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The strongly deformed even-even nuclei !"Hf and !80Hf have been studied using the reac-
tions 1"THf(d,¢)!"8Hf and 1"°Hf(d,p)!8'Hf. These reactions were performed at 12- and 14-MeV
incident energy on the Florida State University super FN tandem Van de Graaff accelerator
with the outgoing particles analyzed by means of a Browne-Buechner-type broad-range mag-
netic spectrograph. 25 states associated with two-quasiparticle rotational bands have been
identified or tentatively identified in these nuclei; included are the intrinsic band heads
6*[5144 +512¢]1, 3*[5144 —5214], 4*[5144 +521+], and 6°[514+ +523+] in 17®Hf and the intrin-
sic band heads 47[ 624t —510t], 57[624t +510t], 67[624t +512¢], and 87[624t +5034] in 180hf,
Coriolis-mixing calculations have been an important factor in making the state assignments.

I. INTRODUCTION

Spectroscopic analysis of the data from neutron-
transfer reactions on deformed even-even nuclei
has been an important means for investigating the
structure of deformed odd-A nuclei and indeed has
played a significant role in establishing the valid-
ity of the unified nuclear model. The spectro-
scopic method associated with neutron-transfer
reactions has also been applied to the study of de-
formed even-even nuclei but the more complicated
nature of the states being populated has limited the
number of such investigations.

In the present research the nuclear structure of
two even-even deformed nuclei, "™Hf and ®°Hf,
is investigated by studying the spectra from the
reactions Hf(d, #)'"°Hf and '"°Hf(d, p)'*°Hf. These
reactions were initiated with 12- and 14-MeV deu-
terons from the Florida State University super FN
tandem Van de Graaff accelerator. The outgoing
tritons and protons were analyzed by means of a
Browne-Buechner-type broad-range magnetic
spectrograph.

The states which are populated in the present
study are ground-state rotational band members,
two-quasineutron states and their corresponding
rotational band members, and large two-quasi-
neutron components of vibrational states. Aiding
in the identification of these states are studies of
other hafnium isotopes™? which have previously
been performed in this laboratory.

final nuclear wave functions;

II. THEORETICAL CONSIDERATIONS

The most useful tools in analyzing the data from
(d, p) and (d, t) reactions on deformed targets are
the rotational formula, which predicts the energy
spacing of rotational band members and the cross-
section formula, which gives the probabilities for
populating states of a single-particle nature in the
residual nucleus. The rotational formula is de-
scribed by the relation

EZ
E=gg I(I+1),

where d is the effective moment of inertia about
an axis perpendicular to the nuclear symmetry
axis, and ! is the total angular momentum of the
nucleus. The cross-section formula is given by
the relation®

do 2I,+1

d_ﬂ(e) —Wi-f-—IZ} Sz ¢1(9) ’

with I; the spin of the target, I, the spin of the
residual nucleus, S, a spectroscopic factor con-
taining all the information on nuclear structure,
and ¢,(0) the intrinsic single-particle cross sec-
tion. The spectroscopic factor is defined by the
relation

S, =EB]'12
j

with the reduced-width amplitude B;, defined by
the form of the overlap integral of the initial and

J‘dg‘lllfuf(£7xN)‘Il1‘M((€) = Zﬁnd’um(xw)cuijlf;Mime) )

iim

§ representing the coordinates of the target nucleons, x, representing the coordinates of the captured par-
ticle, and ¢;,,(xy) representing the bound-state wave function of the captured particle. For single-neutron-
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transfer reactions on odd-neutron targets

1 172
Vo= _2__1!_1'2_ EC?M [D‘{li sm (1)+( 1)7- J,.iDI X(}"n‘i(l)] R
167 g Tt K Ky

1 21f+1>1 Qn1  On2 Qn1 Q Q Q
- — L= n nl(1 n2 2 X n2(1 nl(9Q
Yr ok, ‘/—2-< 1672 an JZn)zc C, {D X ( ) X7™(2) - -’..2( )X,nl( )]

(=1 T e DM'/f_ X, [X}‘Z:l(l) x‘;:;z(z) - x;‘j’;z(l) x;f’ll’lu(z)]} s

and it follows that*

1 (21‘+1

B = v2\z2r +1) {C«sfzﬁ[c(li‘]nzlf;Kiﬂnsz)GQnIQni+(_1)1i-1/2"nlC(I(Jn2If;—Kignsz)Gin‘in]

_cyzi ([CUL Ty 15 Ky R Kp)Dg 0, + (14720 C(L T Iy 5 = K @y Kp)Bg p-q, | HF1 1)

with { f|7) the overlap integral of the initial and final vibrational wave functions. In (d, p) and (d, t) reac-
tions the nucleus tends to stay in its vibrational ground state® and ( f|i) is taken to be unity. With this as-
sumption and with the predictions of the pairing model the cross-section formula has the form

(2%“”), " ZZ(C [C(LilL; K, QK ¢'(9)§V22
K¢

the unoccupation probability U? corresponding to stripping reactions and the occupation probability V2 cor-
responding to pickup reactions. The only angular dependence in this formula is in the intrinsic single-
particle cross section ¢,(6). This cross section is usually calculated using standard distorted-wave Born-
approximation (DWBA) theory. In the present work the zero-range DWBA codes DWUCK and TARO have
been used for the (d, f) and (d, p) calculations, respectively.

