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New levels in 168Er: Use of a Compton-suppressed Ge array with the„n,g… reaction
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For the first time an (n,g) reaction has been extensively studied using a large array of Compton-suppressed
Ge detectors~the TESSA array!. The nucleus168Er was studied and the data show substantial improvement, in
both quantity and quality, over previous coincidence data. Even though168Er is perhaps the best studied
deformed nucleus, over 250 new coincidence relations and a number of new levels in168Er were disclosed,
demonstrating the usefulness of this approach. Nuclear physics applications relate to the extension of near
complete spectroscopy to higher excitation energies and to the study of statistical and chaotic features of th
decay of low spin compound nuclear levels.@S0556-2813~96!03011-7#

PACS number~s!: 23.20.Lv, 25.40.Lw, 27.70.1q
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I. INTRODUCTION

Large Compton-suppressed arrays of high-resolu
high-purity Ge detectors are a crucial tool in modern exp
mental nuclear physics. Many recent discoveries, espec
in the fields of high-spin phenomena and spectroscopy
from stability, would have been extremely difficult, if no
impossible, to achieve without the use of such devices. H
ever, in spite of the well-known power of these arrays, no
to the knowledge of these authors, has ever been used
reactor facility to study levels populated in neutron capt
reactions. It would be interesting to do so, however, since
(n,g) reaction produces a large number of coincidentg rays,
but yet accesses an entirely different spin range of levels
heavy-ion reactions. The cascade of transitions follow
neutron capture feeds levels with population falling off w
the difference between target ground state spin and fi
level spin. Typically, states with about 4\ above the targe
spin are populated significantly. The TESSA array was the
fore taken to Brookhaven National Laboratory~BNL! to per-
form experiments at the High Flux Beam Reactor~HFBR!.
This array@1#, originally constructed at the Daresbury Lab
ratory, employs 16 Ge detectors with bismuth german
~BGO! Compton suppression shields. Separate meas
ments ofg-g coincidences following thermal neutron fissio
of 235U, and following thermal neutron capture of167Er,
were performed. The fission measurements studied pro
fission g rays. The 167Er measurements examined excit
levels in 168Er that are populated by promptg emission after
neutron capture. Since the ground state of168Er is 7

2
2, final

states with spins from 0 to about 7 should be observed.
the purpose of this paper to present and discuss the resu
the 167Er ~n,g) 168Er reaction.

In 1981, Davidsonet al. @2# published the results of a
comprehensive study of excited states in168Er that are popu-
lated by the (n,g) reaction. The resulting level scheme w
based on extensive data from the GAMS~Gamma Spectrom
54813/96/54~5!/2276~11!/$10.00
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eter! facility at the ILL ~Institut Laue Langevin!, and ARC
~Average Resonance Capture! measurements at BNL, and
provided a fertile testing ground for many nuclear model
especially the IBA~interacting boson approximation!. Later,
Davidson and Dixon@3# attempted to extend the level
scheme with additional data, and by searching for addition
energy sums that could give rise to states beyond the pair
gap. The work of Ref.@3# became the basis for an update t
the Nuclear Data Sheets evaluation for the168Er level
scheme@4,5#. Still more recently, Jungclauset al. @6# col-
lected a substantial number ofg-g coincidences~also at the
BNL HFBR! taken with three, non-Compton-suppressed, G
detectors in an experiment which was sensitive tog intensi-
ties as low as 3 per 10 000 neutron captures. The data
Jungclauset al. showed that without either the ultra high-
precisiong-ray energy measurements possible with GAMS
or the use ofg-g coincidences, assignments based solely o
energy sums must be viewed with skepticism. This is esp
cially true for nuclei~such as168Er! with a large number of
excited states, which can lead to many accidental ener
sums.

The results of the measurements of Jungclauset al.,
which led to the proposal of 19 new levels, suggested tha
moderng-ray detector array, such as TESSA, may provid
even higher sensitivity. At the outset, this issue is not cle
since multiplicities are relatively low~typically three to four
g-ray steps for the neutron capture state to the ground sta!
and, since Doppler effects are negligible, a small set of d
tectors can be placed closer to the target than is possible w
a large array. The extensive existing data and the complex
of its g-ray spectrum make168Er an ideal testing ground for
investigating the value of such an array for the study of ne
tron capture reactions. The sensitivity of the array can b
readily assessed by determining the lower limit for observin
coincidences with low-intensityg rays since most of the ob-
servedg rays from neutron capture on167Er are already
placed in the level scheme.
2276 © 1996 The American Physical Society
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54 2277NEW LEVELS IN 168Er: USE OF A COMPTON- . . .
II. EXPERIMENTAL CONDITIONS

The TESSA array, equipped with 16 Compton-suppress
Ge detectors, was positioned at the H1B external neut
beam at the HFBR, such that the beam passed through
center of the array. A bismuth filter was used to provide
thermal neutron beam with an intensity of 73106 nth/
cm2/sec. A collimator was selected to give a 1 cmdiameter
beam. A target of;500 mg Er2O3 powder, enriched to
91.54% in167Er, was placed in the center of the array, 20 c
from the Ge detectors. The data acquisition system stored
analog to digital converter~ADC! addresses, giving the en
ergies deposited in the detectors, detector number tags,
the time to amplitude converter~TAC! addresses, giving the
time intervals between coincident signals, for each eve
The data were stored on 8 mm tape for later analysis. T
ADC’s had a range of 4096 channels, and the amplifier ga
were set to correspond to;1 keV per channel, which gave a
useful upper limit of;3800 keV. In all, 1.53108 two-
detector coincidence events were obtained in the true
random TAC gates. Coincidence data were collected over
day period. In comparison, the data for Ref.@6# required 2
months of beam time.

