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«w-spin states in Hg studied with the (n, y) reaction
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The level scheme of 00Hg has been studied by thermal and resonance neutron capture.
The low-energy region has been measuxed with the high-resolution bent-crystal spectrom-
eter at Ris/, Denmark. The medium- and high-energy y rays, coincidence spectra, and y-y
angular correlations were measured at the Brookhaven National Laboratory (BNL) high flux
beam reactor. Primary transitions from resonance capture in Hg were studied with the
fast chopper facility at BNL. Out of 520 observed transitions, -330 were placed in a level
scheme containing 60 levels below 3.3 MeV. Many of these states are new and a great num-
ber of new I" assignments was made. In particular I"=0+ was assigned to a level at 1515
keV. Four 1 states between 2.4 and 3 MeV are suggested. Possible explanations of their
low excitation energy are offered. The simplest require and therefore suggest oblate shapes
in 200Hg, at least for excitations involving the unique parity orbitals. A very systematic be-
havior of the level feeding by nonprimary transitions was found in this nucleus and was com-
pared to simple statistical predictions. A detailed comparison was made with model calcula-
tions for core-coupled proton states. The most likely candidates for these states are: 2&+

368 keV, 22' 1254 keV, 23' 157~ keV, 02 1515 keV, 1~+ 1570 keV, 3&+ 1659 keV. The possi-
bQity of a reduced central density of 2 OHg is discussed.

NUCLEAR REACTIONS 9Hg(n, y), E=thermal, 33.5, 129.7, and 175.1 eV
measured I&, y-y coin(8} in 0 Hg. 200Hg deduced levels, transitions, J, x,

ICC, multipolarities, 5.

I. INmoDUcnow

The structure of the nucleus '~Hg has been stud-
ied very extensively in the past years using various
kinds of reactions. The first insight into the decay
of the lower-lying levels of this nucleus came from
p-decay studies of the neighboring isobars '~Tl
and '~Au. ' ' These experiments were repeated
with refined techniques by several groups in the
following years' "and further information was
gained from thermal neutron capture in ' 'Hg. ""
The results of the previous measurements on "'Hg
have been compiled in Ref. 19.

In spite of this large amount of information the
nucleus is still far from being understood. The
fact that it lies rather close to the doubly magic' 'Pb does not necessarily imply a simple struc-
ture as a rapid breakdown of the simple shell mod-
el is observed even in going three neutrons away
from N =126.'0 This is also indicated by (d, p) and
(d, t) experiments on odd-A, Hg isotopes, "which
reveal a very complex filling of the shell-model
orbits. More refined shell-model calculations in-
cluding two proton and six neutron holes in the
~0'Pb core are at present quite difficult. A reason-
able approach to the level structure of '00Hg seems
therefore to be calculations by Alaga and Ialongo'~
and Covello and Sartoris'3 in which the two proton
holes are coupled to harmonic surface vibrations.

The agreement between these model predictions
and the previous experimental results was fair but
left some points unexplained. One of the aims of
the present experiment is therefore to clarify
these discrepancies and provide further insight
into the validity of the model. The predicted core-
coupled states are expected to have I ~4 and should
lie below 2 MeV. In order to pick the most likely
candidates out of a great number of other config-
urations which are neglected by the simplified
model, it is necessary to get as complete infor-
mation as possible on the decay and spin assign-
ments of all low-lying levels. The (s, y) reaction
at thermal and resonant energies selectively popu-
lates low-spin states in "Hg, and is very well
suited for such a detailed study. High resolution
data were obtained from a bent-crystal spectrom-
eter measurement of the low-energy (s, y) spec-
trum and were combined with measurements with
Ge(Li) detectors which covered the energy range
up to the binding energy. Coincidence and y-y
angular-correlation techniques have also been
applied.

%e also studied very extensively the energy re-
gion above 2 MeV, where previous results on de-
cay and spin assignments were rather incomplete.
A recent interest has been attached to this region
by a theoretical calculation of Kong. " He predicts
'~Hg to be one of the few nuclei which may have a
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reduced central density (bubble) in the ground
state. A consequence of this shape would be a sec-
ond vibrational mode due to the inner surface of
the nucleus which may occur below 3 MeV.

II. EXPERIMENTAL PROCEDURES

AND RESULTS

A. High resolution {n,y) measurement

of the low-energy spectrum

This measurement was carried out with the Rist(
bent-crystal spectrometer which provides the high-
est available resolution for y rays up to about 1
MeV. Details of the apparatus and the measuring
procedure have been given elsewhere. " The tar-
get consisted of 37 mg of HgS with an isotopic en-
richment of -97%%u~ for '~'Hg. The lme width for this
very thin source was only 1.1" of arc. This corre-
sponds to a resolution full width at half maximum
(FWHM} of about

aZ[keV] = 2 E'[MeV]/n,

where g is the order of reflection. For strong
lines, observed in the fifth order of reQection,
this would give resolutions of -400 eV at 1 MeV
or 36 eV at 300 keV. The energy resolution has
been improved by almost a factor of 8 over an ear-
lier measurement of ~'Hg(n, y) with the same in-
strument. "

The spectra recorded in five orders of reQec-
tion, covered y-ray energies from about 70 to 2100
keV. Figure 1 shows a small energy range in
three orders of reflection.

The measured spectra were fitted with the help
of the computer program ASYMFIT" using a
smooth background function (typically a straight
line) and a Gaussian curve as the best approxima-
tion for the line shape. The fitting procedure, the
corrections for nonlinearity in the angular scale,
and the final averaging process are described in
detail in Ref. 26. A total of 376 lines was found,
of which the weakest detectable corresponds to
0.2 y rays per 10 neutron captures, assuming
that the strong 368-keV line has about 80%%uo of the
total intensity per n capture. " This latter line
had in the second reflection order a peak counting
rate of 1.6x 10'/s and a sensitivity [peak/(back-
ground)"'] of about Sx10'. The energy calibration
was performed using the precise x-ray energy val-
ues of Bergvall" for the &, and K„, lines of ' Hg.
The intensities were corrected for the reQectivity
of the crystal, absorption between source and de-
tector, self-absorption in the y-ray source, and
detector efficiency.

—Al rO
Ig Y) Ni
COt

~ ~ ~
' t COCO

~g CO

tOf
tg — IA

IA

WlA I
CO CO 0)

0
y )
IA

I

I

5. ORDER OF REFLECTION

3. ORDER OF REFLECTION

ORDER OF REFLECTION

FIG. 1. Part of the low-energy (n, p) spectrum of Hg200

measured with the Risg bent-crystal spectrometer.

