—
2
5—
2
7

29—
2

3

2
5—
2
5—
2
7

2
7

2
9—
2
9—
2
3—
2
5—
2
7—
29—
2

—0.894

—1.095

—0.586

—1.434

—0.478

—1.690

—0.416

0.894

1.171

1.380

1.557

—0.894

—1.029

0.532

—1.413

—0.608

—1.581

0.330

0.874

1.145

1.349

1.522

—0.894

1.061

—0.674

1.386

—0.629

1.677

—0.617

0.897

1.176

1.385

1.563

102

10
E

3/2

'See Ref. 12.
"See Ref. 11.

topes, that the deformation parameter P6 may be of
great importance for a proper coupled channels pre-
diction of the total cross sections o T at incident en-

ergies below -700 keV. A reanalysis of the o.T
measurements of Whalen et al. for ' ' ' W indi-
cates that, after correction of these experimental
values for self-shielding effects, a P6 deformation is
necessary to reproduce the trend of o.T at low ener-

gies. Moreover, although small, the negative values

found for p6 have led to improved fits to the first
2+ and 4+ inelastic scattering cross sections at 3.4
MeV. It would be very interesting to check the
present p6 values from analyses of the (p,p')
scattering measurements on ' % performed at a
much higher incident energy.

An important part of the present work has been
devoted to the investigation of band mixing effects.
From our study it appears that these effects on the
total cross sections as well as inelastic scattering
cross sections for the first and second excited states
of the even % isotopes at 3.4 MeV are small. Con-
cerning the odd nucleus ' W, the band mixing ef-
fects on the scattering cross sections have been
found to be more important. Moreover, these ef-
fects are such that no significant changes in the de-
formation parameters (pz, p4) determined in Ref. 1

are needed for improving the fits. These results
confirm that the even-odd effect on P4, found in
Ref. 1, is real. This property observed on neutron

I I I I I I i

0 20 4 0 60 80 100 120 140 160 180

~cm(d'& )

FIG. 10. Elastic scattering and inelastic scattering
angular distributions from the first — and — states

of ' 'W at 3.4 MeV incident energy. The experimental
data as well as calculations based on symmetric rota-
tional model assumptions (full lines) are take from Ref.
1. The dashed and dotted-dashed curves result from
calculations in which Casten et al. 's (Ref. 12) and
Kerman's wave functions (Ref. 11) are used along with

1 — 3 — 5 — 7— 9—
the 2, 2, 2, 2, and

2
states of the g.s. band

adopted as the coupling scheme.

scattering enhances the interest in further Hartree-
Fock-Bogolyubov structure calculations involving,
for ' W, a blocking of the odd neutron. Finally,
band mixed wave functions have also been used in
CC calculations in order to estimate the direct in-
teraction cross sections for the Op+ and 2&+ bandhead
levels of the even %' isotopes. In the energy range
below -4 MeV, where inelastic scattering excita-
tion functions and angular distributions have been
measured and reported, the compound nucleus
mechanism dominates the neutron-nucleus interac-
tion. For this reason it has been difficult to deter-
mine accurately the magnitude of the direct interac-
tion cross sections. Using only the E2 reduced ma-
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trix elements for transitions between the ground
state band levels and the 0~ or 2&+ state in the CC
calculations, significant contribution of the DI
mechanism has been established for these excited
states. Moreover, as it would be necessary to con-
sider EA, reduced matrix elements with A, &2 for
more complete analyses, it appears important to
perform further CC calculations involving the cou-

pling bases (0+,2+,4+,
2&+ ), (0+,2+,4+,0~+ ), or

(0+,2+,4+,2&+, Op+) in order to get proper estimates
of the CN and DI cross sections for both g.s. band
and vibrational states in the full energy range of in-

terest. Such work implies a slight readjustment of
the potential parameters and would require, in par-
ticular, new neutron inelastic scattering measure-

ments for the 2& states at incident energies higher
than 4 MeV where the compound nucleus mechan-
ism is expected to vanish.
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APPENDIX A

The electric multipole operators' M(EA, ) have been determined assuming a homogenous charge distribu-
tion' . These may be expressed in the laboratory system of axes as

3Z R(Q)
M(EA, ,p)=

z I r + Y~~ (Q)drdQ,
4~x, '

with the following definition of the charge radius:

(Al)

R (Q) =R() 1+g ad Y2(Q)

