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States in W via neutron capture and beta-decay excitations
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Thermal neutron capture and average resonance neutron capture in W yield two dif-
ferent p-ray spectra made up of high energy primary transitions from the capture state
to low-lying levels in 8 W. These spectra along with medium energy spectra following
thermal capture and y-y coincidence spectra produced from p decay of Re provides
the basis for the study of 43 states in ' W ranging in energy up to 2404 keV. A level
scheme has been constructed that incorporates 50 y rays having energies ranging from
600 to 2400 keV. Five energy levels not previously reported in the literature have been
discovered and J~ assignments for over six other levels have been improved so that
parities are certain in most cases while spin choices are narrowed to at most two, All
positive parity states below 2404 keV having spins 0, 1, or 2 have been detected and most
if not a11 have been given a definitive positive parity assignment. In addition, many
negative parity states having low spin values have been identified. Disagreements with
J" assignments previously reported in the literature are discussed.

NUCLEAR STRUCTURE '"W(n q) Z =607 kev-2690 keV "'W(n q) Z =5008
keV-7412 keV, Ge(Li) detector; deduced W l.eveI. s, J, &. 4Re, ~8 Re P,

yy-coin, W levels.

INTRODUCTION

Past research on the characteristics of nuclear
states in "W have employed P-decay excitation, ' 8

thermal neutron capture, ' "resonance neutron
capture, " "and average capture with 2 keV neu-
trons. " The resulting information provides a
valuable basis for constructing partial level
schemes for '"W up to about 2.5 MeV. In addi-
tion inelastic deuteron scattering, ' Coulomb ex-
citation, '8' and neutron transfer reactions
have been employed to produce and describe col-
lective excitations and two-quasiparticle states in
the isotopes of tungsten. Special features such as
parity impurities and the measurement of transi-
tion multipolarities have been studied using ori-
ented nuclei. ""

By employing techniques of neutron capture y-
ray spectroscopy, valuable information about lev-
els whose energies are greater than the energy
difference corresponding to the ground state mass
difference between "4Re and "4W (-1600 keV) can
be obtained. Below this energy the results of (n, y)
studies help to provide spin and parity assignments
and precision energies for most levels excited by
P decay, thus allowing the comparison of results
of independent measurements.

The so-called average resonance neutron cap-
ture method for producing neutron capture y-ray

spectra developed by Bollinger and Thoma, s"
lends itself to the study of low-lying nuclear
states. We have made use of this technique to
locate the low spin positive parity states in '"W
up to 2404 keV and many of the low spin negative
parity states. Thermal neutron capture is used to
provide primary transitions for comparison with
those from the average capture and also to pro-
duce transitions between the low-lying states. We
have also made radioactive decay studies employ-
ing y-y coincidence spectroscopy to give us a first
hand account describing states up to the P excita-
tion limit at about 1500 keV.

P-DECAY AND p~ COINCIDENCE SPECTRA

Levels in '"W are excited by electron capture
from the ground state (7=38 days) and from an
isomeric state (T =169 days) of '8'Re. y-ray
transitions among the '"W levels were studied
using a y-y coincidence spectrometer.

Several methods of producing the '"Re activity
were used. An (n, n) reaction on '8'Ta accom-
plished in the Argonne National Laboratory 60 inch
cyclotron produced the desired activity, but trou-
blesome amounts of activity from '"Ta and '"Re
existed in the sample also. In order to avoid ex-
pensive chemical separations, we tried the
'"Re(y, n)" Re reaction on a natural abundance
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TABLE I. Standard y-ray energies used for the en-
ergy calibration and determination of the system lineari-
ty of the y-y coincidence spectrometer.

Radio
nuclide

y-ray energy
(ke V) Reference

Ba
"Co
5zCo

f33B
133Ba

Ba
133B

Na
3zCS

4'Sc
4'Sc
"Co

Na
"Co

80.998+
121.97
136.33 +
276.397+
302.851+
356.055 +
383.851+
511.006 +
661.595+
889.18

1120.41
1173.26
1274.55
1332.48

0.008
0.05
0.04
0.012
0.015
0.017
0.020
0.003
0.076
0.10
0.10
0.05
0.04
0.05

R. C. Greenwood, R. G. Helmer, and R. J. Gehrke,
Nucl. Instrum. Methods 77, 141 (1970).

J. B. Marion, University of Maryland Technical
Report 16, 653, 1957 (unpublished).

c Nucl. Data A4, (1968).
R. L. Graham, G. T. Ewan, and J. S. Geiger, Nucl.