B. Measurement of the medium-energy region

with a Ge{Li)detector

Above about 1 MeV the resolution of a good
Ge(Li) detector becomes comparable to the reso-
lution of the bent-crystal spectrometer. In addi-
tion, with increasing energy the Ge(Li} diode effi-
ciency decreases more slowly than that of the
crystal spectrometer. Therefore the energy re-
gion of 1-3 MeV was investigated with a coaxial
Ge(Li) detector of 40-cm' volume, which had a
resolution of about 2.5 keV for the "Co lines. The
detector was installed at 90' to an external beam
of the BNL high Qux beam reactor. The target
consisting of 70 mg HgO enriched to 97%%u, in "9Hg
received a thermal neutron beam current of about
5x 10' n/s. Due to the thickness of the target and
the high thermal cross section (-2000 b) of '"Hg,
all neutrons were captured. A portion of the spec-
trum taken in -66 h is shown in Fig. 2. The ener-
gy calibration was made by comparison with bent-
crystal spectrometer energies for some of the
strongest lines between 1 and 2 MeV. Above 2-
MeV strong lines were used whose placement in
the level scheme was certain: Their energies
were deduced from level energy differences which
were accurate to better than 0.1 keV on the basis
of low-energy transitions. Peak intensities were
corrected for detector efficiency and absorption
and normalized to the relative intensities of the
bent-crystal spectrometer measurement. The re-
sults of the Ge(Li) and the bent-crystal spectrom-
eter measurements are combined in Table I. Al-
together, -500 lines were found in the energy re-
gion from 70-3000 keV. Below 1 MeV only the
bent-crystal spectrometer data were taken, above
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2 MeV the table shows the Ge(Li) results. From
1-2 MeV the listed transition energies are adopted
values from both measurements. The energy er-
rors given in brackets are on the last digits. In-
tensity errors are in percent and are not shown if
&40%%u~. Lines placed in the level scheme are
marked with x, those placed more than once are
marked with *.

C. Coincidence measurements

A second Ge(Li) detector of 30-cm' volume
placed at 180 to the 40-cm' detector was gated

on the very intense 368-keV line to measure the
spectrum below 3 MeV coincident with this transi-
tion which leads from the first excited 2' state to
the ground state. Almost all levels found have a
strong branch leading eventually to the 368-keV
level. Therefore, lines which are strong in the
singles and not seen in this coincidence spectrum
can be considered with high certainty as ground-
state transitions. To eliminate lines which are
coincident with the background under the 368-keV
line (Compton spectra of higher-energy lines), a
run was made setting the gating window with equal
width near 368 keV.
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FIG. 2. Parts of the (n, y) spectrum of Hg measured with a Ge(Li) detector.
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TABLE II. y-y angular correlation results.

Transition
energy
(keV)

661.4
886.2

1147.2
1202.4
1205.8
1225.5
1263.0
1273.4
1350.4
1363.2
1488.5
1514.8
1604.5
1693.1
1906.2
2002.1

R
W(180')
W(135')

2.93+0.30
1.46 + 0.22
2.97 + 0.50
1.00 + 0.10
1.03 ~ 0.10
1.13+0.17
0.79 + 0.12
1.16+ 0.18
1.25-o'. 4s
1.30 + 0.26
3.1 +1.0
0.64+0 '35

p. 92 0'4
0.85+ 0.09

2 5+Oi8

0.86 + 0.14

Initial
level

1029
1254
1515
1570
1573
1593
1630
1641
1718
1730
1856
1882
1972
2061
2274
2370

Initial
spin

p+

2+

p+

1+
2'
2+
1+
2+
1+
2+

0+

2+
2+
1+

1,2+
1+

Multipolarity ~

E2
E2 + (20 + 10)%M1
E2
M1+(20 20)%E2
M1(E2 &40%) '
M1(E2 &30%) c

M1+ (20 + 15)%%uoE2

M1+ (30+ 20)%E2
M1 + (15+ )%%uoE2

M1
E2
&75%E2 '

M1+ (40+3405)%%uoE2

M1+(15 &5)%%uoE2

E2
M1+ (35+30)%E2

Sign
gb

(+)

From (n, ce) experiments.
The phase convention used is the same as in Ref. 28. The large

errors on R did not allow extraction of a unique sign 6 in some cases.
Parentheses indicate some ambiguity; the given sign is, however,
more likely than the other.

~ Limits from present y-y correlation measurement.

D. y~ angular correlation measurements

Several measurements of this kind were done
previously for "'Hg." However, with the ex-
ception of Ref. 29 they all dealt with y rays follow-
ing ' Tl decay. The present correlation study was
performed with the main interest on the decay of
0' states in ' Hg, which are very weakly populat-
ed in the p decay. y cascades of the kind 0-2-0
show a very pronounced anisotropy of the y-y angu-
lar correlation at 180 and 135'. Therefore, a sec-
ond gated spectrum was taken at an angle of 135
between the two detectors. The measuring time
was in both cases about 37 h.

In Table II the results of this correlation study
are given for the strongest lines. As can be seen,
the ratio E =W(160')/W(135') is usually between
0.5 and 1.5 with the exception of three lines, for
which it is about 3. Theoretically R should be be-
tween 0.1 and 1 for 1-2 and between 1 a.nd -1.5
for 2- 2 transitions, depending on their E2/Ml
mixing ratio 5.' These ranges were calculated
using estimated attenuation factors due to the fi-
nite detector size." For the 0- 2 transitions one
calculates &=3, which is in agreement with the
ratios for the 661-, 1147-, and 1488-keV lines.

For most of the coincident transitions the spin
and parity of the initial level were known from
level scheme considerations and their M1, E2

mixing ratio could be determined by comparison
of the present (n, y) intensities with (n, ce} studies
(see below). This often allows the extraction of
the sign of 5 from the correlation measurement.
The magnitudes of the 5's are not always uniquely
determined but the possible values are consistent
with the mixing ratios obtained from the conver-
sion electron data. However, a comparison with
previous directional correlation measurements"
which can only be done for 2' initial states (as 1'
and 0' states are too weakly populated from p de-
cay) shows serious discrepancies for 5 of the 1225-
and 1363-keV lines. Hattula, Helppi, and Kantele"
give 65 and 50%, respectively, E2 admixture for
these lines, whereas the (n, ce} data and our cor-
relation measurements imply almost pure M].
character. The results for the sign of 5 are the
same in both angular-correlation studies.

E. Multipoiarities of the low-energy

y transitions

On the basis of the more precise y intensities
the multipolarities and E2/Ml mixing for stronger
transitions below 3 MeV were reevaluated. The
electron irtensities were taken from Schult et al, '
for transitions below 1 MeV and from Mampe et
al." for transitions between 1 and 3 MeV. The
relative conversion intensities I„were normal-
ized to the relative y intensities I

&
using the K-
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conversion line of the 579-keV transition which
has the known multipolarity E2. Theoretical con-
version coefficients used to determine the multi-
polarities were taken from Sliv and Band. '2 The
results are shown in Table I. At some points ser-
ious discrepancies with previously reported re-
sults were revealed and multipolarities could also
be ascribed to a number of weaker lines not seen
in earlier (n, y) studies. Furthermore, the lower
detection limit in the present (n, y) measurements
allowed the confirmation of the EO character of
several electron lines. Specifically no y lines of
1668 and 1857 keV could be found and the electron
intensities of the 1182-, 1420-, 1515-, and 1546-
keV lines are too large to be accounted for as Ml
conversion lines of nearby y lines.

F. Resonance neutron capture with the

time-of-flight spectrometer

Resonance capture was studied at the fast chop-
per facility of the BNL high flux beam reactor. 33 34

A natural mercury target 12.7 cmx 12.7 cmx0. 42
cm, containing 927.3 g of metallic mercury, was
placed at the 48-m flight-path station. y-ray spec-
tra were measured using a 10-cm' intrinsic ger-
manium planar diode detector, and a y-ray energy
resolution of 7 keV at 8 MeV was obtained. The
three lowest '~Hg(s, y) resonances were analyzed
for this work: 33.5 eV (J' =1 ), 129. VeV (0 ),
and 175.1 eV (1 ).""The presence of the 0
resonance at 129.7 eV was of particular use, since
strong primary transitions seen in this resonance
serve to identify 1' levels in "'Hg. This criterion
is not available in the thermal-capture measure-
ments, since the compound state, dominated by a
0 bound level, may include spin-1 components.