III. DATA ANALYSIS

The data tapes were sorted to select all events that
volved two detectors. From this set of data, two matric
were constructed, one corresponding to events in a true t
window, the other to events in a random time window.

FIG. 1. The projection of all twofoldg-g coincidences is shown
on semilogarithmic plots. The large number and density ofg rays in
this spectrum illustrate the difficulties that were encountered in s
ting some gates.~a! shows the range from channels 0–1000,~b!
shows channels 1000–2000,~c! shows channels 2000–3000, an
~d! shows channels 3000–4000. One channel corresponds to
proximately 1 keV.
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gain shift was applied, as the matrices were built, to allow a
two-detector events to be incorporated into the matrices.
this fashion, all the data~true and random! were included in
two matrices. Thus, a random subtracted gate could easily
placed on ag ray of interest, by projecting the desired chan
nels out of the matrices.

Since the most recent168Er level scheme@5# was based on
the Ritz combination results of Davidson and Dixon@3#, and
since the work of Jungclauset al. @6# demonstrated that there
are a number of assignments which are not supported by
coincidence data, the older level scheme@4# was used as the
starting point to search for new levels. Gates were placed
strong transitions depopulating 64 excited states in order
locateg rays that feed into known levels from higher, un
known levels. Each resulting spectrum was analyzed for e
pectedg transitions and for previously unobserved coinc
dences. Because of the large number ofg rays that deexcite
levels in 168Er and the gain that was selected, it was som
times difficult to obtain a desired gate that was free ofg rays
in coincidence with nearby, interferingg rays. For these rea-
sons, gates could not be placed on 18 additional excit
states. Figure 1 shows the projection of all two-foldg-g
events, which was used to select gate positions and wh
illustrates the above point. Another 13 excited states we
not gated on because, although they are shown in the le
scheme@4#, there are nog rays assigned to the depopulation
of these levels. Nonetheless, it was possible to identi
.250 new coincidence relationships. Many of these are no
observable due to the increased peak to the Compton ra
made possible by the BGO shields, and to the large amou

et-

d
ap-

FIG. 2. A comparison of two gates from this experiment with
that from Jungclauset al. @6# is shown.~a! and ~c! are from this
experiment, and~b! and~d! are from the corresponding data of Ref
@6#. The spectra from this experiment have been shifted so that
peaks approximately line up with those from Ref.@6#. Strong peaks
are labeled in~b! and ~d! ~the Ref.@6# data!, but not in~c! and ~d!
to avoid cluttering the figure.
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of data that could be collected in a relatively short time, d
to the increased number of detector pairs. The peak to Com
ton ratio in this experiment is;4 times larger than that in
Ref. @6#, and the effective number of detector pairs is 4
times larger. Figure 2 shows two gated spectra that are co
pared to those from the work of Jungclauset al. @6#.

Proposed levels from the present data were compa
with those proposed by Ref.@3#, as listed in@5#, to identify
common level assignments. When such levels were ide
fied, theg rays assigned to the level were compared to t
present data to verify if their placement could be support
by coincidence. In some cases, it was necessary to set a
tional gates to test proposed placements.

IV. DISCUSSION

With the new coincidence data from the TESSA array,
was possible to place 26 additionalg rays between levels
assigned in Ref.@5#. Table I lists thoseg rays and the levels
that they connect, along with the proposed spin and pa
(Jp) assignments in Ref.@5#. Throughout the discussion
wherever possible, theg-ray energies used are those derive
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from Ref. @2# which include bent crystal spectrometer mea
surements. These energies, and the levels deduced fr
them, provide higher precision than is possible with the cu
rent array measurements. In cases where the present d
disagree with, or place additional restrictions on theJp as-
signments, the new possibleJp are listed. Where multipolar-
ity information is absent, it is assumed that onlyE1, M1,
andE2 transitions need to be considered. In all further dis
cussions of spin and parity assignments arising from th
work, the above assumption will be used. The level assig
ments in Table I place restrictions on someJp assignments,
and conflict with others listed in Ref.@5#. Since each of these
need to be presented in the context of other informatio
specifically that in Table III, the discussion of the modified
assignments will be deferred until the discussion of Table II

Table II lists 14 levels, newly established by coincidenc
which were not identified by Davidson and Dixon@3#, which
can now be proposed on the condition that at least twog rays
depopulate the level and connect to known~i.e., listed in Ref.
@5#! levels. Gates were set ong rays that deexcited key lev-
els. If more than one strongg ray deexcited a level, those
gates were summed together to improve the statistics
TABLE I. Placement ofg rays between levels assigned in Ref.@5# that are supported by coincidences
observed in this work. TheJp @this work# column gives possibleJp assignments when the newg-ray
placements lead to conflicts with or place additional restrictions on proposed assignments in Refs.@5,6#.