The characteristic fingerprint pattern predicted by the cross-section and rotational formulas makes the
identification of rotational bands built on two-quasiparticle states analogous to the identification of rota-
tional bands built on single-particle states in deformed odd-A nuclei. Complicating the problem in even-
even nuclei is the fact that the two-quasiparticle states all occur in a region of the spectrum where strong
mixing with vibrational excitations is a possibility. Also complicating the spectroscopic problem is the
presence of Coriolis mixing between rotational states built on two-quasiparticle band heads with projection
quantum numbers K differing by unity. Zaitz® gives the full Coriolis-coupling matrix element for two-
quasiparticle band mixing. In instances such as the present analysis where the mixed two-quasiparticle

states are composed of Nilsson orbits with different projection quantum numbers the simplified form be-
low suffices:
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III. EXPERIMENTAL PROCEDURES in the triton and proton spectra and to better fix
excitation energies. The emerging protons and
The reactions ""Hf(d, f)*"*Hf and "*Hf(d, p)'*°Hf tritons were analyzed by a Browne-Buechner-type
were performed in the tandem accelerator labora- broad-range magnetic spectrograph, the particles
tory at Florida State University. Each reaction impinging on a set of four nuclear track emulsion
was studied at several different angles to sort out plates which were placed along the spectrograph’s

impurity peaks by observing their kinematic shift focal curve. The developed plates were counted
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in 0.5-mm strips by a binocular microscope
equipped with a special stage for accurately mea-
suring distances. The histograms of tracks per
0.5-mm strip were fitted with sums of Gaussian
peaks by the computer code STRILDE.® This very
useful code determines the centroids and areas of
the fitted peaks, the energies and @ values to
which the peak centroids correspond, and, from
the peak areas and the focal-curve dependence of
the solid angle of the spectrograph, the relative
cross sections of the different peaks.

The targets used in the present experiment were
prepared both by the technique of vacuum evapora-
tion and through the use of an electromagnetic iso-
tope separator. Both of these processes made use
of 50-pg/cm? carbon backings to support the tar-
get material. An enriched sample of HfO, was ob-
tained from Oak Ridge National Laboratory for use
in the evaporation. For the isotope separation it
was found that HfF, produced the strongest and
most workable hafnium beams.

IV. EXPERIMENTAL RESULTS
AND INTERPRETATIONS

A. '*Hf

The reaction ""Hf(d, t)*"*Hf was studied at reac-
tion angles of 35 and 85° using an evaporated tar-
get with a 92% isotopic enrichment and at reaction
angles of 55 and 75° using a target which was made
on the Florida State University isotope separator.
The reactions at 35 and 85° were initiated with 14-
MeV deuterons while the reactions at the other
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angles were initiated with 12-MeV deuterons. A
sample spectrum is presented in Fig. 1. A listing
of the averaged excitation energies and the cor-
responding relative intensities of the states popu-
lated in '™Hf is given in Table I. The intensities
are normalized to the strongest peak at each re-
spective angle.

The @ value for the reaction ""Hf(d, {)'"™Hf was
determined through the identification of three im-
purity states (the 617-keV state of " Hf and the
1638- and 2023-keV states of !®Hf) in the evapo-
rated target spectra and the knowledge of the @
values of these states. This was done by using the
computer code SAM” to recalculate the incident
energies and the spectrograph fields while the ex-
perimental angles and the positions of the three
Hf impurity peaks in the spectra were held fixed.
By rerunning the program STRILDE with the re-
calculated energy and field values the @ value was
measured to be -127+ 11 keV.

The analysis of the spectra obtained in the pres-
ent study is aided by Rickey’s! work on ""Hf. By
performing both the (d, p) and (d, ¢) reactions lead-
ing to this nucleus Rickey was able to experimen-
tally determine the occupation probabilities of the
neutron states near the Fermi surface. These oc-
cupation probabilities are important in studying
the relative strengths of the different rotational
bands populated in the present (d, #) reaction.

The DWBA cross sections used in the present
analysis were obtained by running the computer
code DWUCK. The optical-model parameters used
in the code are those of Perey® and were found by

15 ﬁ‘
7
400} -
a
E 177Hf(d,”|76Hf 6=35°
"E’ Eq= 14 Mev 3
€ -
& 300k EXPOSURE =12 760 uC |
w >
O«
w
§ a
= 2
23 200} 8 _
= 12)
8
=
@ 5 I
= 100}
6
|
2 4
| gs. i
100.0 90.0 80.0

PLATE DISTANCE (cm)

FIG. 1. Triton spectrum from the reaction !""Hf(d,¢)1"6Hf at 35°,
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Rickey to account for the angular distribution of
states of known [ value in '""Hf. The parameters
are presented in Table II.

The nucleus ""Hf has 72 protons and 105 neu-
trons. The odd neutron populates the 4 [514] Nils-
son orbital so that in the (d, f) reaction the two-
quasiparticle states populated are those in which
the #[514] neutron orbital is coupled to another
Nilsson neutron state. The ground state is popu-
lated when the 7 [514] neutron is the particle
picked up in the (d, ) reaction.

Previous experimental studies® of the "®Hf level
scheme give the energies of the 0*, 2*, 4*, and
6* members of the ground-state rotational band
as 0, 88.36, 290.3, and 596 keV. In the present
work these states are identified at energies of 0,
89, 291, and 598 keV. Theory indicates that only
the 2* and 4* members of this band are apprecia-
bly populated in the (d, t) reaction and indeed these
are the only ground-state members seen in all
four experimental spectra. The 6* member is
especially weak with predicted strengths relative

to the 4* state of 0.166 at 35° and 0.172 at 85°.
These strengths amount to peaks of a very few
counts, but nevertheless peaks definitely seen in
the 35 and 85° spectra.