The resonance capture spectra are shown in Fig.
3. The y-ray energy scale was determined by us-
ing the precisely measured level energies obtained
in the other phases of this experiment.

Table III gives the relative intensities of primary
transitions in the three resonances.

3000 Hg(n, y)

E„= l75. 1 t.V

J7T

l 500

0
2000

l000

C)

I

~"Hg (n, Z)

E„=i 29.7 eV

J7T Q

9000

4500

CO
CO
LC)

o
I

I

mCO

+

l99H („)
E„=33.5 eV

J
71'

CO
CO
CU
CO
CO

C/)

CO
CO
CU
C)
CO

0 4.0 5.0 6.0

GAMMA RAY ENERGY (MeV)

I

7.Q 8.0

FIG. 3. High-energy (n, y) spectra for three d|fferent resonances of Hg. Some full energies are given above the
double escape peaks of corresponding lines.
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The spectra of low-energy y transitions follow-
ing neutron capture in the three resonances were
also measured but not analyzed in detail.

III. LEVEL SCHEME

All available data from previous experiments
were combined with the present results to con-
struct the level scheme shown in Figs. 4-7. It

33.5 eV 129.7 eV 175.1 eV
~b, I

%
b, Iy% AIy%

E„tkeV) E~(keV)' I b I I b ~ I b I
y

8028.3
7661.2
6999.5
6774.7
6515.0
6458 ~ 6
6436.2
6398.6
6387.9
6311,3
6298.7
6171.7
6055.7
5967.8
5953.8
5912.2
5901.6
5839.6
5799.3
5782.4
5753.8
5739.5
5732.1
5658.5
5616.4
5566.1
5536.3
5465.8
5388.4
5336.4
5326.4
5264.8
5232.6
5196,0
5173.6
5166.5
5148.7
5087.0
5077,8
5048.8
5000.4
4985.8
4965.1
4952.3
4846.3
4829.5
4799.2

0
367.6

1029.3
1254.1
1513.8
1570 2c
1592.6
1630.2
1640.9
1717.5
1730.1
1857.1
1973.1
2061.0
2075.0
2116.6
2127.2
2189.2
2229.5
2246.4
2275.0
2289.3
2296.7
2370.3
2412.4
2462. 7

2492.5
2563.0
2640.4
2692.4
2702.4
2764.0
2796.2
2832.8
2855.2
2862.3
2880.1
2941.8
2951.0
2980.0
3028.4
3043.0
3063.7
3076.5
3182.5
3199.3
3229.6

42.9
&0.2
0.28
9.5
0.66

100
6.6
4.1
8.0
2.7

&0.8
5.1
6.7
4.3
1.2
2.6

32.9
16.0
2.7
8.9
1.7

&0.3
13.4
41.3

7.2
5.3

&0.5
1.6

17.6
4.9

14.5
2.3
4.5

&0.5
&0.5
14.1
1,3
4.4

11.6
6.1
8.5
6.3
2.0
1.8

10.4
&0.5
&0.5

40
10
50

10
10
10
30

10
10
10
40
15

5
5

15
10
20

15
5

10
10

30
5

10
5

25
10

5
40
10

5
10
10
10
20
20
10

&0.30
&0.4
&0.4
0.58

&0.6
13.9
0.85
3.6

&0.8
12.5
&1.0
&1.0
&1.0
38.8
1,3

&1.0
&1.0
2.6

26.1
1.2

&1.0
&1.0
69.1
8.7

&1.0
16.1
2.4

&1.0
3.3

&0.9
&0.9
15.7
&0.9
3.2

&1.0
&0.9
11.7
&0.9
&0.9
4.0

&0.9
2.2
3.1

30.0
7.1

&1.0
&1.0

70

10
70
20

10

5
70

40
5

70

5
10

5
30

30

10

30

10

20

50
35
10
25

2.3 20
15.9 y0
13.3 10
&0.5
&0.5
19.0 10
4.7 15

&0.7
&0.7
8.5 15
7.5 15
8.8 10
1.7 40
7.4 15
7.4 15

10.0 10
1.7 20

16.7 10
&0.7
5.1 15
2.7 20

23.9 5
20.1 5
2.9 30

17.7 5
&0.9
71.7 5
8.9 10

11.1 10
&0.8
5.4 15

&0.8
1.4 60

&0.8
2.0 20
5.0 20

&0.8
&0.8
11.7 10
2.9 25

&0.8
4.5 20
2.3 20
64 10

14.2 10
6.4 15

21.9 5

The level energies have an accuracy of +1 keV up to 2500 keV, and

+2 keV above 2500 keV. In addition, the y-ray energy scale has a
systematic uncertainty of +0.5 keV due to the uncertainty in the value

of the neutron binding energy (8028.8+ 0.5 keV) gtef. 14).
The intensities are given in arbitrary units; the normalization is

consistent among the three resonances.
Complex peak not resolved in the resonance spectra.

TABLE III. Relative intensities of primary transitions
in resonance capture.

contains about -330 transitions and 601evels. Lines
which are placed twice in the scheme are marked
with an asterisk (*). Lines which show some
broadening in the present spectra but could not be
completely resolved are marked with a "c."
Dashed transition lines mean either that the tran-
sition is questionable or that its energy does not
fit well. As a criterion for a good fit we assumed
that the level energy difference and the corre-
sponding transition energy should not differ by
more than 1.5 times the combined error. Dotted
lines represent E0 transitions. Their energies
were taken from (n, ce) studies. The thickness of
the arrows corresponds roughly to the intensity of
the transitions.

The requirements made on levels to be included
in the decay scheme were: (i) evidence from pri-
mary feeding in thermal or resonance capture or
in p decay; (ii) at least two combining decay lines.
There are a few exceptions which are discussed
below. For some levels good evidence was found
from primary transitions but no unambiguous deca~
could be established. They are not included in the
level scheme, but are discussed briefly at the end
of this section.

The given excitation energies are average val-
ues; the error is in general about two units on the
last digit shown.

Spin assignments and limits were derived from
all available information. The general criteria
used for spih determinations were:

(i) Primary transitions in the resonances were
considered as El transitions (determining positive
parity of the final state) only if their intensities
were at least 4 of the average intensity per tran-
sition. "

(ii) It was assumed that no M2 or E3 (or higher
multipolarity) transitions should occur between
levels if M1 or E2 transitions to other levels are
possible.

(iii) No transitions which were complex, ques-
tionable, or could be placed several times in the
level scheme were used for spin limitations. Mul-
tipolarities were considered only if they were un-
ambiguously established.

(iv) In some cases the "statistical" feeding of a
level following neutron capture was used as an
argument in favor of one of two spin choices. The
"statistical" feeding is the summed y intensity go-
ing out of a level minus the intensity of a transi-
tion feeding this level directly from the compound
state. An analysis of this kind for the levels with
known spins (see Sec. IVA) results in most cases
in a decreasing population with increasing spin
and excitation energy, as expected from statisti-
cal considerations. " Application of these system-
atics for levels with unknown spin seems therefore
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not unreasonable.
If several spins are shown for a level they are

equally likely. Parentheses indicate some uncer-
tainty in the spin assignment or refer to a less
likely possibility. No spin-parity limits are given
if there are more than three choices.