Instrum. Methods 9, 245 (1960).
~ J. J. Reidy and M. L. Wiedenbeck, Nucl. Phys. 70,

518 (1965).
f R. E. Berg and E. Kashy, Nucl. Instrum. Methods

39, 169 (1966).

rhenium sample employing the electron linac at
Argonne National Laboratory. We are able to
avoid the necessity of chemical separations since
the two unwanted activities from "Re and '"Re
were not produced in sufficient quantities to inter-
fere in the analysis of the spectrum. In the former
case, an initially strong activity of 90 h half-life
conveniently died out relative to the 38-day and
169-day activities of ' Be. y rays associated
with the initially very weak 'SsRe activity were
not close in energy to the y-ray energies used
for gates in the coincidence measurements on
'"W. Though its activity grew relative to the
38-day lines, half-life measurements provided
distinct labels for identification and, even after
several months of coincidence measurements, no
difficulty arose from this ' 'Re contamination.

The 20cm' Ge(Li) detector used in this experi-
ment has an efficiency of 3.0% compared to Nai(Tl)
at 1332 keV and was calibrated using the standard
lines listed in Table I. Table II lists the results
obtained from a singles spectra such as the one
shown in Fig. 1. The change in the relative
strengths of the lines as seen in columns 2 and
3 is due to the fact that two ' Re parent states
having half-lives of 38 and 169 days feed levels

TABLE II. y-ray energies and relative intensities
(normalized to 100 for the 903.4 keV y-ray) for the P
decay of Re to W. Columns 2 and 3 list these in-
tensities (I„)corresponding respectively to 44 and 119
days after the source activity was made. The energy
uncertainties are in ke V and are based on a combination
of statistical and calibration uncertainties. The intensity
uncertainties are in %. A square bracket around a y-ray
energy means that it was observed in coincidence data
only and the corresponding intensity has been calculated
relative to the 119 day data. y rays marked with an
asterisk arise predominantly from the metastable state
of '~Re.

y-ray
energy
(keV)

111.24
216.0
226.1
252.84
318.2
384.0

[482.4
536.2
539.2
641.9
756.5
769.8
792.1
894.8
903.4
921.1

1010.3
[1017.5
1022.4
1110.3
1121.1
1173.8
1275.3
1314.4
1386.5
1430,5

+ 0.06
0 5Q

+ 0.4
+ 0.05
+ 0.1*
+ 0.3+
+ 0.3]
+ 0.6*
+ 0.2
+ 0.1
+ 0.4
+ 0.2
+ 0.1
+ 0.2
+ 0.2
+ 0.2*
+ 0.7
+ 0.7]
+ 0.4
y0 5g
+ 0.4
y04+
+ 0.2
+ 0.4
+ 0.2
+ 0.6

Intensity
d I„x100I +

I„
(After 44

days)

125 + 6
024 + 9
0.08 + 16
8.71 + 10
0.13 + 13
0.08 + 28

0.05 +30
0.83 + 12
5.24 + 11
0.17 + 17
1.88 + 11

102 + 11
40.3 + ll

100.00 + 11
0.15 + 12
0.23 + ll

1.38 + 10
0.01 +46
0.09 + 13
0.02 + 32
0.28 + ll
0.03 + 15
0.24 + 12
0.006+ 51

Intens ity

I„+AI„x 100
I„

(After 119
days)

187 + 5
047+ 7
0.08 + 29
775 + 5
0.34 + 15
0,21 + 8
0.06 + 26
0.15 + 27
0.89 + 14
5.05 + 10
0.17 + 17
1.38 + 11

97.0 + 10
43.3 + 10

100.00 + 10
0.48 + 10
0.24 + 12
0.04 +29
1.40 +10
0.03 + 15
0.15 + 11
0.05 + 32
0.30 + ll
0.03 + 16
0.27 +12
0.009+ 50

Initial
state

in '~W

(keV)

111.24
1221.7, 1501.1

1129.1
364.08

1221.7
748.1

1386.5
1285.1
903.3

1005.9
1121.5
1133.8
903.3

1005.9
903.3

1285.1
1121.5

1129.1(dash)
1133.8
1221.7
1121.5
1285.1
1386.5

1314.4(dash)
1386.5

1430.5(dash)

in "W. This serves as an aid to determining
which y rays have the same initial state. In Table
III we list the results of the analyses of gated spec-
tra and in Fig. 2 we present two examples of these
coincidence spec tra.