Nilsson systematics from ""Hf ! suggests that
the lowest-lying two-quasiparticle state in the
present spectrum should be the 8 [514+ + 6244 ]
state. The fact that this is a particle state and
that 97% of the strength of this state lies in the
1=6, ¥* member of the rotational band results in
an extremely small cross section. Neither this
state nor the corresponding 17[514+ - 6244 ] state
is identified in the present work.

The first hole state in Rickey’s ""Hf spectrum
is the 3 [512] state and the first two-quasiparticle
state seen in the present spectrum is the corre-
sponding 6*[514+ +5124] state. The 6* and 7*
members of the 6*[514+ + 5124] rotational band
are both strongly populated in the (d, ¢) reaction.
(See Table III for a listing of theoretical relative
cross sections at 35°.) In addition both of these
states have virtually the same cross section. At

TABLE I. Energies and relative cross sections for levels in !"6Hf populated in the (d, t) reaction.

Excitation
Peak energy g? Relative differential cross section
No. (keV) (keV) 35° 55° 75° 85°
g.S. 0 1.5 0.024 0.021
1 89 1.4 0.088 0.023 0.092 0.133
2 291 2.2 0.054 0.069 0.114 0.155
3 598 1.3 0.002 s oo 0.038
4 1245 1.0 0.021 0.022 oo 0.098
5 1333 2.7 0.220 0.206 0.207 0.365
6 1508 c..b 0.128 0.210 0.172 0.354
7 1580 1.7 0.872 1.000 0.989 0.870
8 1678 1.5 0.402 0.307 1.000 € 0.502
9 1706 2.1 0.192 0.182 0.276 0.346
10 1726 3.6 0.023 0.199 0.068 0.128
11 1761 3.8 0.259 0.070 0.168 0.518
12 1797 4.7 0.376 e 0.229 0.700
13 1830 2.1 0.682 0.471 0.480 0.767
14 1856 2.3 0.368 0.171 0.318 0.782
15 1888 2.8 1.000 0.665 0.872 1.000
16 1924 1.9 0.264 0.171 0.160 0.517
17 1940 2.5 0.076 AR 0.123 oo
18 1958 3.0 0.221 0.064 0.904 0.379
19 1986 2.7 0.143 0.042 0.091 0.256
20 2020 4.4 0.161 0.129 0.081 0.522
21 2040 1.7 0.152 0.156 0.151 0.250
22 2062 2.0 0.232 0.033 0.157 0.402
23 2080 1.0 0.102 0.035 0.035 ce
24 2107 3.4 0.142 0.068 0.183 0.471
25 2144 4.3 0.106 0.048 0.047 0.310
26 2177 4.5 0.116 0.065 0.038 0.198
27 2219 0.5 0.035 see see 0.095
28 2276 3.3 0.118 0.049 0.235

20 represents the standard deviation of the energy excitations at different angles.

b Excitation reference.
¢13C peak enhances 1678-keV state at 75°,
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TABLE II. Optical-model parameters used in the
11THf(d, ¢t)1"8Hf study.

Particle Vg Wg 7oy @og 4Wp 70 @i 7gy

Deuteron 77 0
Triton 100 14

1.24 0.84 45
1.07 0.854 0

1.37 0.93 1.25
1.70 0.73 1.40

1333 and 1508 keV are two strong states of approxi-
mately equal strength whose energy separation
gives a moment of inertia parameter of 12.50 keV
if they are assigned as the 6* and 7* members of
the 6*[514+ +5124] band. This assignment is made
and with a good deal of confidence since the 1333-
and 1508-keV states are the first strong states in
‘the spectrum. The 8* and 9* members of the
6*[514+ + 512¢ | band are predicted to have strengths
relative to the band head of 0.020 and 0.003 at 35°.
By referring to Fig. 1 it is easily seen that states
with this strength are too weak to be seen in the
dense region of the spectrum which follows the
1508-keV state.

The strongest states in the ""Hf(d, )'"°Hf spec-
trum are predicted to be the band heads of the
3+[5144 — 521%] and 4*[514+ + 521+4] rotational
bands. These band heads should have a relative
strength of 0.901 at 35°. The present 35° triton
spectrum has two giant states at 1580 and 1888
keV whose relative strength is 0.913. This agree-
ment between experiment and theory makes the
assignment of the 1580- and 1888-keV states as
the 3*[514% —521¢] and 4*[514+ + 521¢] two-quasi-
particle states very plausible. The 308-keV ener-
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gy separation of these states is similar to the 350-
keV energy separation of the known set of two-
quasiparticle states formed from the same single-
particle states in '™Hf.?

The rotational bands built on the 3*[514% —521+¢]
and 4*[514+ + 5214] states are Coriolis mixed.

The results of the mixing calculations and the ef-
fects of the mixing on the cross sections of the
states in the two bands are shown in Table IV. It
should be mentioned that the mixing calculations
have been done by considering the experimental
energy positions (which are discussed below) as

the correct perturbed energy positions of the states.

The results of the mixing calculations give the
4* member of the 3* band a predicted strength
relative to the band head of 0.478 at 35°, A state
is observed at 1678 keV with a strength relative
to the 3* band head of 0.435 at 35°. Since this is
the only state within over 200 keV with such a com-
parable cross section, and since the energy posi-
tion of this state gives a reasonable moment of in-
ertia parameter of 12.25 keV, it is assigned as the
the 4* member of the 3*[514+ +521+4] band.