Initial level Jp Jp Final level Jp

Eg ~keV! ~keV! a @this work# ~keV! @5#

154.120~6! b 2302.573~32! 32 2148.370~3! 52

361.834~5! b 2392.626~9! ~4!2 41 2031.090~8! 41

511.504~15! b 2494.523~66! 22, 32 c 32 1983.042~3! 52

511.860~7! b 2425.759~40! 21 1913.900~6! 32

612.0~5! d 2348.569~14! 42 1736.688~2! 41

649.087~9! 2302.573~32! 32 1653.549~2! 31

761.112~47! b 2302.573~32! 32 1541.558~2! 32

877.072~17! 2188.417~70! 51 1311.463~2! 62

899.853~50! 2392.626~9! ~4!2 41 1493.135~4! 21

1020.327~56! 2331.998~5! 62 1311.463~2! 62

1029.410~40! 2440.377~99! 21c 51 1411.098~2! 41

1176.424~49! 2440.377~99! 21c 51 1263.907~2! 61

1192.7~5! d 2186.736~6! ~3!1 994.750~2! 41

1219.770~51! 2337.12~6! 32 1117.572~2! 51

1294.223~52! b 2558.46~27! 32, 46, 52 c 52 1263.907~2! 61

1304.1~3! d 2298.263~4! ~5!1 994.750~2! 41

1317.424~56! b 2970.73~35! 41, 51 1653.549~2! 31

1322.6~2! d 2440.377~99! 21c 51 1117.572~2! 51

1338.4~2! 2455.922~54! 31, 46, 51 c 1117.572~2! 51

1342.436~70! b 2337.12~6! 32 994.750~2! 41

1353.78~10! b 2348.569~14! 42 994.750~2! 41

1417.053~25! 2411.712~62! 42 994.750~2! 41

1441.41~7! b 2558.46~27! 32, 46, 52 c 52 1117.572~2! 51

1489.8~2! d 2484.56~15! ~3!1 994.750~2! 41

1617.79~12! 2513.674~51! ~5!2 42 895.795~2! 31

2523.21~35! 2786.9~4! 26, 36, 41 c 264.089~2! 42

aAll Jp assignments were taken from Ref.@5#, unless indicated otherwise.
bThis assignment disagrees with that in Ref.@5#.
cThis Jp assignment was taken from Ref.@6#.
dThis g ray was not observed in previous studies.
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TABLE II. Proposed new levels in168Er, each of which was found to be depopulated by at least t
g rays. Theg intensity (I g) is taken from Ref.@5# and is given in units ofg/10 000 neutron captures. The
intensities for newg rays are from this work and are listed in Table IV.

New level Jp Deexciting Final level Jp

~keV! @this work# g ray ~keV! @5# I g @5# ~keV! @5#

2392.074~29! 56, 61 552.771~6! 2.6~4! 1839.348~2! 51

655.392~29! 1.0~2! 1736.688~2! 41

1080.4~2! a 2.4~6! 1311.463~2! 62

1128.27~8! 5~1! 1263.907~2! 61

2529.072~32! 41, 52 614.996~24! 2.8~5! 1913.900~6! 32

1265.0~2! a 1.7~9! 1263.907~2! 61

2540.302~60! 31, 46, 51 1422.58~8! 4~2! 1117.572~2! 51

1644.45~6! 13~3! 895.795~2! 31

2628.65~18! 31, 46, 51 1511.1~3! a 3~2! 1117.572~2! 51

1633.7~3! 3~1! 994.750~2! 41

1732.76~16! 10~2! 895.795~2! 31

2657.561~93! b 22, 36, 46 1004.11~4! 4~1! 1653.549~2! 31

1042.35~21! 2~1! 1615.343~2! 42

1226.0~5! a 0.6~3! 1431.466~4! 32

2673.04~10! b 41, 56, 61 1409.15~4! 13~4! 1263.907~2! 61

1677.2~5! a 2.1~7! 994.750~2! 41

2727.74~13! b 31, 46, 56 1112.41~5! 8~2! 1615.343~2! 42

1611.4~5! a 4~2! 1117.572~2! 51

1732.76~16! 10~2! 994.750~2! 41

2738.475~69! b 32, 46, 56, 62 1030.50~5! 5~1! 1707.995~2! 52

1123.30~6! 6~1! 1615.343~2! 42

2740.16~19! 41, 56, 61 1476.0~3! a 0.6~3! 1263.907~2! 61

1622.0~5! a 2~1! 1117.572~2! 51

1745.58~18! 7~2! 994.750~2! 41

2768.816~21! 32, 46, 56, 62 1060.06~13! 2.4~9! 1707.995~2! 52

1153.31~6! 2.4~7! 1615.343~2! 42

2849.8~4! b 32, 41, 56, 1141.46~7! 3~1! 1707.995~2! 52

66, 72 1585.89~24! 5~2! 1263.907~2! 61

2852.149~18! 31, 46, 56, 62 792.11~6! 1.9~7! 2059.976~2! 42

1734.4~5! a ,4~2! 1117.572~2! 51

2896.40~13! b 22, 36, 46, 52 1281.03~7! 10~3! 1615.343~2! 42

1355.3~3! a 67~8! 1541.558~2! 32

2982.254~20! 36, 46, 56 1366.914~20! 23~6! 1615.343~2! 42

1987.77~10! 5~2! 994.750~2! 41

aThis g ray was not observed in previous studies.
bDenotes levels that were listed in Ref.@5#, but were not assigned any depopulatingg rays.
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events that feed into the level. The energies of all the ne
levels are based on summing the coincident~feeding! g-ray
energy~as reported in Ref.@5#! with the level energy appro-
priate to the gate. In cases where the coincidentg ray was
seen in several gates~representing directly cascading levels!,
the g energy was summed to the highest coincident lev
energy. No attempt was made to use these new levels, or
newly proposed levels in Refs.@3,6#, to find additional levels
to fit other, unassignedg rays, into the level scheme. Some
of the levels in Table II were listed in Ref.@5#, based on the
observation of primaryg rays from neutron capture, but
were not assigned any depopulating transitions. Such lev
which were confirmed in this work, are also referred to a
new levels. There is insufficient information to allow defini
tive Jp assignments to be made for any new levels. Table
lists the ranges ofJp assignments that are allowed by th
w

el
the

els,
s
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data from this experiment. The new levels are also shown i
Fig. 3 which shows the final~known! levels that each new
level decays to.