The level scheme deduced from this data is pres-
ented in Fig. 3. This level scheme is substantially
the same as that reported by Kukoc et al. except
for the level which we observe at 1431 keV. There
is supporting evidence from our (n, y) results for a
positive parity low spin state at this energy. This
leaves a puzzle as to where to place the 1314 keV
y ray. If we choose to include a level of this ener-
gy, it should be low spin in order to decay to the
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ground state. However, the neutron capture y-ray
results (described later) do not suggest a low spin
state at this energy. Placing it at the first excited
state (as first suggested by Kukoc et al. ') predicts
a level at 1426 keV but we have no (n, y) support
for this level either. However, the spin may be
too high to be fed by primaries from the (n, y) re-
action. Placement at a higher excited state would
require an energy greater than the ground state
rest mass differences between "Re and ' W and
a level not observed in (n, y) spectroscopy. As will
be discussed later, a 1431.5 keV y ray observed in
the medium energy (n, y) spectrum is interpreted
to be a transition to the ground state from a level
at 1431.5 keV. The recent P decay studies of Mc-
Millan et al. ' suggests both a 1431 keV 2' state
and a 1425 keV 3' state. The latter state is sug-
gested also by Yates et al.' from the 8.7 h decay
of" Ta, by Kleinheinz, Daly, and Casten' using
the "'W(d, P) reaction and by Casten and Kane"
using resonance neutron capture. The 1431 keV
state, though not reported by the other P-decay
studies, is supported by Coulomb excitation, "
resonance neutron capture, "'"and by the (n, y)
work of Greenwood and Reich. " We failed to ob-

serve the 6 state at 1446 keV reported in Ref. 6,
7, and 8 based on P-decay excitation and in Ref.
20 based on the (d, p) reaction, which is probably
due to the lack of sufficient sensitivity in our p-
decay spectra.

Our y-y coincidence results require the place-
ment of 3 y transitions (1173.8, 921.1, and 536.2
keV) at a level energy of 1285.1+0.6 keV. As can
be seen by reference to Table II, each of these
transitions exhibit the longer half-life associated
with the metastable state of '"Re. Various auth-
ors' ' have made a spin and parity assignment of
5 to this state and recently Krane, Olsen, and
Steyert" have examined the possibility of parity
impurity to explain the 1173.8 keV transition. This
level will be discussed later in the light of conclu-
sions based on average resonance neutron capture
spectra.

NEUTRON CAPTURE y-RAY SPECTRA

We have examined y-ray transitions following
neutron capture in '"W by use of a Compton sup-
pression pair spectrometer, which is located at
a through hole of the CP-5 research reactor at
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TABLE III. p-ray counting rates observed for each of
five coincidence gates.

y-ray
energy
(ke V)

Coincidence gate position (keV)
111keV+
x rays 111 253 770-792 ' 894-903

111.24
216.0
226.1
252.84
318.2
384.0
482.4
536.2 d

539.2
641.9
756.5
769.8
792,1
894.8
903)P
921.1

1010.8
1017 5d

1022.4
1110.3'
1121.1 ~

1173.8
1275.3
1314 4d

386 5e
1430.5'

12 220

10 800

195

580
2410

640
25 750

9090
10 390

115
50

265

12
35

975 7125
110

50
3490 1705 b

45
70 320

215 1110
875 4930

110
255 1680

11415 290
4010 80

105 210"
50 295
20

105

6
13

7365

55
3220 c

115

680
250'
550 b

10430
555
200

1930
540

60

90

1070b

420 b

910b

~ The data for these runs do not include random coinci-
dence subtraction.

These count rates are due to accidental coincidences.' This count rate is a mixture of true coincidence
counts from the 770 keV y ray in the coincidence gate
plus accidental coincidences of the 792.1 keV y ray.

Statistics in coincidence runs are not sufficient to
detect the existence of these y rays.

e These y rays represent transitions to the ground
state.

Argonne National Laboratory. This system em-
ploys a Ge(Li) detector having a volume of approx-
imately 4 cm', which is located on the axis and at
the center of a large four-quadrant NaI(T1) scintil-
lation crystal. Associated with this spectrometer
is an in-pile facility used to place targets in high
neutron flux regions close to the reactor core.