The 5* member of the 3* band is identified as
the level at 1797 keV. The strength of this state
relative to the 3* band head is 0.164 at 75°, in
good agreement with the theoretical value for the
relative strength at this angle of 0.186. At 35 and
85°, however, this state is seen with strengths
two and four times that of the expected value.

This is due to the presence in this vicinity of the
560-keV state of '""Hf, the strongest state in the
(d, t) reaction leading to this nucleus.

TABLE III. Relative theoretical cross sections of levels in 1"Hf populated in the (d, t) reaction at 35°.

Occupation 2 Level
Intrinsic state probability 0 1 2 3 4 5 6 7 8 9
3*[514+—510¢] 0.08 5.98 4.12 1.23 b
4*[514++510%] : 7.26 3.75
8-[514+ +624¢]
17[5144—624¢] 0.29
0*[514+—514¢] 0.57 0.206 0.590 0.891 0.148 0.001
6*[5144+5121] 15.68 15.66
1*[5144—5124] 0.70 2,65 7.79 9.94 7.16 3.16
3*[514+—5214] 0.90 60.00¢ 20.02 7.64 2.90
4*[5144+5214] - 75.40 13.29 5.92 1.41
0-[514+—6334]
77[514++633¢] 0.99 1.83
1*[514+— 5234] 1.0 2,18 3,72 4.34 3.57 2.02
6%[514++5234] : 8.81 6.36 1.48
67[514++642¢] 1.0 1.16 1.09 2.17 1,75
17[514+—642¢%] ° 1.09 1.53 1.69 1.26
5%[5144+521¢] 1.0 30.91 15.79 7.84
2*[5144— 521¢t] . 23.12 16.42 14.41 8.95 3.24

2 Occupation probabilities are those of Rickey, Jr., and Sheline (Ref. 1).
b Cross sections less than 1.0 are omitted with the exception of the ground-state band.

¢ Cross sections do not include Coriolis mixing.
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The 6* member of the 3*[514+ — 521¢] rotation-
al band is expected at 1944 keV with a strength
relative to the 3* band head of 0.041. A state is
seen at 1940 keV with a strength of 0.084 relative
to the 3* band head. Since this state is the only
weak state in this region of the spectrum, it is
tentatively assigned as the 6* member of the
3*[514+ - 521+] band.

As the 3*[514+ - 521¢] state has a compressed
rotational band due to Coriolis coupling, the
4*[514+ +521+¢] band is expected to have an ex-
panded rotational structure. The 5% member of
this band is seen at 2062 keV, an energy that
yields a moment of inertia parameter of 17.4 keV.
The strength of this state relative to the band head
is 0.234 at 35°. This compares favorably with the
theoretical relative strength at this angle of 0.206.
Energetically the 2040-keV state is also a candi-
date for the 5* member of the 4*[514+ +521+]
band, but the 2062-keV state has been chosen be-
cause of cross-section considerations.

The 6* member of the 4*[514+ +521+] band is
tentatively identified as the level at 2276 keV.
The strength of this state relative to the 4* band
head is 0.122 at 35°. This compares well with the
theoretical relative strength at this angle of 0.096.

The other strong states expected to be seen in
the ""Hf(d, £)*"Hf spectrum are those hole states
with large enough strengths in the low I value
members of their rotational bands to have sizable
cross sections. There are surprisingly few of
these states, even though the occupation probabil-
ity becomes 0.99 for the ' [633] state, the hole
state beneath the § [521] state, and 1.0 for all
deeper hole states. The % [633] and §*[642] states
have 93% and 88% of their strengths in the [=6,
%" members of their rotational bands and the
% [523] state has 78% of its strength in the 1=5,
%~ member of its rotational band. The 6*[5144
+5234] state, or the higher-energy configuration
of the ¢ [514] and § 7[523] states, does have a
strength of approximately 50% of the 6*[514+
+5124] state and should be seen in the present

(d, t) spectrum. This state is tentatively identified
at 1986 keV with the 7* member of its rotational
band tentatively identified at 2177 keV. The theo-
retical relative cross sections of these states are
1.39 at 35°and 1.25 at 85°. The experimental val-
ues for these relative cross sections are 1.22 at
35°and 1.28 at 85°. The moment of inertia param-
eter for this rotational band is 13.8 keV.

The other hole state which should be seen in the
present (d, {) spectrum is the 5*[514+ + 5214 ] state.
This state and the first two members of its rota-
tional band are strongly populated in the (d, t) re-
action and should account for some of the large un-
identified states which appear above 1850 keV in
the present spectrum. There are several candi-
dates for the 5* and 6* members of the 5*[514+¢
+5214] rotational band, but none of the combina-
tions produces a reasonable assignment for the 7*
state. The most reasonable assignments for the
5* and 6* members of the 5*[514+ + 5214 ] rota-
tional band are the 1856- and 2020-keV states.
These states have relative cross sections of 2.26
at 35°and 1.49 at 85°. This compares favorably
with the predicted relative cross sections at these
angles of 1.96 and 1.31. The moment-of-inertia
parameter for this band is 13.6 keV and the 7+
state should hence be seen at 2211 keV. A state
is seen at 2219 keV with strengths relative to the
5* band head of 0.026 at 35° and 0.124 at 85°. This
compares unsatisfactorily with the theoretical val-
ues for these strengths of 0.254 and 0.383, re-
spectively.