Table III shows a comparison of the assignment ofg rays
that depopulate new levels, proposed by Ref.@3# and adopted
in Ref. @5#, to the assignments that can be supported by co
incidences from the present study. It also includes levels th
were proposed in Ref.@6# in order to provide a vehicle for
comparison to the present coincidence data. The spin assig
ments made in Refs.@5,6# are given in the table, below the
level energy from those references. The level energy from
this work is derived from the weighted average of the sum
of the final level and deexcitingg-ray energies, using only
thoseg rays that are supported by the present experimen
The ranges of spin and parity assignments allowed by th
present experiment are listed under the corresponding lev
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FIG. 3. The new levels that were identified i
this experiment are shown, along with the know
levels that they decay to. The intensities of th
g rays are given after theg-ray energy, in units
of g/10 000 neutron captures.
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energy. A discussion of these levels follows, where the lev
energy is given in italics at the beginning of the paragrap
Where appropriate, several levels are discussed in the s
paragraph.

2188.471 and 2188.74 keV. Although the energies of
these levels overlap within two standard deviations, they
likely different states, owing to the range of the spins of th
final states populated. The 2188.471 state is probably
2188.3 keV 51 state identified in@5#. Our data support that
spin assignment, but cannot rule out other possibilitie
Moreover, we cannot support the placement of seven of
nineg rays that Ref.@3# placed as deexciting this level. The
state at 2188.74 keV is the state identified in@6# at 2188.573
keV. However, the 349 keV transition, depopulating th
level, is not supported by our data, since it is not observed
gates ong rays that depopulate the 1839 keV level.

2193.187 keV. This level corresponds to the 2193.20 ke
~2! 1 level listed in@5#. Our data show that this level deex
cites to the 21 and 31 states in theg band, supporting the
~2! 1 assignment. However, other assignments cannot
ruled out on the basis of these data.

2238.180 keV. This level is identified by@3# as the band-
head of the 42

1 band. However, the strongestg ray that Ref.
@3# lists as depopulating this level~the 1144.1 keVE1 tran-
sition! is not observed to be in coincidence with the 198
keV g ray that deexcites the 1094 keV level. Figure 4 show
clearly that the 1144.1 keV transition is not observed.@The
‘‘dip’’ in the spectrum at 1144.1 keV is due to a contributio
in the background~off-peak! gate that is in coincidence with
the 1144.1 keVg ray. This results in a slight oversubtractio
at this energy.# However, the range of spins that are allowe
by the present data cannot rule out the 41 assignment.

2262.693 keV. Davidson and Dixon@3# list this level as
the bandhead of the 34

2 band. The present data do not sup
port the placement of the 1441.4 keVE1 transition to the
21 821 keV level and the 647.3 keVE2 transition to the
1615 42 level. Thus, the unique assignment of this level as
32 state cannot be supported: Other assignments remain
sible.

2273.663 keV. A level was reported by Jungclauset al.
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@6# with this energy and the same depopulation pattern. T
5498 keVg ray listed in@6# is not seen here since it is abov
the energy range of the present experiment. Reference@5#
also lists a level at 2272.9 keV, but the present work does
support the placement of the 1276 and 1376 keVg rays as
deexciting this level.

2298.263 keV. A level at 2298 keV is reported in@3#, as
the bandhead of the 52

1 band. However, the present coinci
dence data do not support the placement of the 208.9 k
g ray to a 42 state. This prevents the unique assignment
51 to this level, but does not rule out the possibility. A new
g ray ~see Table IV!, at 1304.1 keV, is observed to de
populate this level.

2302.573 keV. This level is observed to be depopulated b
eightg transitions, including anM1 transition to a 22 state.
ThusJp can be uniquely assigned as 32, in agreement with
that assigned in@5#.

2331.998 keV. This level is most likely the 2331.987 keV
62 level in @5#. The deexcitation pattern seen here suppo
that assignment, but cannot rule out other possibilities.

2345.19 keV. Reference@6# finds a level at this energy and
assigns fourg rays to its deexcitation. The present exper
ment does not find the 2081 keV or the 323 keVg rays to be
in coincidence withg rays that depopulate the 264 and 202
keV levels, respectively. Therefore, we do not support t
placement of thoseg rays, but the level is still well defined.

2348.569 keV. A new level is proposed at 2348 keV. It is
depopulated by fiveg rays, including a newg ray at 612.0
keV ~see Table IV!, to states with spin 4 and 5. Reference@3#
lists this level as the 42 member of aKp532 band. How-
ever, the assignment of the strongestg ray ~the 1452.5 keV
transition! is not observed to populate the 896 keV level~see
Table III!, and the assignment of the 1155.6 keVM1 transi-
tion is questionable. Thus, the unique assignment of 42 can-
not be supported, although it remains possible.

2382.590 keV. This level is identified as that listed in@5#
at 2383.582 keV. Reference@6# also gives a level at this
energy. The placement in@6# of a weak 351 keVg ray is
questionable, but cannot be ruled out. Since no gate could
placed that showed the 2382.6 keVg ray feeding the ground
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TABLE III. Levels listed in Refs.@3,6# that have been confirmed by coincidences observed in this
experiment. For each level, all of the assignedg rays~from Refs.@3,6# and the present work! are listed along
with a note indicating the status of that placement in this work. The level energy is recalculated using o
thoseg rays that are supported by this work, as indicated by the notations ‘‘a’’ or ‘‘d.’’

Elevel ~keV! Deexciting I g Mul Final Elevel ~keV!