To check the correct placement of decay lines
in the level scheme the y branching ratios from
thermal capture were compared with those obtained
from p-decay studies and from our resonance mea-
surement (see Sec. II F). These ratios for each
level should be independent of its population in any
of the three reactions.

In the following paragraphs some levels will be
discussed which were either not known previously
or for which considerable new information was
gained from the present experiments. Below 2
MeV some mell-known states are considered inso-
far as they are relevant to the later discussion.

1029.3 ke V (0')

The possibility of spin 2' for this level, first
suggested by Sakai et aE.' and Hopke, Naumann,
and Spejewski, "was ruled out by recent measure-
ments" in favor of spin 0' proposed by Maier et
gl."and Schult et a/. ' The present measurement
confirms the pure E2 character of the 661-keV
line a,nd is consistent with the nonexistence of a
ground-state-y transition. The present y-y angu-
lar-correlation measurement also yields unam-
biguously spin and parity 0' for this level. A pos-
sible E0 transition to the ground state was recent-
ly observed by Sakai, Kawakami, and Saito.

for the cascade 114'I-368 keV with 8-3 (see Ta-
ble II} which, together with the pure F2 character
of the 1147-keV line, ""determines the spin 0'
for this level with high certainty. In the (s, y)
spectrum a strong line of about 1515 keV is seen,
which is, however, in coincidence with the 368-
keV transition. Its placement in the level scheme
(1882-368) is rather firmly established. This
line shows an anomalously high conversion coeffi-
cient (Table I), which suggests that the electron
line may contain a component corresponding to the
1515-keV E0 ground-state transition. The 1515-
keV level is strongly populated in a (not explicitly
evaluated) 264-eV 1 neutron resonance in "'Hg.

1570.3 ke V(l') and 1573.7 ke V(2')

The 1202- and 1205-keV lines could be clearly
separated in the present experiments, which al-
lows the assignment of more precise multipolari-
ties to these two lines (Table I) and establishes
the deexcitation of the level doublet suggested by
Schult ef a$. '4 A new line to the 4' state at 947
keV confirms the spin assignment of 2' for the
higher level.

1593.5 ke V (2')

Previous y -y angular -correlation measur ements"
as well as ours establish the spin 2' for this level,
which is confirmed by our observation of a transi-
tion to the 4' state. It may be interesting to note
the very similar (s, y) decay and population of the
1573- and 1593-keV levels. In the p decay of ' Au
and '~Tl the population of these two levels differs
by more than one order of magnitude. "

Of the lines depopulating this level, the 306-keV
a.nd especially the 224-keV transition have been
discussed many times as they seem not to fit any
of the existing models. However, even with the
considerably reduced errors in the present experi-
ment their placement seems justified.

1515.2 ke V (0')

This level, though weakly populated in the P de-
cay of '~Tl, was first suggested by Komppa, Pak-
kenen, and Kantele. ' They observed a 1147-keV
line to be in coincidence only with the strong 368-
keV line. A tentative spin assignment of (1,2)'
for the 1515-keV level was recently made in a
~~Au decay study. " In the thermal (n, y) reaction
the 1147-keV line is very strong and a, strong coin-
cidence was found. Several transitions from high-
er levels seen in our measurements confirm the
state at 1515 keV. Our y-y angular-correlation
measurement shows a very pronounced anisotropy

1630.9 ke V(1'), 1641.5 keV(2'), 1?18.3 keV(l'),
and 1730.9 ke V(2')

These levels are well established by previous
measurements and confirmed by the present one.
Some additional weak transitions could be observed
of which the 1630- 1254 and the 1630- 1515 may be
of particular interest (see Discussion). For the
stronger lines the multipolarities were revised in
some ca,ses. There was a disagreement between
earlier (s, y} and recent ~ooAu decay studies" for
the branching ratios of lines depopulating the 1630-
keV level. The present measurement shows that
two of these lines (1630, 601 keV) are members
of now resolved doublets. Direct population of the
levels at 1630 and 1718 keV from the 0 resonance
at 129.7 eV confirms spin and parity 1' for them.

1659.0 keV(3'), 1734.3 keV(3')

Both levels were sup;„'.ested by Komppa, Pakkan-
en, and Kantele9 with spin assignments (3, 4)+. In
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addition to the proposed decay we observe new
transitions to the 1254-keV level from the 1659-
keV level and to the 1573- and 1593-keV levels
from the 1734-keV level. Furthermore many feed-
ing transitions were found, which gives further
confidence in these levels. In both cases two feed-
ing transitions from 1' levels eliminate 4'. A pure
M1 transition to the 4' state at 947 keV allows only
3' for the 1734-keV level. The same spin and par-
ity is suggested for the 1659-keV level because of
its low (n, y) population (see Fig. 8).

1775.6 ke V(3')

Several '~T1 decay studies have established a
level at this energy. ""In accordance with the
spin 3', recently confirmed by y-y angular-corre-
lation measurements, the population in (n, y} is
relatively small. There is another line observed
in the present experiment whose energy fits very
well as the 1775- to 1630-keV transition. This
rather strong 144-keV line should then be seen,
however, in the P decay. Thus the placement of
at least the main part of this line elsewhere in the
level scheme (1718-1573)seems justified. Simi-
lar arguments indicate that almost the whole inten-
sity of the 1408-keV line, which would fit in ener-
gy as the transition to the first excited state, is
better placed as a deexcitation mode of the 2978-
keV state.

1845.8 ke V (3')

This level is well known from previous studies.
The present experiment confirms the suggested
decay and adds two new lines to the 1570- and the
1659-keV levels. The spin assignment 3' is sup-
ported by the observation of M1 admixtures in the
898-keV transition to a 4' level and in the 591-keV
line to a 2' level, although it should be noted that
the multipolarity is not quite certain in the first
case.

1856.8 ke V (0')

Conversion electrons for transitions of 1857 keV
(E0} and 1489 keV (E2}were observed by Mampe
et gl. ,

"who suggested this 0' level. The present
data confirm the state and yield additional informa-
tion on its decay. We observe the 225-keV M1
line to the 1630-keV 1' state but not the 204-keV
line to 1641 keV reported by Mampe et al. New
lines were found to the 1254-, 1570-, and 1718-
keV levels.

1882.9 ke V (2')

The decay of this level has been revised and
several new transitions have been found. The very

weak transition (not the same as our strong 935-
keV line) to the 4' level seen only in the '"Tl de-
cay' suggests I' ~ 2'. The (n, y) population seems
too high for a 3' level (see Fig. 8), which makes
2' most likely.

1972.3 ke V(2'), 1974.4 ke V(3')

Both levels were previously known' without spin
assignments. A great number of new lines depopu-
lating these levels were observed in the present
study. The 1972-keV level is fed directly from
the 33.5-eV 1 resonance, indicating I" ~ 2. A 0'
assignment for this level can be excluded, because
of a line to a 3' state and the M1 component in the
1604-keV transition. The log ft values for 1' states
populated from the ' 'Tl p decay seem to be con-
sistently high (&8.3). Therefore, the relatively
low log ft value of 7.6 makes 1' less likely than 2'
for the 1972-keV state. Another argument for a
2' assignment is the (n, y) population which agrees
very well with expectations (see Fig. 8). For the
1974-keV level spins 0 and 1 are excluded because
of the transition to the 4' state [recently measured
to be E2(+Ml) 38], and spin 4 is eliminated because
of feeding transitions from two 1' levels. Of the
remaining possibilities, 3' seems favored over 2'
because of the very low (n, y) population.