Three somewhat different experimental arrange-
ments were employed. First, spectra were taken
of the high energy primary y-ray transitions fol-
lowing thermal neutron capture in the target.
About 180 mg of tungsten oxide powder were placed
in a small graphite holder and positioned near the
center of a through hole which passes through the
high flux region on the reactor tangent to the reac-
tor core. The spectrometer is operated in an elec-
tronic coincidence mode that rejects all pulses ex-

cept those associated with a pair production event
in the Ge(Li) detector that leads to the escape of
a pair of annihilation quanta, i.e. double escape.

A second kind of y-ray spectrum containing en-
ergies from about 500 to 2500 keV was obtained
using the same target as above located in a sim-
ilar position. Full energy peaks were selected in
this case by operating the spectrometer in the
anticoincidence mode. In this mode the spectrum
gate is closed whenever a quantum escapes from
the Ge(Li) detector and is captured in a NaI(T1)
quadrant. These y rays are envisioned to be as-
sociated with transitions in the lower energy re-
gions of the level scheme and therefore capable
of yielding information concerning the level struc-
ture of the nucleus in the lower region.

We have employed a third type of capture y-ray
experiment, referred to before as the average
resonance neutron capture y-ray method, in or-
der to observe primary transitions to low-lying
states following neutron capture in many reso-
nances of the capture cross section. Since this
process has been thoroughly discussed by Bol-
linger and Thomas, "we will provide only a brief
general description here.

The y-ray spectrum following neutron capture
in a specific resonance of the capture cross sec-
tion has an intensity pattern unique to that reso-
nance. If the spectra from many resonances are
superposed, the resulting spectrum will normally
contain averaged intensities where transitions of
the same multipolarity have about the same line
strength. Thus E1 transitions all have about the
same intensity with variations consistent with
the Porter- Thomas distribution. Such a spectrum
can be obtained directly by use of the neutron flux
of a reactor and a target surrounded by boron.
The high intensity thermal part of the flux is re-
moved, leaving a rather broad epithermal flux
whose width covers many resonances of the neu-
tron cross section.

The targets used to obtain the three kinds of
spectra are all oxides of tungsten, and the isotopic
abundances of the tungsten in these targets are
listed in Table IV. In this table we use the nota-
tion that (n, y) means an average resonance neu-
tron capture y-ray reaction and that (n, y) signi-
fies a thermal neutron capture y-ray reaction.
We made use of a 0.5 g natural abundance metal
tungsten target to obtain spectra used to assist
in the identification of spectral lines not belonging
to '8 W which appear in the (n, y) spectra obtained
using a target whose '"W abundance is 82.5% (col-
umn 4, Table IV).

The mass of the enriched sample used for the
"'W(n, y)' W reaction (column 8 of Table IV) is
about 5 g, whereas the mass in the thermal cap-
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ture case is only about 180 mg. This large differ-
ence in target mass occurs because of the need to
at least partially restore some of the reaction
rate which is lost due to the boron absorption em-
ployed to seht he energy centroid oi Ihe neutron
flux out of the thermal region into the resonance
region of the reaction cross section.

Isotopic identification of lines from the '"W(n, y)-
"~W reaction has been achieved primarily by com-
paring the resulting spectrum with a spectrum
based on a natural abundance tungsten target which
was provided to the authors by Thomas'~ at
Argonne National Laboratory. Additional infor-
mation for isotopic identification comes from
comparing thermal and average resonance spec-
tra.

In order to examine with sufficient detail those

primary transitions whose energies range from
about 5000 to '7400 keV, two spectra having smal-
ler but partially overlapping energy ranges were
obtained. In order to facilitate isotopic identifi-
cation of lines in the thermal capture spectra,
the natural abundance runs were conducted with
the same spectral energy ranges so that plots of
both types of data when laid above and below each
other readily revealed impurity lines. The results
of these neutron capture y-ray measurements will
be discussed in detail later.