Jp @5,6# g ray ~keV! ~relative! @5# level @5# Jp Note Jp @this work#

2188.377~8! 226.98~3! ,0.50 1961.400~2! 61 a 2188.471~70!
51 348.94~3! ,1.6 1839.348~3! 51 b 42, 56, 61

367.904~9! 2.1~4! 1820.477~3! 52 c

451.68~3! 1.1~4! 1736.688~2! 41 b

534.793~15! 3.5~6! 1653.549~2! 31 b

877.072~17! 13~4! 1311.463~2! 62 d

995.306~25! 36~6! 1193.026~2! 52 e

1292.66~4! 50~14! E2 895.795~2! 31 c

1639.73~10! 32~9! 548.745~2! 61 b

1924.36~13! 100~23! 264.089~2! 41 e

2188.573~4! 349.229~3! 9~3! M1 1839.348~3! 51 c 2188.74~11!
21, 36, 41 1194.08~16! 42~17! 994.750~2! 41 e 21, 36, 41

2108.85~15! 100~27! 79.804~1! 21 e

2193.20~4! 1297.32~6! 39~12! 895.795~2! 31 e 2193.187~67!
~2!1 1372.05~4! 100~25! M1 821.169~2! 21 e 11, 26, 31

2238.178~3! 178.189~20! 0.25~5! 2059.976~2! 42 c 2238.180~71!
41 333.086~4! 2.1~3! 1905.092~3! 42 a 46, 56

345.247~7! 1.6~3! 1892.936~2! 42 e

389.804~4! ,0.78 1848.351~5! 21 c

398.829~3! 1.03~20! 1839.348~2! 51 e

501.506~10! 6.4~9! 1736.688~2! 41 e

1045.31~7! 4.9~17! 1193.026~2! 52 e

1144.112~11! 100~12! E1 1094.040~2! 42 c

2262.695~10! 263.421~18! 1.3~3! 1999.224~3! 32 e 2262.693~35!
~3!2 609.164~9! 9.6~13! 1653.549~2! 31 e 21, 36, 46

629.184~20! 17~4! 1633.461~3! 32 e

647.344~15! 15~3! E2 1615.343~2! 42 a

1267.83~10! 43~13! 994.750~2! 41 e

1366.914~20! 100~26! 895.795~2! 31 e

1441.41~7! ,83 E1 821.169~2! 21 c

2273.579~21! 1009.675~21! 100~14! E2 1263.907~2! 61 c 2273.663~91!
~41) 1276~4! E2 994.750~2! 41 c 21, 36, 41

1376~6! 895.795~2! 31 b

1452.50~11! 33~15! 821.169~2! 21 e

2009.56~16! 47~12! 264.089~2! 41 e

2298.260~3! 208.94~3! 0.27~10! 2089.347~3! 42 c 2298.263~4!

~5!1 296.309~6! 1.3~3! 2002.471~5! ~4!1 c 56, 61

458.910~3! 5.7~10! M1 1839.338~2! 51 e

986.94~5! 15~3! 1311.463~2! 62 e

1105.260~10! 100~13! E1 1193.026~2! 52 e

1304.1~3! 10~3! 994.750~2! 41 d,f

2302.685~5! 154.120~5! 1.7~6! 2148.370~3! 52 d 2302.573~32!
32 409.751~6! 4.1~9! 1839.348~2! 51 c 32

474.636~17! 4.9~9! 1828.065~2! 32 a

482.190~20! 4.1~8! 1820.477~3! 52 c

583.472~22! 13~3! 1719.179~3! 42 c

649.087~9! 16~5! 1653.549~2! 31 d

669.221~20! 41~7! 1633.461~3! 32 e

687.30~3! 68~12! 1615.343~2! 42 e

733.231~10! 34~8! M1 1569.452~3! 22 e

761.112~47! 21~7! 1541.558~2! 32 d
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TABLE III. ~Continued!.

Elevel ~keV! Deexciting I g Mul Final Elevel ~keV!

Jp @5,6# g ray ~keV! ~relative! @5# level @5# Jp Note Jp @this work#

1406.93~7! 70~2! 895.795~2! 31 e

1481.71~13! 100~20! 821.169~2! 21 e

2331.987~3! 131.566~2! 22~5! 2200.421~3! 52 a 2331.998~5!

62 381.181~14! 25~3! 1950.808~2! 72 a 42, 56, 66, 72

382.346~9! 32~6! M1 1949.638~3! ~6!2 a

511.504~15! 64~12! 1820.477~3! 52 c

511.860~7! 100~16! 1820.134~2! 62 c

624.005~5! 92~12! 1707.995~2! 52 e

1020.327~56! 244~50! 1311.463~2! 62 d

2345.295~24! 322.910~6! 1.3~4! 2022.329~6! 32 c 2345.19~15!
32 1449.26~12! 50~26! 895.795~2! 31 e 12, 32

1524.18~13! 100~29! E1 821.169~2! 21 e

2081.15~35! 21~9! 264.089~2! 41 c

2348.560~5! 259.209~5! ,3 2089.347~3! 42 c 2348.569~14!
42 612.0~5! 200~100! 1736.688~2! 41 d,f 46, 56

629.397~20! 70~17! 1719.179~3! 42 e

640.567~20! ,27 1707.995~3! 52 e

695.04~4! 13~4! 1653.549~2! 31 b

1155.56~3! 79~23! M1 1193.026~2! 52 b

1231.04~9! 57~3! 1117.572~2! 51 e

1353.78~10! 600~300! E2 994.750~2! 41 d

1452.50~11! 100~43! 895.795~2! 31 c

2382.582~9! 351.422~14! 1.8~6! 2031.090~8! 41 b 2382.590~49!
21 383.366~3! 44~12! E1 1999.224~3! 32 e 21, 36, 41