For )(,=2, a volume conservation term must be added' ' to (Al). An explicit formula for A, =2 and 4 can be
found in Ref. 10. Expanding Eq. (Al) to the third and fourth order, respectively, and using the symbolic no-

tations of Ref. 10, the operators M(E6,p) and M(ES,p) may be expressed as:

15~35ZR ()
M(E6,p) = [( )P[[~(2)X~(2))(4)X~(2)](6)

I2v'286~

and

675v 5ZR()
M(ES,p) =

I ( —)P[[&(2)X &(2)](4)X [&(2)X &(2))(4)) ())
I4(4862)' vr

P

These become, in the intrinsic collective coordinates, after lengthy but straightforward calculations,

45W5ZR() (6) I 3M(E6,p)= z [Dqo(Po +3Po ao+3Poao +ao +Poa2 +aoa2 )
22 13m.

+( s ) (Dp2 +Dp —2)(Po a2+2Poa2ao+a2ao + —,a2 )

+(—, )' '(D„"4'+D„"'g)(Poa2'+a()a2')+( —„)' '(DI.6+DI —6)a2 I,

and
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M(E8 p)= ~ t Dqolpo +4po ao+2po (3ao +az )+4po(ao +aoa3 )+ao +2ao a2 + 6a2 ]
2025ZRo (()) 4 3 g 3 2 p i3 i i2 i4 (2 i2 & r4

286 17~

+( —,4)' (D~q'+Dp
'

2)[2p oa2+6po azao+po(a'3 +6a2a() )+aoa2 +2a2ao ]

+( " ))/2(D( )+D( ) )(9P 2 '2+18P ' ~2+9 i2 '2+ i&)

+( )s ) (Dp6+Dp 6)(p()a2 +a()a3 )+( 72 ) ( @/+DAN g)a3

The reduced matrix elements of the operators M(EA, ) defined above for A, =2,4,6, 8 may be expressed as fol-
low s:

J 2 I J 2 I
&IIIM«2)IIJ&=A2IJpo ' C)(I)C)(J) 0 0 0 (1+a+ay' —ax')+C)(I)C2(J) 2 2 ()

J 2 I J 2 I
+C)(I)C3(J) 0 0 0 y(1+2a)+C3(I)C)(J) 0 x(1—2a)

J 2 I
+C3(I)C3(J) 2 0 2 (1+a+ay —2ax )

I

J 2 I J 2 I
+C2(I)C3(J) 0 2 2 ( —2axy)+C3(I)C)(J) 0 0 0 y(1+2a)

J 2 I
+C, (I)C2(J) 2 2 0 ( —Zaxy)

J 2 I
+ C3(I)C3(J) 0 0 0 (1+a+3ay —ax )

J 4 I J 4 I
(IllM(E4)llJ) =A4IJpo ' C)(I)C)(J) 0 0 0 (1+y + —,x )+C)(I)C3(J) 2 2 0 ( —, )'~ x

J 4 I J 4 I
+C, (I)C,(J) 2y+C, (I)C, (J) 0 2 2 ( —, )' 'x

J 4 I, J 4 I
+Cz(I)C2(J) 2 0 2 (1+y + —,x )+(—) 2 4 2 (

—„)' 'x

J 4 I
5

J 4 I
+C3(I)C3(J) 0 2 ( —, )' xy+C3(I)C)(J) 0 0 0 2y

J 4 I J 4 I
+ C3(I)C2(J) 2 2 0 ( —,)' xy+C3(I)C3(J) 0 0 0 (1+3y + —,x ) ',
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J6 I
(IllM(E6)llJ)=AqIJpo'' Cq(I)Cq(J) 0 0 0 (1+3y + —,x )

J 6 I
+Ci(I)C2(J) 2 2 0 ( —, )' (x+xy + —,x )

J6 I
+C&(I)C3(J) 0 0 0 (3y+3y'+ —,yx )

J 6 I
+C2(I)C, (J) 0 2 2 ( —, )'/ (x+xy +-;x )

J 6 I J 6 I
+C2(I)C2(J) 2 0 2

(1+3y'+x')+( —)'
2 4 2 ( —, )'"x'

J 6 I
+C2(I)C3(J) 0 2 2 ( —, )' '(2xy+ —,x')

J6I
+C3(I)C&(J) 0 0 0 (3y+3y'+ —,yx )

J 6 I,4+C,(I)C,(J) 2 2 0 ( —, )' '(2xy+ —,x')

J6I
+ C3(I)C3(J)

() 0 0 (1+9y'+ —,x') ',

JS I
&Ill~«8)IIJ & =/(8IJPo' '

Ci(I)C&(J) () () ()
(1+6y'+x'+x'y'+3y'+ —,', x')

I.