Z.'
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FIG. 8. Relative (n, p) population of levels in Hg.
Typical errors are given for some of the points. Open
symbols indicate that the spin assignments for the asso-
ciated levels were partly derived by using their popula-
tion (see text).

2074.4 ke V (1',2')

This previously unknown level is populated in the
175-eV 1 resonance. This fact in combination
with the transition observed to a 3' state limits
the spin possibilities.
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2116.6 k.V(0, 1, 2')

A primary transition in the 175-eV 1 resonance
leads to this new level. Its decay by strong low-
energy transitions (Ml and Ml +@2), to the 1620-
and 1718-keV 1' levels implies positive parity. It
may be interesting that this level does not decay
to the ground or first excited state as do most of
the others.

2126.9 ke V(1'), 2127.9 ke V(3')

The assumption of two closely spaced levels in-
stead of the one previously suggested at 2127.2
keV' solves the discrepancies of the y branching
ratios in the (s,y) and p decay process. From this
comparison it follows that most of the 1759-keV
line must belong to the lower and most of the 872-
keV line to the upper level. Both lines appear to
be broad in the present (n, y) spectrum. As can
be seen from the decay scheme many other closely
spaced transitions, not previously resolved, sup-
port the two levels. Multipolarities for a number
of these were determined. The decay of the two
levels allows only I"=1,2' for the lower one and
I' =2, 2' for the upper one. As their (n, y) popula-
tion differs by about one order of magnitude they
cannot have the same spin. Assuming 1' for the
2126-keV level and 3' for the 2127-keV level, a
very good agreement between the measured and
expected population is achieved (Fig. 8).

A state near this energy was suggested in earlier
neutron resonance studies. '"" %e also observe
strong primary transitions in the two 1 reso-
nances. 11 transitions are found to depopulate
the level. The M1 line to the ground state defines
spin and parity 1'.

2229.3 ke V (1')

Primary transitions in thermal capture and in
the 129-eV resonance define a level at about this
energy. The (n, y) decay suggested by Mampe ef
g/. ,"however, is found to be in disagreement with
the present results. Komppa, Pakkanen, and Kan-
tele' observed the 975-keV line and transitions to
the ground and first excited states. The latter
two are below our detection limit. Spin and parity
1' for this level are suggested because of the
strong primary trans@ion in the 0 resonance.

2246.4 ke V(1, 2')

There is no evidence from the present data for a
level at 2248.8+ 0.3 keV as suggested by Mampe
et a/. " The large error on the primary transition

energy observed by this group would be consistent
with direct population of the present 2246 level.
%e observe direct transitions in the two 1 reso-
nances. Positive parity and Iw0 for this level is
required by the M1+E2 transition to 1' at 1570
keV.

The level at 2259.1 keV suggested by Mampe et
a/. "based on a ground-state transition cannot be
confirmed as the 2259-keV line is found to be in
coincidence with the 368-keV transition.

2274.2 keV(1, 2'), 2289.0 keV(2')

These two levels were found in the '~Tl decay. '
In both cases only transitions to the ground and
first excited state were observed and no spin was
given. In the present studies the ground-state tran-
sitions are below the detection limit but many lines
to other states were found. For the 2274-keV level
positive parity and spin limits can be derived from
the g2 transition to the 368-keV level, the direct
feeding in a 1 resonance (which excludes 8'), and
transitions to 2' levels (which excludes 0'). The
2289-keV level, decays to the ground state (see
above) and to the 4' state which allows only a 2'
assignment.

2331,8 ke V, 2343.6 ke V (1, 2, 3'),
23'88. 6 ke V (1, 2, 3'+)

These three levels were suggested by Komppa,
Pakkanen, and Kantele. 9 However, only the tran-
sition to the first excited state was known in each

2411.9 ke V(1, 2')

In the present resonance spectra relatively
strong primary transitions to this level in two 1
resonances are observed. The spin can be limited
by the observation ( f decay lines to 0' and 3' lev-
el,s. The level may be identical with one reported
by Rae eg a/. "at 2418 kev.

2461.5 ke V (1'), 24&1.4 kev (1, 2')

Mampe ef a/. "observe conversion lines from
primary transitions to levels at 2460.5 and
2489.4 keV. Although the tentative decay cannot
be confirmed, these could be the levels in ques-
tion. Mampe's tentative spin assignment for the
2461-keV level is supported by a primary transi-
tion which we observe in the 0 resonance. The
2491-keV level is fed by the strongest transition
from the 1 resonance at 175 eV. As we also ob-
serve a transition from this level to two 3' states,
1' or 2' are the only possible spin values.
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2691.6 ke V, 2701.3 ke V

Two primary transitions in the present (s„„y)
measurements lead to excitation energies of 2692
and 2701 keV. Both appear in the 33-eV 1 reso-
nance. A number of combinations support these
levels.

2697.1 ke V (0')

Relatively few g0 transitions were observed in
the (n, ce) spectrum (see Sec. II F). Two oI them,
if built on the 1029- and 1515-keV 0' levels, re-
spectively, define a new level at 2697 keV, which

must also be O'. The probability that this is acci-
dental is very small.

2763.S keV (J')

This level was observed by Alves qf gE." Its de-
cay, previously unknown, could now be established.
Spin and parity 1' for the state are implied by the
strong feeding in the 0 resonance.

2794.2 ke VO, 2')

This previously unknown level is fed in the 33-eV
1 resonance. Its decay to a 1' level (1620 keV) by
a MI(+E2) transition suggests a 0, 1,2' assignment.
Although the observed ground-state transition and

a transition to a 3' state are complex, the prob-
abQity that both lines are placed incorrectly is
very small. Under this assumption /=0 seems
rathex unlikely.

2853 ke V(1, 2')

Thi, s new level is fed, although relatively weakly,
in the 175-eV 1 xesonance. Spin and parity for it
can be further limited by the observation of a
ground-state transition and the @2+M]. multipo-
larity of the transition to the 368-keV level.

286Z3 kev(S, 2 )

%'e suggest this level on the basis of rather
strong primary transitions in both 1 resonances.
The intensities suggest positive parity. Two tran-
sitions to 0' levels exclude spin 0. The existence
of the ground-state transition, though questionable
in thermal capture, is confirmed in the low-energy
resonance capture spectrum.

The 1147-keV line was previously thought to lead
from this level to the 1730-keV state. " Kith this
assumption, however, the intensity balance rule
for the latter would be violated. Besides, the

placement of thy 1147-keV line as the 1515-368
transition is rather definite.

2937.5 ke V

This level is seen in the 33-eV x"esonance. How-
ever the decay transitions ascribed to it do not al-
low a parity assignment as we have placed both an
E1 and a M1 line as possible deexcitations. Clear-
ly one of the two must be incorrect.

244Z6 keV (1-),2590.S kev (~-),
2847.3 ke V (1—), 2960.2 ke V (1—)

Perhaps with the exception of the first, "these
levels were previously unknown. Their common
feature is that they axe all based on relatively
strong transitions which were found not to be in
coincidence with the 368-keV line. As pointed out
earlier, the decay of all levels below 3.3 MeV
eventually feeds the 368-keV level. The possibil-
ity that the above lines are built onto levels above
3.3 MeV cannot be excluded but seems very un-

likely, as these states have then to decay exclu-
sively to the gx'ound state. %e therefore conclude
that the foux transitions are ground-state transi-
tions. As their multipolarity was found to be F.1,
they define 1 initial states. There may be some
other weaker lines depopulating these states, but
their large enexgy errors lead to ambiguous
choices and they are therefore not included in the
level scheme. In the case of the 2960-keV level
a strong 1706-keV line (possibly Zl} would fit as
a transition to the 1254-keV level. However, this
line is already placed elsewhere in the level
scheme (2074- 266). Although these levels do not
meet the formal requirements given above, we
consider them rather definite based on the pres-
ent arguments.