1486.78~8! 100~27! 895.795~2! 31 e

2303.22~20! 80~29! 79.804~1! 21 e

2382.22~24! 40~17! 0.0 01 a

2392.626~9! 361.834~5! 7~3! M1 2031.090~8! 41 d 2392.846~57!
~4!2 684.654~15! ,11.1 1707.995~2! 52 e 41

759.157~10! 5.6~17! 1633.461~3! 32 c

899.853~50! 12~7! 1493.135~4! 21 d

1199.61~4! 43~11! E2 1193.026~2! 52 e

1275.32~9! 100~39! 1117.572~2! 51 e

1298.40~9! 40~13! 1094.040~2! 42 c

1398.05~6! 67~22! 994.750~2! 41 e

1496.76~13! 28~11! 895.795~2! 31 c

2398.553~65! 1281.034~68! 56~21! 1117.572~2! 51 e 2398.577~54!
41, 51 1502.73~9! 100~22! 895.795~2! 31 e 41, 51

2402.38~7! 1407.67~9! 18~5! 994.750~2! 41 e 2401.12~26!
1506.49~12! 47~12! E1 895.795~2! 31 b 21, 36, 41

1580.72~8! 100~11! E1 821.169~2! 21 e

2322.51~8! 26~8! 79.804~1! 21 c

2401.92~24! 21~6! 0.0 01 a

2411.640~22! 1100.11~15! 8~11! 1311.463~2! 62 e 2411.712~62!
42 1218.68~7! ,33 1193.026~2! 52 e 42, 51, 61

1294.053~25! 100~29! E1 1117.572~2! 51 e

1317.56~10! 24~7! 1094.040~2! 42 c

1417.053~25! 71~28! M1 994.750~2! 41 d

1515.99~6! ,240 E1 895.795~2! 31 c

2425.42~6! 511.860~7! 17~4! 1913.900~6! 32 d 2425.759~40!
21 1208.30~9! ,29 1217.160~14! 01 a 12, 26, 36, 41

1529.67~17! 20~7! 895.795~2! 31 c

1604.09~18! 33~13! 821.169~2! 21 e

2345.58~17! 100~20! 79.804~1! 21 c



.

54 2283NEW LEVELS IN 168Er: USE OF A COMPTON- . . .
TABLE III. ~Continued!.

Elevel ~keV! Deexciting I g Mul Final Elevel ~keV!

Jp @5,6# g ray ~keV! ~relative! @5# level @5# Jp Note Jp @this work#

2425.35~20! 100~20! 0.0 01 a

2440.069~9! 445.234~20! 0.7~2! 1994.819~4! ~3!1 a 2440.377~99!
21 526.079~7! 1.0~3! 1913.900~6! 32 c 51

1029.410~40! 3.2~8! 1411.098~2! 41 d

1176.424~49! 8~2! M1 1263.907~2! 61 d

1223.00~7! 4~2! 1217.160~14! 01 c

1322.6~2! 100~9! 1117.572~2! 51 d,f

1445.26~8! 3~2! 994.750~2! 41 e

2455.721~14! 267.359~8! 1.0~4! 2188.377~8! 51 a 2455.922~54!
31, 46, 51 1338.4~2! 23~10! 1117.572~2! 51 d 31, 46, 51

1461.13~8! 36~11! 994.750~2! 41 e

1560.16~8! 100~18! 895.795~2! 31 e

2191.48~20! 50~16! 264.089~2! 41 c

2478.09~11! 1484.46~8! 94~30! E1 994.750~2! 41 e 2478.68~32!
~31) 1582.95~20! 50~17! 895.795~2! 31 e 32

1656.84~9! ,44 821.169~2! 21 e,g

2214.47~20! 72~17! 264.089~2! 41 e

2398.25~15! 100~222! 79.804~1! 21 c

2494.021~75! 511.504~15! 8~2! 1983.042~3! 52 d 2494.523~66!
22, 32 1672.84~9! 42~12! E1 821.169~2! 21 e 32

2229.27~20! 26~11! 264.089~2! 41 e

2414.33~19! 42~12! 79.804~1! 21 e

2513.70~6! 1396.12~6! 100~36! 1117.572~2! 51 e 2513.674~51!
~5!2 1518.95~16! 82~27! E1 994.750~2! 41 e 42

1617.79~12! 100~41! E1 895.795~2! 31 d

2558.637~47! 235.652~18! 0.4~11! 2323.20~9! 32 a 2558.46~27!
32, 46, 52 984.419~77! 4~1! 1574.117~3! 52 b 52

1199.610~37! 15~5! E2 1358.898~5! 12 a

1294.223~52! 100~19! E1 1263.907~2! 61 d

1441.41~7! 36~8! E1 1117.572~2! 51 d

1563.85~9! 28~8! 994.750~2! 41 e

2660.447~7! 471.874~6! 13~4! 2188.377~8! 51 a 2660.492~76!
41, 51 512.133~24! 28~9! 2148.370~3! 52 c 31, 46, 51

1542.94~25! 75~31! 1117.572~2! 51 e

1665.74~8! 100~25! M1 994.750~2! 41 e

2786.390~29! 308.309~5! 9~9! 2478.09~11! ~31) c 2786.46~12!
26, 36, 41 384.510~9! 7~3! 2402.38~7! ~4!2 e 22, 36, 41

1890.93~35! 57~33! 895.795~2! 31 e

1965.19~15! 100~29! 821.169~2! 21 e

2523.21~35! 264.089~2! 42 d

2969.694~93! 1317.424~56! 31~15! 1653.549~2! ~3!1 d 2970.73~35!
41, 51 1875.69~12! 56~19! E1 1094.040~2! 42 e 31, 41, 51

1975.08~30! 56~19! 994.750~2! 42 e

2420.71~24! 100~25! 548.745~2! 61 c

aNo gate could be set to test this placement.
bThis g ray was obscured by another in the coincidence spectrum, but the placement here is possible
cThis g ray was not observed in the coincidence gate.
dAdditional g ray observed in this work to deexcite this level.
eThe proposed placement of thisg ray is confirmed.
fThis g ray was not observed in previous studies.
gMultiple placements are assigned to thisg ray.
-
r

state, the key connection that limits theJp assignment to
21, cannot be confirmed.