Other studies of the "®Hf level scheme involve
studies of the decays and the activities produced
by the decays'®~'® of '™Lu, ™™Lu, and "*Ta as
well as studies of the reactions ""Hif(y, z) !¢ and
Y Lu(p,ny)." The only states identified in the
present study (other than members of the ground-
state band) which have previously been observed
are the 6* and 7* members of the 6*[5144 + 5124 ]
rotational band. These states were observed at
1335 and 1508 keV in the “"*Lu(p, ny) work of
Borggreen et al. Because of the low population of

TABLE IV. Results of a Coriolis band mixing calculation for the two bands in 1"Hf resulting from the +7[521] orbital.
The quantity b is the matrix element of the Coriolis term Hpp of the rotational Hamiltonian. The superscript 0 refers

to unmixed quantities.

Energies (keV)

Wave function

Relative intensities at 35°

I K b (keV) E? Ecor ay=3 ap=4 10 Tcor Iexp
3 3 e 1540 1590 1.000 0.000 1.000 1.000 1.000
4 3 39 1695 1688 0.982 -0.187 0.334 0.478 0.435
5 3 58 1816 1803 0.975 -0.221 0.127 0.119 ‘e

6 3 75 1968 1950 0.974 -0.229 0.048 0.041 0.084
4 4 39 1891 1898 0.187 0.982 1.255 1.110 1.095
5 4 58 2059 2072 0.221 0.975 0.222 0.229 0.257
6 4 75 2268 2286 0.229 0.974 0.099 0.106 0.133
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FIG. 2. Level scheme for 1"®Hf showing assignments of rotational bands. States which have not been given wave func-
tion assignments are not shown. Energies for members of the ground-state band are from Ref. 9.

the ground-state band members in the ""Hf(d, {)
reaction, the 7+ state at 1508 keV serves as an
excitation reference for all two-quasiparticle as-
signments in the present work.

Figure 2 presents a level scheme of all the
known assigned states in !™Hf. Included are the
87[404+ + 5144] two-quasiproton state identified by
Borggreen et al.'” and the states recently investi-
gated by Bernthal, Rasmussen, and Hollander®s
from Bernthal’s study'* of the electron capture de-
cay of !®Ta. These latter states include (2, 2, =),
(0,1, =), and (1, 1, =) octupole vibrations at ener-
gies of 1248, 1643, and 1722 keV, and (0, 0, +)
states at energies of 1150 and 1293 keV. The en-
ergies for the (2, 2, -) and (0, 1, =) octupole vibra-

tions are in reasonable agreement with the calcu-
lations of Neergard and Vogel,'® calculations
which have proved extremely successful in pre-
dicting the energies of octupole vibrations in
178H¢.'° The (1, 1, -) state, however, appears 79
keV above the (0, 1, =) octupole state while the
Neergard-Vogel prediction is that this state lies
90 keV below the (0, 1, -) state.

Rotational band members are seen on the (2, 2, -),
(0,1, =), and (1, 1, =) octupole states. These are
indicated in Fig. 2. Of particular interest are the
0~ and 2~ states at 1819 and 1857 keV. Bernthal,
Rasmussen, and Hollander suggest that these
states are the remaining fragments of a 0~ two-
quasiparticle band whose odd members heavily

T T T
300F '79Hf(d,p)|80Hf §=45° =
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x Eq4=12 MeV
o
c EXPOSURE = 6 370 uC
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5 & 2001 S -
o> S state
B o 12
Sw 22
2. i2° 29
5 100 15 ({20
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9 14
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90.0 80.0 70.0
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FIG. 3. Proton spectrum from the reaction 17°Hf(d,p)!8%Hf at 45°,
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contribute to the (0, 1, =) octupole vibrational band.

The 0* states at 1150 and 1293 keV are also in-
teresting to consider. In most even-even rare-
earth nuclei the lowest 0* state is a B vibration.
However, a calculation by Mikoshiba et al.?*® which
takes into account the mixing between the quadru-
pole and pairing vibrations predicts that in ™ Hf
the lowest 0* state is primarily a pairing vibra-
tion. The evidence for this prediction could come
from a (¢, p) reaction. The Bernthal electron cap-
ture work allows only speculation about the nature
of the 0* states. Bernthal, Rasmussen, and Hol-
lander tentatively identify the 1150-keV state as
a B vibration and the 1293-keV state as a mixture
of the £*[404] and §7[514] proton pairs.

The ground-state configuration for the nucleus
17674 consists of a proton in the 4 [404] orbital
and a neutron in the §[512] orbital. It is suggest-
ed by Bernthal, Rasmussen, and Hollander that
the low log(f#) transitions from '"Ta to the five
states above 2900 keV in the Bernthal "™Hf spec-

trum proceed by the Gamow-Teller transforma-
tion of the § [514] proton to the ¢ [514] neutron.
The (2, 2, ) state at 2944 keV thus consists pri-
marily of the 27{87[404+ +5144],, — 6*[512¢
+514+] .} four-quasiparticle state while the

(0, 0, -) state at 2912 keV consists primarily of
the 07 {17[5144 — 404+],, - 1*[514+ - 512+],} four-
quasiparticle state.

B. '*°Hf

The even-even nucleus !%°Hf has been studied by
the reaction "Hf(d, p)*®°Hf. This reaction was
carried out at angles of 25, 35, 45, 55, and 65°
using 12-MeV deuterons incident on a separated
target. A sample spectrum is presented in Fig. 3.
The numbered peaks in the spectrum correspond to
to states which have been observed at three or
more angles and have been designated as states in
180Hf. A listing of these states with the averaged
excitation energies alongside the corresponding

TABLE V. Energies and relative cross sections for levels in 8°Hf populated in the (d, p) reaction.