Above -3 MeV only such levels were included in
the level scheme which were strongly fed by pri-
mary transitions in thermal-neutron capture. All
of them were found earlier and assigned to be 1'.
However, a great amount of new information, on
their decay was added by the present experiments.
Of the 63 transitions now placed as to depopulating
the highest six levels, only 16 mere placed identi-
cally in earliex studies. '& '8

Other levels

Evidence for several other levels below 3 MeV
was found, but no good decay (see critieria above}
could be established for them. They are therefore
not included in the level scheme. %e have sum-
marized them in Table IV, showing also the expex-
imental evidence for each.
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TABLE IV. Further levels in Hg.

Exc. energy (keV) Spin Evidence

2563
2833
2951
2954

1 res.
0 res.

2x 1 res.
g.s. trans.

IV. DISCUSSION

A. Statisical population of levels

In the (n, y) process low-lying levels are fed by

y decay of the compound state in a single-step
process (primary transitions) or in a cascading
process which involves two or more steps. In pa, r-
ticular, in the latter case influences of nuclear
structure on the transition rates may be largely
obliterated and the feeding of a level may there-
fore be described in a statistical way. The popula-
tion should then depend only on statistical proper-
ties of th nucleus (level density) and on general
considerations about transition probabilities
(Weisskopf estimate, systematics of hindrance
factors). An outline of this concept is given by
von Egidy, "who also did rather successful calcu-
lations for several nuclei. The general result of
these calculations is that one can describe the spin
dependence of the level population by a smooth
curve which peaks at about the initial compound
spin. One also expects a rapid decrease of the
population with increasing excitation energy for
levels of the same spin.

An empirical analysis of this kind was made for
'"Hg. The population of a level was obtained by
summing up the total intensity of depopulating lines.
This method gives a lower limit which is reason-
ably close to the real value, if, as in the present
case, most lower levels with similar spin values
are known. Since we only want to consider the lev-
el feeding by cascades, the primary feeding was
subtracted.

The results are shown in Fig. 8. For the spin
values 0, 1, 2, and 3 the relative level population
is plotted versus excitation energy. The filled
symbols indicate levels for which the spin could
be unambiguously derived from other than popula-
tion arguments. Open symbols represent levels
for which the decay properties allowed more than
one spin possibility. The four curves are clearly
displaced up to about 2.2 MeV and show the theo-
retically expected trend. Above this energy the
curves overlap and the deviations from a smooth
behavior are greater. The latter is partly due to
the fact that high-lying levels may decay by addi-
tional lines which are below our detection limits.

These can contain a greater fraction of the decay
intensity than similar lines from lower levels
which usually decay via a few very dominant tran-
sitions. With increasing excitation energy one
would also expect a gradual breakdown of the sim-
ple picture as the condition of several stage cas-
cade feeding is not satisfied any more. This seems
particularly obvious for the 1' states above 3 MeV
which are almost exclusively fed by primary tran-
sitions. The spin dependence of the population is
shown for three different excitation energies in
Fig. 9(a). The peaks of the curves which occur at
spin 1 become less pronounced the higher the level
energy becomes, i.e., the fewer stages there are
between the compound state and the level of inter-
est. This is expected from a very simple qualita-
tive consideration shown in Fig. 9(b). It demon-
strates schematically the cascading process start-
ing from a 0 compound spin which is the dominant
compound spin for thermal-neutron capture in
'"Hg and assuming dipole transitions of the same
kind. For the sake of simplicity we also allowed
0-0 EO transitions to occur with a strength equal
to the dipole strength. The population is deter-
mined by simply counting the number of possible
feeding branches. As can be seen the peak at spin
1 in the case of four cascading stages between
compound and final state (v =4) disappears in the
case of two stages (v =2).

The very systematic behavior of the population
in '~Hg can be used as an additional tool for mak-
ing spin assignments. For example spins for lev-
els at 1659, 1882, 1972, 2126, and 2127 keV were
determined partly using populating arguments (see
Sec. III). It is also possible to estimate detection
limits for states in terms of spin and excitation
energy. From Fig. 8 one would not expect to see
any spin-3 states above 2.5 MeV in the thermal
(n, y) reaction

B. Negative-parity states

In even-even nuclei just before closed shells,
the noncollective low-lying excitations with low
spins are expected and are found to be of positive
parity. ' The simplest mechanism to create nega-
tive-parity levels is an excitation across the shell
gap. Since the low-spin shell-model orbits gen-
erally lie high in their respective shells, these
low-spin negative-parity excitations would require
at least the shell-gap energy and usually a major
fraction of the energy width of the next shell. An-
other simple mechanism to form negative-parity
states is via particle-hole excitations involving
the so-called unique parity high-spin shell-model
orbit. These excitations do not require crossing
the shell gap but at the same time cannot couple
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FIG. 9. (a) Spin dependence of the population (experi-
mental). (b) Schematic illustration of the spin depend-
ence. v indicates the number of cascading transitions
between the compound and the final state.

to very low spins within the spherical shell model.
In the Hg region, excitations of the former type

may be expected near 6 MeV. The latter type may
occur quite low in energy but with spins not lower
than 4 for proton states or 2 for neutron levels.
Several states with I~ 5 have previously been lo-
cated in the decay of '"Au ." Due to the popula-
tion systematics discussed above we would not ex-
pect to observe these states.

In view of these ideas it is interesting to find at
least four 1 states in '

Hg between 2400 and 3000
keV. %'e have considered the various couplings
that can lead to such states. The simplest that
seem feasible are those of the form

[ g d -1)I=$ (f 2)1=2(p 2)1=0]I=l

This excitation takes advantage of the small pair-
ing energy near closed shells to recouple spins
and the attractive proton particle-hole residual
interaction for excitations across the gap which
has been found to be --330 keV from comparison
of 2p-1h states in ' 'Bi and 1h states in '"Tl."

The calculated energy for states of this form is
-4200 keV.~ The analogous neutron excitations
are at slightly higher energies due to two nearly
offsetting effects. The energy gap is somewhat
smaller but, on the other hand, there is no energy
gained from the neutron particle-hole interaction.
The latter is known to be -0 from the closeness
of the neutron pairing vibration in "SPb to the en-
ergy predicted in the simple harmonic phonon ap-
proximation. "

Since these states are expected only above 4 MeV
one is thus led to consider more complicated exci-
tations and the following examples can be con-

structed:

([f 2)1=$(p -l)]1=11/2( ~ -l)I=12/2]1=1

$ [(f 2}1=2(p -1)]I =11/2( -1)l=1$/2)l =1

{[(f 2)/=4(p -1)]I=11/2( -1)1=1 /22} 11

The first should lie lowest, at a calculated energy
of -2200 keV, and the others would be expected
below 3.5 MeV. This low energy arises from the
small pairing energy combined with the absence
of excitations across the gap. These states should
exist in '"' Hg but not in '"Hg where ~=126. rt
would be interesting to pursue the search for them
in these isotopes. Analogous excitations of higher
seniority, including recoupling of proton pairs to
nonzero spins, should also be found at not much
higher energies.