2392.846 keV. This level is listed as a 42 state in Ref.@3#,
but the new information presented here indicates that it
 is

more likely a 41 state. The observation of the 361.8 keV
M1 transition~see Tables I and III! to the 41 2031 keV level
requires a positive parity. The newly placed 899.9 keV tran
sition to the 21 1493 keV level suggests a spin no highe
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than 4 is allowed. This information, combined with the tra
sitions to states with spin 5~see Table III!, limits the level to
Jp of 41.

2398.577 keV. This level corresponds to the 2398.55
keV level in @6# and the 2398.1 keV level in@5#. All of the
g rays that were proposed to deexcite this level in Ref.@6#
are observed here, except for the 5373 keVg ray, which is
above the range of the present experiment.

2401.12 keV. This level was proposed in Ref.@6#. In the
present experiment, the 2322.5 keVg ray is not observed in
coincidence in the 80 keV gate. The 2402 keV transition
the ground state is not seen here, since nog rays that feed
the 2402 keV level~other than primary neutron captureg
rays! have been observed in this or other experiments. T
primaryg ray cannot be gated on since it is above the ene
range of the current experiment.

2411.712 keV. This level probably corresponds to the on
listed in Ref.@5# at 2411.640 keV and assigned aJp of 42

by Ref.@3#. The present data do not support the placemen
g transitions to the 896 and 1094 keV states. Thus, on
basis of the information in Table III, a uniqueJp assignment
cannot be made.

2425.759 keV. The Ritz combination employed by Re
@3# indicates that this level is a 21 state, and has been pro
posed as the bandhead of aKp521 band. The coincidence
data obtained here support only one of theg rays ~the tran-
sition to the 821 keV level! placed by@3#. Only one addi-
tional g ray, at 511.9 keV, is also placed at this level. Thu
a unique assignment of 21 cannot be supported.

2440.377 keV. A level at 2439.7 keV is listed in Ref.@5#,
without deexcitation information, and a 21 level at 2440.069

FIG. 4. A portion of the spectrum from gating on the 198.2
keV g ray, which deexcites the 1094 keV level, is shown. Accor
ing to Ref. @3#, the 1144.1 keVg ray is the strongestg ray that
deexcites the 2238 keV level, feeding the 1094 keV level, a
therefore must be prominent in this gate. However, as can be
in the figure, there is no evidence of any peak in the 1144 k
region of this coincidence spectrum.
-
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keV was proposed by Jungclauset al. @6#. However, the
placements ofg transitions to the 1217 keV 01 state and the
32 1914 keV state are not supported in the TESSA expe
ment. Thus, the unique assignment of 21 cannot be sup-
ported. A newg ray at 1322.6 keV~see Table IV! is ob-
served to depopulate this level to the 1118 keV 51 state.
This combined with newly observed transitions to 41 and
61 states~see Table III! requires aJp assignment of 51 for
this level.

2455.922 keV. This level was observed in@6# and listed,
without deexcitation information, in Ref.@5#. The present
coincidences do not support the placement of the 2192 a
267 keVg rays as depopulating this level, as reported in@6#.
All of the transitions observed to deexcite this level, fee
levels in theg band.

2478.68 keV. The assignments leading to this level in Re
@6# are all supported by the present coincidence measu
ments. This level corresponds to the level at 2479.21 ke
listed in Ref. @5#. The Ritz combinations used in Ref.@3#
place the 2398.3 keVg ray as the strongest transition de
populating this level. However, that assignment is not su
ported by the present coincidence experiment. Since
1484.5 keV transition is anE1 to the 995 keV 41 state, the
2479 keV level is most likely a 32 state.

2494.523 keV. The present coincidence measuremen
support the level at 2495 keV observed by@6# and are con-
sistent with the possible spin assignments given therein. T
observation of the 511.5 keV transition to the 52 state at
1983 suggests that the level at 2495 keV is a 32 state.

2513.674 keV. A level is listed in@5# at 2513.7 keV. The
coincidence data here identifies anotherg ray, at 1617.8
keV, which deexcites this level. Since thisg transition is an
E1 transition to the 896 keV 31 state, the 2513.7 keV level
must be a 42 state, rather than~5! 2 as suggested in Ref.@5#.

2558.637 keV. This level has the same energy as a lev
proposed in Ref.@6#. However, only one of the fourg rays
~see Table III! that should have been observed in the prese
experiment could be assigned to the decay of this level. R
erence@5# also lists a level at 2558.8 keV. The new coinci
dence information in Table III places twoE1 transitions as
deexciting the 2559 keV level to 51 and 61 states. This
information leads to a unique assignment ofJp552 for this
level.

2660.447 keV. This level was proposed by Jungclau
et al. in Ref. @6#. Here only two of the deexcitingg rays are
observed.

2786.46 keV. This new level was reported in Ref.@6#. All
of the g rays that were reported to deexcite this level a
observed here, except the 308 keVg ray. Thisg ray was not
observed in the gate on theg rays that deexcite the 2478 keV
level. A level at 2786.9 keV was also reported in@5# that
probably corresponds to this level.