J 8 I
+Cl(I)C2(J) 2 2 0 ( 7')1/2(x+ 2x3+3xy2)

J8 I
+C)(I)C3(J) () () () (4y+12y +2yx )

+C2(I)C)(J) 0 2 2 ( —,)'/'(x+ —,x'+3xy')

J 8 I
+C2(I)C2(J) 2 () 2 (1 +y6' +2x' +3y~ +2xy' +—„'x')

J 8 I
+ ( )/ ( 2+x2y2+ ~

4)(
99 )1/2

+C,(I)C,(J) ( —, )
' (3xy+ —,yx +»y )

JS I
+C3(I)C&(J) (4y+12y +2yx )

J 8 I
+C,(I)C,(J) 2 2 0 ( —, )

' (»y+ —,yx +»y )

JS I
+ C3(I)C3(J) 0 0 0 (1+18y'+x'+15y'+3x'y'+ |2x')
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The definition of the following symbols: C;(I), a, x, y, and P0 can be found in Ref. 10. With an exception for
the band-mixing amplitudes C;(I) which are computed numerically (see Ref. 10), these parameters are fitted
on some experimental measurements. In the expressions given above, the coefficients A2, A4, A6, and As are
defined as

3ZR0 27ZR0 45V 5ZRD 2025ZRD

4w 28m 22' 13m 286M 17m.

and the quantity

J1 J2 J3

Pl ) 7?l2 f723

represents the usual "3j"symbol. Finally, the symbol I used above is defined as I=(2I+ 1)'/ .

APPENDIX 8

A straightforward method for derivating the ' W reduced matrix elements of the electric quadrupole opera-
tor' M(E2) in a form suitable for the Eels 7s calculations is explained. This is achieved by combining the
general (and usual) definition ' of the reduced transition probability B(E2):

B(E2;I J)=
I
(Jl M(E2}l II )

(2I +1) (B1)

with a more specific relation suitable for transitions occurring in odd mass deformed nuclei. Given in e b
units, B(E2) can be expressed for band-mixed states (v,I ) and (v', J) as follows:

B(E2;v,I +v', J)= —
I g C„(O,K',J)C„(O,K;I)Q

zx

X [ (IK2 K' K
I
JK')+( —)'+'(IK» —K' K

I
J —K')b—E&—

X(~IC, 1/ ~ 2'3x/2+~K, 3/2~&', &/2)1 I
(B2)

The symbols entering Eq. (B2) have been defined in Ref. 23. The mixing amplitudes C„values involved
presently have been derived"'2 from fitting the energy of the ' W states. The Q and b~z values used have
been determined experimentally by McGowan et at. The labels v and (v') refer to the high (H) and low (L)
energy states of the same spin and parity. As only the ground state band transitions have just been considered
in the present work, it follows that

v=v'=L .

From Eqs. (Bl) and (B2) one may obtain the off-diagonal matrix elements of the M(E2) operator. These have
been defined as follows:

1/t'2

(J
I
IM(E2)

I II ) = (2I+1}
16m g CL (O,K',J)Cg (O,K,I)Q

X [ (IK2,K' K
I

JK')+( —)'+~ (IK2, K' —K
I
J, K')bs—, — —

X (6E,1/25k', 3/2+5K, 3/26K', 1/2)] (B3)

in which the index K(K') runs over the values —, and —,. The reorientation matrix elements (IIIM(E2}III)
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have to be determined from the Q values obtained by McGowan et al. in the rotational model framework.
If Q'~~ '~2 is noted as (Qo), the average values of the intrinsic quadrupole moments for ' W and 's4W, the
spectroscopic quadrupole moments QI can be expressed as:

3E' I(I—+1)
(I+1)(2I+3)

(B4)

I(2I 1)—
(I+1)(2I+1)(2I+3)

16m.

S
(I[[cV(E2)([I),

under the rotational model assumption.
From the identification of (84) to the model independent relationship '

' 1/2, 1/2

it turns out that

(I[fM(E2) [[I&
=

' 1/2 1/2
(2I+1)

I(2I —1)(I+1)(2I+3)
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