Excitation
Peak energy o Relative differential cross section
No. (keV) (keV) 25° 35° 45° 55° 65°
g.s. 0 ceed 0.004 0.017
1 95 ce 0.010
2 301 0.039
3 640 cee cee 0.013
4 1090 1.0 . 0.117 . 0.021
5 1146 1.1 0.224 0.142 0.004 s
6 1197 2.8 cee 0.346 € 0.039 oee 0.016
7 1371 ceub 1.122 0.907 0.610 0.603 1.000
8 1408 2.2 . 0.391 0.023 M. 0.079
9 1480 1.0 0.489 0.738 0.389 0.652
10 1508 2.2 0.183 0.499 cee 0.405
11 1525 3.6 e 0.244 0.003 cee 0.090
12 1609 1.2 1.000 1.000 1.000 1.000 2,231°¢
13 1650 4.1 0.376 0.006 0.024 0.088 v
14 1689 1.7 0.530 0.321 0.414 0.544 0.648
15 1787 1.5 2.132d 0.737 0.555 0.895 1.105
16 1824 2.3 0.355 0.303 0.171 0.091 0.710
17 1861 2.7 0.535 0.821 49 0.212 0.465 0.524
18 1889 2.5 v 0.150 0.073 cee 0.079
19 1908 4.5 0.409 .. 0.122 0.097 0.204
20 1926 3.8 e 0.143 0.141 0.138 0.410
21 1971 3.2 0.440 0.336 0.379 0.679 0.442
22 2023 2.0 cee e 0.134 0.189 0.127
23 2074 2.4 0.151 0.201 0.412
24 2143 4.0 0.064 0.087 0.286
25 2170 3.6 fee 0.036 0.096 0.245
26 2213 3.3 0.316 .o 0.113 0.124 cee
27 2238 3.1 ] 0.344 0.232 0.238 0.795
28 2271 2.5 0.395 0.485 0.493 0.745

2 The ground-state band is seen only at 65°.
b Excitation reference.
¢ Strength augmented by silicon impurity,
dstrength augmented by sulfur impurity.
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TABLE VI. Optical-model parameters used in the
1 Hf(d, p)18OHS study.

Particle Vg Wg 7, aos 4Wp 74 @ Veoon

Deuteron 104 0
Proton 55 0

1.15 0.81 48
1.25 0.65 60

1.34 0.681.15
1.25 0.47 1.25 ~

relative intensities is presented in Table V. Also
in Table V are the energies and relative intensi-
ties observed for the members of the ground-state
band at 65°. The fact that this band is only ob-
served at this angle can perhaps be accounted for
by the theoretically predicted low cross section
for populating this band and the long exposure of
the 65° run.

The (d, p) spectra obtained in the present work
are characterized by a quintet of strong states at
energies of 1371, 1480, 1609, 1689, and 1787 keV.
It is against this background that the migration
from angle to angle of the first five states of 2°Si
populated in the reaction 2®Si(d, p)*°Si is observed.
The identification of these strong impurity peaks
(which appear because of the high concentration
of silicon in the vacuum pump oil) allows, through
the use of the computer code SAM,” a fixing of the
experimental parameters and a determination of
the @ value for the reaction "Hf(d, p)'®°Hf. The
@ value of 5167+ T keV obtained compares reason-
ably well with the @ value of 5158.5+ 3 keV deter-
mined by Namenson, Jackson, and Smither.?!

The analysis of the '*°Hf spectrum is aided by
Rickey’s work on the odd-A hafnium isotopes.!
Experimentally determined values of the occupation
probabilities are available and the optical-model
parameters used in the DWBA calculations are
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those used by Rickey in the study of the reaction
180f(d, p)'®'Hf. These parameters were obtained
from the systematic study of Perey® and are pre-
sented in Table VI. The code TARO was used in
the calculations.

The nucleus ®°Hf has 72 protons and 108 neu-
trons. The two-quasiparticle states expected to
be populated in the present work are those in which
the $'[624] neutron, the ground-state neutron of
179Hf, couples with a neutron in a neighboring Nils-
son orbital.

From a study of the systematics of "°Hf! the
first two-quasineutron state expected is the 8 6244
+514¢] state. Previous researchers have identified
a state of spin 8~ at 1142 keV, but have assigned
it as the 87 [404+4 + 5144] two-quasiproton state.’
The fact that a level is observed at 1146 keV
might indicate that this state is being populated
in the (d, p) reaction. This would indicate a strong
admixture of the 8 [6244 +514¢] two-quasineutron
state and a situation analogous to that in "™Hf
where the 84044 +514+],, and 87[6244 +514+],,
states are strongly mixed.? The 8~ state with the
larger two-neutron configuration cannot be identi-
fied in the present work but suggested possible en-
ergies for this state are 1197, 1408, 1508, and
1525 keV.

The first strongly excited two-quasiparticle
state expected in the present spectrum is the
47[6244 + 5104] state. This state is identified at
1371 keV, the first state in the above-mentioned
quintet. The other states in this quintet are iden-
tified as follows: the 1480-keV state, the 5~ mem-
ber of the 47[6244 — 5104] band, the 1609-keV
state, the 57[6244 + 5104] two-quasiparticle state,
the 1689-keV state, the 67[6244 +512+] two-quasi-

TABLE VII. Relative theoretical cross sections of levels in 80Hf populated in the (d, p) reaction at 65°.