The introduction of excitations of the unique par-
ity states forces alternative considerations, how-
ever, since such excitations in this mass region
have recently been interpreted in terms of oblate
deformations. 7 In a deformed fieM the degen-
eracy of the j,s» orbit is broken. For prolate
deformations the low-K (angular-momentum pro-
jection on the nuclear symmetry axis) quantum
number states drop in energy but for oblate defor-
mations they rise. ~ Since the Fermi surface in

Hg is abov~ the @3Is orbit, then for oblate defor-
mations the low-spin excitations involving this or-
bital will occur at a relatively low excitation en-
ergy. The same argument applies to the proton
k zzg2 orbital. Two quasiparticle states with I = 1
in "~Hg would then easily be formed by exciting
the low K I/(tl»»} or I/(2»/2) orbitals from the near-

I/(sl/2 OF d$/2) oF v(pl/2 p$/2 f$/2) orbitals I e
spectively. This construction of 1 levels is an
attractive hypothesis since one-particle g1 transi-
tions such as —,

' [501]-—,"[660]or —,
' [521]-—,"[651]

(in Nilsson-model terminology) would have the
typical n~ hindrance of g]. transitions in deformed
nuclei.

Two related 1 excitations are the g =0 and 1
oblate octupole vibrations. For oblate deforma-
tions in this mass region these octupole vibrations
should in fact occur lowest in eenr gy$($while for
prolate deformations, the K =2, 3 vibrations are
lowest in the W and Os nuclei" ). The I'K=I
(0 or 1) vibrations wiB be collective states dom-
inated, probably, by linear combinations of excita-
tions of the type mentioned in the previous para-
graph involving for one quasiparticle a low-K ex-
citation of the pi»„or ~h», 2 orbital. Again, one
would expect these 1 levels to decay by gl tran-
sitions to the ground state. "

Another mode of 1 excitation is of interest. Re-
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cently a sequence of 5, 7, 9, and ll levels
with enhanced cascading E2 transitions has been
proposed~ as a "collective band" in '~Hg. (Sim-
ilar sequences of high-spin negative-parity levels
have been found throughout the A =190-200 re-
gion. ") The experimental evidence from the spin
sequence, rotational energies, and P-decay feed-
ing favors an interpretation~ of the intrinsic struc-
ture of this band as involving (in the language of
Refs. 53 and 54) a low-spin (e.g. , p„,) quasiparti-
cle excitation and a decoupled hole excitation of
the izaga shell. This is qualitatively different from
the simple oblate deformed two-quasiparticle 1
excitations discussed above. The rotational exci-
tations of the band would be those of the even-even
core somewhat modified by the presence of a par-
tially decoupled two-quasiparticle state. For the
Fermi surface above the f»„ level (as in ' 0Hg)

this interpretation requires'4 the oblate deforma-
tions deduced~ 4' in the Hg region.

Experimentally the 5 "band-head" decays" by a
transition to the 947-keV 4 level which is in itself
mell described as an excitation in the core-coupling
scheme (see Sec. IVC). It is therefore reasonable
to expect" a 1 level to arise from the coupling of
these two intrinsic excitations. In the harmonic
approximation its energy will be =2800 keV

(E; +E,+). This is near the energy of several
of the 1 levels observed in the present experi-
ment.

C. Comparison with core-coupling

calculations

Covello and Sartoris ' have performed theoret-
ical studies of the low-lying levels in '~Hg. They
calculated states arising from coupling the two-
proton holes in the 3s,~» 2',» 1h»„, and 2d„,
shells to harmonic surface vibrations with up to
three phonons and predict their excitation energies
and decay properties. As their calculations do not
include individual neutron states or other, more
complicated, excitations, one should find experi-
mentally a great number of additional levels. It is
clear that the core-coupling model may neglect
important interactions but it is worthwhile to at-
tempt to locate those states most accurately de-
scribed by the model. In fact, such analyses were
made in most of the previous studies of '~Hg. The
suggested candidates' were: 2, 368 keV, 4, 947
keV, 0, 1029 keV, 2, 1254 keV, 2, 1573 keV or
1642 keV, 1, 1630 keV, and 3, 1659 keV or 1734
keV, where the notation J, indicates the ith state
of that spin.

The identification of a new 0' level at 1515 keV,
the revision of some branching ratios and multi-
polarities by the present studies, and the discovery
of some nem transitions alter these conclusions to

TABLE V. Excitation energies of core-coupled states
in 20~Hg.

State Ec s(keV) ' Ee p(keV) 4 Eexp Sc

2+(

4+
2+

2
0+

2

11
2+

3
3+

1

410
1120
1290
1470
1680
1760
1800

368
947

1254
1515 1029
1570 1631
1573
1659

-42
-173
-36
+ 45 -441

-110 -49
-187
-141

The theoretical energies are taken from Covello and
Sartoris, Ref. 23.

Two sets of experimental candidates for the core-
coupled states are given which differ by the choice of the
02 and 1+, levels (see text).

some extent. Tables V and VI show a comparison
of the experimental energies and transition rates
with the predictions. For most energies and tran-
sition rates a reasonable agreement with the mod-
el is achieved assuming the earlier candidates
and choosing 1573 keV as 2, and 1659 keV as 3y.
However, some striking discrepancy. es remain'.

(i) The energy of the 1029-keV le ..1 differs
more than 400 keV from the predicte 'i value for
the 0, state whereas in all other case. the differ-
ence is less than 200 keV. (It should b pointed
out that a model by Taruishi" predicts the posi-
tions of the 4,, 0,, and 2, levels fairly well, but
fails at higher energies. )

(ii) The transitions from the 1254-keV 2; state
to the 947-keV 4, and 1029-keV 0, states are ex-
perimentally too strong by a factor 10 and 100,
respectively. In particular the latter discrepancy
is very serious as the weakest predicted transi-
tion [B(E2) valuej is the strongest observed de-
populating the 1254-keV level.

(iii) The transition 1630 keV- 1254 keV has only
about —,

' of the predicted 1;—2; strength.
The assumption of the 1515-keV 0' level as the

predicted second 0' state would considerably im-
prove the energy agreement (see Table V) and
remove the above-described discrepancy for the
2,-0, transition because we observe no 1515-- 1254-keV transition. However, an additional dis-
crepancy arises for the 1630-keV 1' level as the
transition 1630 keV- 1515 keV is much too strong
to be the 1,—0, transition, which is actually pre-
dicted with zero strength. Experimentally this
transition is by far the strongest [B(MI) value]
depopulating the 1630-keV level. This would sug-
gest another choice for the 1' state. The 1570-
keV level has no observed decay to the 1515-keV
level as expected and the transition to the first
and second 2' state are in good agreement with the
theory. Although the ground-state transition is
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much stronger than predicted, its experimental
B(MI) value is at least of the same order as that
of others depopulating the 1570-keV level. We
therefore feel that the 1515- and the 1570-keV lev-
els are the best choices for the predicted 0, and

1; states, respectively. In this case not only is
the decay in reasonable agreement with the model,
but also the energies of the states are close to the
predicted values.