PRIMARY TRANSITIONS FROM THERMAL. CAPTURE

Thermal neutron capture in '"W was carried
out by placing a 180 mg enriched tungsten oxide
sample inside a small carbon holder which is then
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1501.1+0.8
1430.5+0.9
1386.5+0. 3

(1+ 2+)

(1 .2+)

1285.1+0.6 (5 )

1221.5+p. 4
1133.8+0.6
1129.1+P.6
1121.5+0.5

(2, 3 )
4+

(2 )
2

f'

903.3+0.2
2+

748. 1+0.4

a &

Oo O

364. +0.07 1F

I

CV

111.24+ 0.05

p IF 1F

1005.9+0.2 (3 4')

N CJl&~ ~O 4
Ch Y)ChW M~ l/)Il}00% MCt t

1F, 1F IF

1F IF 1F

I
C)

I
QO MP4M

A Ch O Co J
Q

l

I

I

I

I

I

~v
C)

I

I

I

I

I

ITt,'

i
~ ~

QQ CVO
00 + COY)

I

I

I

1

i

I

I

I

I

I

I

I

I

I

I

I

1F

6+

4+

0

/. =j
F

g.S

184 Re

Enriched Enriched Yield Natural Yield
(Tt&„, ,~ (n, y) (n, y) (Vo of (n, y) (Vo of

A (b) (%) (%) captures) (%) captures)

180 ~10
182 20.5
183 10.2
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186 37.8

&0.1

79.4
13.3
2.0

&0.1
6 4

82.5
9.6
1.5

0.14
12.5 26.41
80.5 14.4
1.5 30.64
5.5 28.41

1,4
29,8

8,1
3.0

59.1

TABLE IV. Tungsten isotopic abundances in the
tungsten oxide targets used for both thermal and average
resonance neutron capture in 83%' and in natural abun-
dance tungsten. Thermal capture and average resonance
capture are referred to as (n, y) and (n, y), respectively.
Yields in terms of the number of thermal neutrons cap-
tured in an isotope for each 100 neutrons captured in all
isotopes (%) are listed in columns 5 and 7 corresponding,
respectively, to targets whose abundances are listed in
columns 4 and 6.

184 g

FIG. 3. Level scheme of i W based on y-ray spec-
troscopy following electron capture decay of i Be. A
square bracket around a J" assignment means that it is
based on our P-decay data and previously published re-
sults. The (2 ) at 1129.1 keV is a tentative spin assign-
ment with definite parity as deduced from our (n, y) work
and the work of other authors (Refs. 6-8).

located in an intense thermal neutron flux. The
isotopic abundance of this enriched sample is
listed in column 4 of Table IV. A glance at col-
umn 5 of this table indicates that there is a pre-
dominance of thermal capture in '"W. This par
ticular sample had previously been slightly con-
taminated with boron, having been used in a
borated carbon sample holder; thus the standard
spectral lines from the "B(n, y)"B reaction ap-
peared in the spectrum. These lines (6'I39.0 and
7006.3 keV)"'~ do not interfere with any of the

% lines and are used jn the calibration along
with lines from the "N(n, y)"N reaction having
energies 5269.2, 5533.2, and 6322.0 keV as re-
ported by Thomas, Blatchley, and Bollinger"
and later revised by Thomas" (see Table V).

Two spectra of primary lines representing par-
tially overlapping y-ray energy ranges (5.8 to 7.5
MeV and 4.6 to 6.4 MeV) from the '8'W(n, y)" W
rea, ction have been obtained using the coincidence
mode of the Compton suppression pair spectrom-
eter system. 26 In the cases where many days of
data collection were needed, the spectrum in the
multichannel analyzer was recorded and erased
each day. The individual 1-day runs were then
added together by a computer after eliminating
any runs that showed signs of electronic drift.
Typically, this resulted in a total of three to four

TABLE V. Energy calibration lines for high energy
pr imary transitions.

(keV) Reaction Remarks

7299.0+ 0.5
7006.3+ 0.3
6739.0+ 0.3
6322.0+ 0.4
5533.2 + 0.3
5269.2 + 0.3

l4N(g ~) i5N

iOB(+ +)iiB
iOB(+ +)i i 2
i4N{n, y) i'N
14N(N ~) i5N

"N(N, y) "N

Primary standard
Secondary standard
Secondary standard"
Primary standard ~

Secondary standard
Primary standard

'R. C. Greenwood, Phys. Lett. 27B, 274 {1968).
G. E. Thomas, Argonne National Laboratory, private

communication.

days for each of the thermal neutron capture spec-
tra and six to eight days for the average capture
spectra. Another spectrum was obtained using a
0.5 g natural abundance sample so that by com-
parison to that obtained from the 180 mg enriched
sample most of the isotopic identifications of the
spectral lines were accomplished.