Occupation Level
Intrinsic state probability 2 0 1 2 3 4 5 6 7 8 9
57[624t+5214] 0.843 12.38 2.20 b
47[624% —5214) : 10.89 3.02 1.19
27[624% —512¢) 0.843 1.24 221 2.02 1.15
7-[624t +5124] : 3.91 3.13
87[62441+5144] 2.52 1.65
17[6244 — 5144} 0.635 1.09
0*[624t —6241¢] 0.618 0.041 0.206 0.776 0.671 0.136
47[624t—510t] 0.133 65.96 35.42 8.96 1.55
57[6244+5101] : 76.41¢ 31.50 3.87
67[6241+512+] 0.100 45.57 14.8 1.57
37[624t —5124) ' 28.62 19.45 8.92 2.83
17[6244 —503¢] 0.060 15.3 16.3 11.6 5.85 2.14
8-[6241 +5034] : 51.10

2 Occupation probabilities, with the exception of that associated with the 8—‘[512] state (which is estimated), are those

of Rickey, Jr., and Sheline (Ref. 1).

b Cross sections less than 1.0 are omitted with the exception of the ground-state band.

¢ Cross sections do not include Coriolis mixing.
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TABLE VIII. Results of a Coriolis band mixing calculation for the 5~ states at 1480 and 1609 keV and for the 6~ states
at 1689 and 1787 keV assigned in the present analysis of 80Hf. See caption for Table IV.

b Energies (keV) Wave function Relative intensities at 35°

I K (keV) E° Ecor . O, gner I Icor Lexp

4 4 ce 1371 1371 1.000 0 1.000 1.000 1.000

5 4 -12 1481 1480 0.995 0.098 0.515 0.641 0.813

5 5 -12 1608 1609 -0.098 0.995 1.155 1.031 1.102

6 5 —-47 1755 1787 0.817 -0.576 0.451 0.731 0.813

6 6 —-47 1721 1689 0.576 0.817 0.596 0.315 0.354

particle state and the 1785-keV state, the 6 mem-
ber of the 576244 +5104] rotational band. The 6~
member of the 476244 + 5104] rotational band is
expected at an energy of 1611 keV. This energy
puts this state close to the giant state at 1609 keV
and it cannot be identified in the spectrum.

The identification of the 1371- and 1609-keV
states as the 47[6244 — 5104] and 57[6244 + 510¢]
intrinsic states is in conformity with the work of
Namenson, Jackson, and Smither.?! Namenson,
Jackson, and Smither performed the reaction
179Hf(x, 7)'®°Hf and observed eleven states (exclu-
sive of members of the ground-state rotational
band) at energies of 1152, 1180, 1187, 1193, 1260,
1288, 1371, 1430, 1468, 1541, and 1610 keV.
These states should have spins 3, 4, 5, and 6,
since the capture state in the (n, y) reaction has
spin 4 or 5 and the primary y transition is elec-
tric dipole. The 4~ and 5~ states at 1371 and 1609
keV correspond to states seen by Namenson, Jack-
son, and Smither. Supporting the assignments be-
ing made is the fact that the 1371- and 1610-keV

states are very strongly populated in the (r, y) re-
action, a fact which suggests that they have nega-
tive parity.

The quintet of states identified represents the
low-lying two-quasiparticle states which are ex-
pected to be strongly populated in the (d, p) reac-
tion. One difficulty in making the assignments was
the low strength of the 1689-keV state, the state
assigned as the 67[6244 + 512+] intrinsic state.
This low strength was accounted for by consider-
ing the mixing between this state and the state at
1785 keV, the state assigned as the 6 member of
57[6244 + 5104] band. The unperturbed theoretical
strengths of the 67[6244 + 512¢] state relative to
the 6 member of the 576244+ 5104] band are 1.32,
1.73, and 1.48 at 35, 45, and 65°, respectively.
(See Table VII for a listing of unmixed theoretical
relative cross sections at 65°.) The Coriolis-mix-
ing calculations alter these strengths considerably
so that they become 0.574, 1.11, and 0.431. The
experimental values for these relative strengths
are 0.579, 0.740, and 0.433, a remarkable agree-

5—2[2'24, 58311 ‘
+ -
S I
P |
1926 (471908 —(7) I"[6241-5031]
1824 —4(37) 1787 —46~
371624 1-5124) 54 P
67[6241+5/21]1609™—45~
471624 1+510
”1480—-45‘
137 |~ g-
47[6241-5I01) 1288™—3%)
1084.7 200p—2*
1142.2——<48 -
871404{+5141) GAMMA
e VIBRATION
641 /g
—— (d,p) POPULATION 308.6~—«g*
™ (n,y) POPULATION 180
»—— COULOMB EXCITATION o8t 933— o+
POPULATION P Py

FIG. 4. Level scheme for !8°Hf showing assignments of rotational bands. States which have not been given wave func-
tion assignments are not shown. The energies listed for the lowest six states are from Ref. 9.
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ment at 35 and 65° with the values from the mix-
ing calculations.

Coriolis-coupling calculations have also been
performed for the mixing between the 5~ state at
1480 keV and the 5~ state at 1609 keV. The re-
sults of these calculations and the calculations
discussed above appear in Table VIII.