D. Bubble nuclei

In a recent series of studies~&" the existence
of a reduced central density (bubble) has been Pre-
dicted for a number of nuclei, including '~Hg. In

this nucleus the. bubble is calculated to occur in
the ground-state configuration. The reduction of
the central density to -50% of its normal value
emerges from a self-consistent Hartree-Pock cal-
culation and relies essentially on the rise in enex-
gy of the ms„„vp„„and vp„, shell-model orbits
leading to a doubly magic bubble configuration with
g =80 and N=120. Besides the one- and two-pho-
non vibrations of the outer surface, the model pre-
dicts" additional one- and two-phonon vibrations
of the inner surface. The one-phonon excitation
would be a 2' state at about 5 times the energy of
the first 2' state. A y-ray transition can change
the phonon number by one and therefore, in the

TABLE VI. Comparison of predicted and experimental BN2) and B(M1) values fox low-
lying states. For completeness the table includes results for states (1029 and 1630 keV) now
thought {see text) not to correspond to calculated core-coupled states.

Theor. values b

Transition ~ B(E2) B(M1)

Cand. for
initial
level B(82)

Exp. values
B{M1) I eexp I

+ 2+i
0+ 2+

2 2

]+~0+i i
1+ 2+i i
1+ ~2+

2
1+i ~ 02 (1515)
1+i ~ 02 (1029)

2+ 0+
2 1

2+ -2+
2

2+ ~4+
2 i

22 ~ 02+ (1029)

2+ 2+
3 1

2+ 0+
3 i

2+ ~4+
3 i

2+ -2+
3 2

23 02 (1029}
2,'- 0,' (1515)

0.53
0.18

0.12
0.97
0.06
0.036

0.16
0.007
0.05
0.20
0.08
0.08

0.01
1.05 0,003
1.00 0.004
0
0

0.31 1.7

1.07 0.15

0.25

1515
0+

2

1570
1+i

1254
2+

2

1573
2+

f0.53
&0.95

$0.12
1.20+ 0.24
0.7 +0.2
5.2 + 1.2

&0.07
&0.004
$0.05
0.9 +0.4
0.08 ~ 0.02

1.48 + 0.25
$1.05

2 1+0.4
~ -0.8

3.9 +1.5

$1.07

0.11 +0.03

0 35+0s40-0,25
0 +0.25

+8

0+0.12

3+ ~2+i i
3 4+i
3+ 2i
3+ -2+i 3
3+i 1+i (1570)

1+~ Q+i i
1+~2+i
1+-2+i
1i 02 (1029)
1+i ~ 02+ (1515)

0.18
0.53
2.04
0.09
0
0

0.15
0.41
0.29
0.38

0.01
1.05 0.003
1.00
0
0

1630

$0.18 $0.15
0.90+0.30 0.23 ~ 0.08
1.]. ~0.5 0.09 ~0.04

0.050 + 0.025
$1.05
0.18 +0.05
0.05 ~0.02

36 +15

0 25'-0'22

The notation Oi, 02+, etc. , corx esponds to the notation given in Ref. 23. In some oases two
different final states (in parentheses) are considex'ed.

Theoretical values are from Ref. 23.
The B{g2) and B{M1}values are relative and normalized to the theoretical values using

transitions max ked with g. ff means that only very crude limits can be found for these tran-
sitions, which are, however, in agreement with the predictions. Experimental values are
derived in some cases assuming alternatively pure E2 and M1 character for transitions
whose multipolarity is not known.



simplest model, the tmo one-phonon 2' states miB
decay solely to the ground state. The tmo-phonon
levels miB decay only to their respective 2' one-
phonon exeitations. It is likely, however, that
extensive mixing mill significantly modify these
simple rules.

The following points can nevertheless be made.
The lowest possible 2' level (excluding 868 keV)
in '~Hg observed in the present study to decay to
the gxound state is at 2794 keV. This energy mould
be significantly greater than the 5 x 368 keV expect-
ed for a vibration of the innex' bubble surface.

However, one might argue that the ~ooHg ground
state is unlikely to be a doubly magic bubble con-
figux'ation because of the lom energy of the first 2'
level at 868 keV. (In fact this is the lowest excited-
state energy in any even-even Hg isotope. } There-
fore one ean speculate whether or not a bubble con-
figuration exists in some other lorn-lying 0' state
in '~Hg. The discovery of the 1515-keV 0' state
and its assignment (see Table VI) as the 0; core-
coupled level leaves a 0' level at 1029 keV whose
structure is unknown. If only one lom-lying 0'
state is px esent in '9"O'Hg then the 1029-keV
"extra" 0+ level in ~Hg would be a possible candi-
date for a bubble configuration. The 1593-keV
state mould be the lowest available 2' state not
accounted for by the core-coupling model. The
1593 —1029 =564 keV energy difference mould
place the predicted inner surface vibrational 2'
energy at -3750 keV, or outside the range of the
present data. It is fruitless to extend these specu-
lations, however, pending a study of 'O'Hg which
is now in progress. " A final point to note, of
presently unknown significance, is that the 1570-
keV 1' state decays most strongly by a transition
to the 1029-keV level.

V. CONCLUSIONS

The (n, y) reaction on "'Hg has been studied with
a variety of techniques and a x'elatively complete
level scheme for lom-spin states below 3.3 MeV
has been constx'ueted. Many new txansitions were
placed and spin-parity assignments made. Several
nem l,evels, including a 0' state at 1515 keV were
di scovex'ed.

The follow'ing principal conclusions mere drawn
from the data and level scheme:

(i) The intensity of secondary feeding was found
to depend smoothly on excitation energy and spin
and provided a useful aid in making spin assign-
ments.

(ii) Due primarily to the discovery of the new 0'
level. at 1515 keV and the reassignment of a differ-
ent 1' level as a model state, the core-coupling
calculations of Covello and Sartoris were found to

provide a better description of the levels below 1.8
MeV than had previously been thought.

(iii) However, a 0' level at 1029 keV then re-
ai s e pla ed. Thismaybeof i texest'

connection with x'eeent bubble nucleus calculations
which predict '~Hg to have a lom-lying bubble con-
figuration. In regard to this model lower limits
on the energies of possible vibrational levels mere
also obtained.

(iv) Four low-lying new I levels were detected
betmeen 2.4 and 3.0 MeV. It mas possible to ac-
count for their lom energies only by recourse to
excitations of the unique parity orbits in terms of
four-quasipartiele spherical excitations or of de-
formed two-quasiparticle and collective excitations.
It is important to note that these lattex' structurally
simple, low seniority interpretations involve the
assumption of oblate deformations, at least for
some states in '00Hg. This finding is consistent
with and complements the conclusions of Refs. 46
and 47 for "OTl.

These results suggest several future experi-
ments. Expeximents designed to search for 1
and 0' levels in neighboring isotopes mould be use-
ful. In particular, the conjecture of a bubble con-
figuration for the 1029-keV level mould seem to
suggest the absence of a similar low-1ying 0' exci-
tation in ' "~'Hg. A study of the latter is in
progress.

The position of '~Hg between the spherical nu-
clei near '08Pb and the suggested oblate configura-
tions in '99Tl and the Pt isotopes suggests that it
may be txansitional in character. Single neutron
tx ansfer reactions leading to the 1 levels and the
states below 1.8 MeV mould be useful in probing
the single-particle aspects of these levels. In par-
ticular they might reveal whether or not the nega-
tive-parity excitations (I, . . . , 6, 'I ) are coexist-
ing oblate configurations or whether such deforma-
tions eharaeterize the nucleus as a mhole. The
success [see (ii) above] of the core-coupling model
may suggest that at least the lom-lying levels can
be interpreted in terms of a spherical basis. The
cross sections in (t, p} or (p, f) reactions could
clarify the amplitudes of core-coupling configura-
tions in these lower-lying levels.
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