2970.73 keV. This new level was reported in Ref.@6#. All
of the g rays that were reported to deexcite this level a
observed here, except the 2421 keVg ray. Thisg ray was
not observed in the gate ong rays that deexcite the 549 keV
level. As a consequence, the possibility that the 2971 ke
level may be a 31 state cannot be ruled out.

In addition to the levels from Ref.@6# that were discussed
above, two other levels proposed in that work are not su
ported by the data here. The levels at 2517.4 and 2551.6 k

4
d-

nd
een
eV
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TABLE IV. New g rays observed from the decay of168Er using the TESSA spectrometer. Eachg ray is
listed with theg ray that it is observed to be in coincidence with. When a level assignment has been mad
the assignment is also listed.

New g Intensity Coincidentg a

~keV! ~g/10 000n! ~keV! Assignmentb

612.0~5! 7~5! 543.667 2348.4→ 1736.7
840.890

847.7~2! 2.1~5! 619.990
916.0~5! 1786.09
1047.2~2! 1323.913
1080.4~2! 2.4~6! 217.422 2392.8→ 1311.5

840.890
1124.8~2! 2.5~5! 217.422
1126.8~3! 0.1~1! 1892.932
1192.7~5! 4~1! 730.660 2186.7→ 994.8

914.944
1226.0~5! 0.6~3! 1167.396 2657.6→ 1431.5

1351.54
1240.9~3! 1.1~5! 619.990
1250.9~2! 2.1~3! 673.666

748.281
1256.3~5! 0.8~2! 422.318
1256.8~3! 18~4! 559.510
1265.0~2! 1.7~9! 715.163

999.827
1304.1~3! 2.9~9! 730.660 2298.3→ 994.8

914.944
1322.6~2! 8~4! 568.821 2440.4→ 1117.6

853.473
1330.7~3! 2.1~5! 217.422
1355.3~3! 67~8! 447.517 2896.4→ 1541.6

720.382
1356.4~3! 6~3! 568.821

853.473
1364.2~4! 3.4~4! 422.318
1476.0~3! 0.6~3! 715.163 2740.2→ 1263.9

999.827
1489.2~2! 4~2! 730.660 2484.6→ 994.8

914.944
1511.1~3! 3~2! 568.821 2628.6→ 1117.6

853.473
1512.0~5! 0.7~4! 715.163

999.827
1606.0~5! 4~1! 730.660

914.944
1611.4~5! 4~2! 568.821 2727.7→ 1117.6

853.473
1622.0~5! 2~1! 568.821 2740.2→ 1117.6

853.473
1677.2~5! 2.1~7! 730.660 2673.0→ 994.8

914.944
1734.4~5! ,4~2! c 568.821 2852.1→ 1117.6

853.473
1751.6~5! 17~4! 741.356
2279.8~5! 6~3! 741.356
2498.5~5! 0.7~3! 1146.998

1331.324
2577.6~5! ,12~3! c 284.655
2606.2~5! 10~3! 741.356

ag-ray energies are the accepted values from Nuclear Data Sheets~Ref. @5#!.
bLevel energies are nominal values given for identification purposes only.
cThese lines appear to be multiplets. All of the intensity of the multiplet has been attributed to the listed lin
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could not be confirmed by the present set of coinciden
data. Key gates for each level had multiplets near the e
pected energies, but due to interference, a definitive ident
cation could not be made. For the 2517.4 keV level, th
weak 409 keVg was not observed, even though no interfe
ence were present. Similarly, for the 2551.6 keV level, th
weak 443 and 313 keVg rays were not observed.

Table IV lists the newg rays that were observed in the
coincidence data taken in this experiment. The transitio
that each newg ray is observed to be in coincidence with i
listed, along with the proposed, if any, placement of the ne
g ray.

V. CONCLUSIONS

The data ong rays in 168Er taken with the TESSA array
have led to a large number of new coincidence relationsh
which were used to allocate depopulatingg rays to several
previously proposed levels. In addition a large number
new levels were revealed~Tables II and III! and many pre-
viously unobservedg rays~Table IV! were observed. These
data represent a marked improvement over the data of Ju
clauset al. of Ref. @6#, as evidenced by the comparison i
Fig. 2. The use of Compton-suppressed Ge detectors not o
improved the peak to Compton ratio in any given spectru
but assured that a greater fraction of the overall events c
lected would be nonrandom photopeak events. This gav
higher sensitivity to weak transitions, which would b
missed in an experiment without the benefit of a Compto
suppressed array, such as TESSA. The experiment of R
@6# was able to detectg rays withI g>3/10 000 neutron cap-
tures, whereas the present experiment~see Table IV! was
ce
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sensitive tog rays with I g>0.1/10 000 neutron captures.
The comparison of the TESSA data with previous resul

~Table III! illustrates, again, the point that was made in Re
@6#: Making level assignments solely on the basis of Rit
combinations is very risky, especially in cases, such a
168Er, where there are a large number ofg rays. Many such
assignments will be correct; many will be incorrect. It is
impossible to know which ones are correct and which a
incorrect.

The purpose of the experiment was to test the usefulne
of large arrays in low-spin studies of compound nuclear d
cay, via the (n,g) reaction. To this end, an already well-
studied nucleus168Er with a large neutron capture cross sec
tion (;600 b! was chosen. The results are very encouragin
and illustrate that large arrays can be very productive in ne
tron captureg-ray spectroscopy, and should stimulate furthe
studies of this type with such arrays. Possible areas of phy
ics interest are the study of multiphonon states in spherical
deformed nuclei, which are a topic of high current interes
and debate, the onset of chaos at excitation energies ab
the pairing gap, the study and testing of models of statistic
decay of the capture state, and, eventually, the extension
nuclear structure interpretations into the region above th
pairing gap.
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