Most of the other states identified in the present
(d, p) spectrum are given tentative assignments.
The 7~ member of the 67[6244 + 512%] rotational
band is tentatively identified as the level at 1908
keV. At 35°the strength of this state relative to
the band head is 0.451, comparing well with the
theoretical strength of 0.497. At 45 and 65° the
agreement is not so good with the strength of this
state only ~65% of the expected value.

The 37[6244 — 512¢4] two-quasiparticle state is
tentatively identified at 1824 keV. The strength
of this state relative to the 676244 + 512¢] state
is 0.95 at 35°and 1.19 at 65°. This agrees well
with the theoretical ratios (reduced by Coriolis
mixing) of 1.19 and 1.01. At 45° the agreement is
not so good with a predicted relative strength of
0.742 and an experimental relative strength of
0.418.

The 4~ member of the 37[6244 — 512¢4] band is
tentatively identified at 1926 keV. The strengths
of this state relative to the band head are 0.474,
0.831, and 0.581 at 35, 45, and 65°, respectively.
This agrees reasonably well with the expected rela-
tive strengths at these angles of 0.621, 0.825, and
0.678.

The 17[6244 — 5034] and 87[6244 +5034] two-
quasiparticle states are identified (the former ten-
tatively) as the levels at 2023 and 2271 keV. The
population of the 8 [6244 — 5034] state is predicted
to be very strong and indeed at 35 and 65° it is
seen with strengths of 0.461 and 0.745 of the
476244 — 5104] state at 1371 keV. This agrees
well with the theoretical relative strengths at
these angles of 0.577 and 0.788. At 45° the state is
seen strongly but not with the very great strength
that is predicted for this state at this angle. This
results in a somewhat confusing situation since the
strength at 45° relative to the corresponding

ZAITZ AND R. K. SHELINE 6

176244 — 503¢] state is 3.26, in very good agree-
ment with the theoretical value of 3.34.

The 2~ member of the 176244 - 5034] band is
tentatively identified at 2074 keV. The population
strength of this state at 45° relative to the band head
head is 1.09, in good agreement with the predict-
ed value of 1.06. The 3~ member of 17[6244 —5034]
band is possibly seen at 2143 keV. The strength of
this state relative to the 2~ state is 0.425, at 45°
and 0.696 at 65°. The theoretical relative strengths
are 0.752 and 0.712 at these angles.

Another state which is possibly identifiable in
the present spectrum is the state at 1197 keV.
This state may be the y vibration identified at 1200
keV in the recent Coulomb-excitation work of Var-
nell, Hamilton, and Robinson.?® The calculations
of Kern et al.® predict that the 3* member of this
band will have a (d, p) population strength relative
to the band head of 1.25 at 65° and 1.00 at 45°.

Such a state is not observed in the present spec-
trum. However, the state seen by Namenson,
Jackson, and Smither?! at 1288 keV very probably
is the 3* member of the y vibrational band. This
state is included in Fig. 4, a level scheme of the
known assigned states in ®°Hf.

Recent calculations by Neergard and Vogel® sug-
gest the existence of four octupole vibrational
bands below an energy at 2.5 MeV in #°Hf. It is
interesting to note that the 3~ state assigned at
1824 keV corresponds energetically to the (3, 3, )
octupole vibrational band head in the Neergard-
Vogel calculations and it is suggested that this
state may actually have a large component of the
(3, 3, =) octupole vibration.
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The reactions 42Ce(d,p) and 2Ce(d,t) at an incident deuteron energy of 12.6 MeV have
been investigated with an energy resolution of about 16 keV, and excitation functions for the
reactions 42Ce(p, p,) and 142Ce(p, p;) have been measured from 9.5- to 12-MeV incident pro-
ton energies. The analysis of the analog resonances observed in the excitation functions is
compared with the results of the 142Ce(d, p) experiment.

I. INTRODUCTION

The shell-model structure of the 82-neutron
nuclei is now rather well known from pickup and
stripping reactions!~® and from the decay of iso-
baric analog resonances.?® The modification of
this structure as one goes away from the closed
82-neutron shell is also of interest. As part of
an over-all study of (82 +2)- and (82 + 3)-neutron
nuclei we have investigated the reactions '**Ce-
(d, p) and *2Ce(d, t) and the analog resonances in
the reactions “?Ce( p, p,) and **Ce(p, p,).

The elastic scattering experiment supplements
and serves as a comparison to the (d, p) results.
In the analysis of the reaction '*'Ce(p, p,), results
from the other three experiments are directly
employed in an attempt to measure coupling of
single neutron orbitals to the 2] level of '**Ce in
the wave functions of several states in *3Ce.

The previous #?Ce(d, p) and *?Ce(d, t) mea-
surements by Fulmer, McCarthy, and Cohen’

were made with natural cerium, 11% '*2Ce, and
a resolution of about 50 keV. The analog of the
first excited state of *3Ce has been observed by
Graw et al.®

II. EXPERIMENTAL PROCEDURE

Proton and deuteron beams of the Université de
Montréal Model EN tandem Van de Graaff accel-
erator were incident upon isotopically separated
92.7% '*2Ce and 7.3% !'%°Ce targets. The excita-
tion functions '*2Ce(p, p,) and **Ce( p, p,) were
taken at proton laboratory energies from 9.6 to
12.0 MeV in steps of typically 10 keV. The scat-
tered particles were detected by an array of four
surface-barrier detectors cooled to —15°C at
laboratory angles of 170, 160, 150, and 140°
The four counters were routed into two analog-to-
digital converters (ADC) with direct access to the
memory of an on-line CDC 3100 computer.

A 12.6-MeV incident deuteron beam, collimated