Energy and intensity calibrations of both thermal
and average resonance spectra are based primar-
ily on the known lines from the '~N(n, y)"N reac-
t~on 26~27 Both before and after the completion of
all runs for a given spectra, l energy range, the
through tube which normally contains helium was
flushed with nitrogen; and, with the target with-
drawn, a nitrogen calibration spectrum was ob-
tained. Also, a 1-day run was taken for each
spectrum under the condition that the target is in
place while nitrogen is in the through tube. Any
significant electronic shifts or count rate effects
can be detected with this procedure. The ener-
gies were obtained by a method described by
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(keV)
AI x lpp {Z,-E~)

I (keV)

J~ in
level

scheme

5007.7+ 0.3
5016.1+ 0.3
5021.9+ 0,3
5041.2 + 0.3
5059.1+ 0.3
5090.7+ 0.3
5116.9+ 0.3
5164.8+ 0.3
5189.2 + 0.4
5243.3+ 0.3
5285.0+ 0.3
5307.3+ 0.4
5313.8+ 0.3
5321.2 + 0.3
5348.7 + 0.3
5355.1+ 0.3
5375.9+ 0.3
5380.6+ 0.3
5398.6+ 0.3
5415.3+ 0.4
5533.6+ 1.0
5603.1+ 0.3
5636.3+ 0.3
5697.7+ 0.3
5783.7+ 0.3
5796.9+ 0.3
5980.8+ 0.3
6024.2+ 0.3
6089.1+ 0.3
6190.6+ 0.3
6281.5 + 0.4
6289.6+ 0.3
6408.5+ 0.3
6507.8+ 0.3
7300.7+ 0.3
7411.9+ 0.3

10.0
45.7
9.9
8.7
]
1.6

22.0
1O.O

~

2.7
14.0
16.0
2.2
5.0
6.5 b

6.0
1.0

3.0
3.0
0.3

1.7
4.6
2.4
5.8

20.6
4.8

31.9
1.7

58.0
2.8

59.4
100.0
24.4
41.4

116.0

2.0
1.5
2.0
2.1
8.3
6.2
1.5
3.0
7.0
2.4
1.9

1p
1.8
6.0
5.0

16
3.6
9.0
9.0

33

4.0
5.0
6.8
4.0
1,7
2.8
1.7
6.0
2.2
7.0
2.2
1.8
2.6
4.8
1.3

2404.2+ 0.4
2395.8+ 0.4
2390.0+ 0.4
2370.7 + 0.4
2352.8+ 0.4
2321.2+ 0.4
2295.0+ 0.4
2247.1+ 0.5
2222. 7+ 0.4
2168.6+ 0.4
2126.9+ 0.4
2104.6+ 0.5
2098.1+ 0.4
2090.7+ 0.4
2063.2+ 0.4
2056.8+ 0.4
2036.0+ 0.4
2031.3+ 0.4
2013.3+ 0.4
1996.6 + 0.5
1878.3+ 1.0
1808.8+ 0.4
1775.6 + 0.4
1714.2 + 0.4
1628.2+ 0.4
1615.0+ 0.4
1431.1+ 0.4
1387.7+ 0.4
1322.8+ 0.4

(1221.3+ O.4)
1130.4+ 0.5
1122,3 + 0,4
1003.4+ 0.4
904.1+ 0.4
111.2 + 0.2

g.s.

O+, 2+

(1+)
(1+)
(1+)
(1 )
0, 2
O+, 2+

P+ 2+

0+, 2+
1+

0+, 2+

0+, 1+, 2+

1+, 2+

1
O+, 2+

1
2+, 1+
P+ 2+

0', 2+

(1 )
2+

1
(O+), 2+

0+, 2+

1+ (P+ 2+ )
1+

O+, 2+

2+

0+, 2+

0, 2
2+
p+

2
2+
p+

Some fraction due to other isotopes of tungsten.
Covered by a strong line from N(n, y) ~N.

Though primarily due to the ground state transition
from W(n, y) W we are not able to rule out the pos-
sibility of some ~@W contribution.

Some small intensity contribution from W(n, y) ~ 3W

is suspected.

Strauss, Lenkszus, and Eickhol. z' based on a
sliding pulser which corrects for the nonlinearity
of the system. As a check on this method, a
standard computer routine making use of the cal-
ibration lines listed in Table V was employed.

Line intensities have been corrected for the
energy dependence of the detector efficiency and
have been adjusted to account for the absorption

TABLE VI. Primary y-ray transitions in W follow-
ing thermal neutron capture in W. Column 2 gives the
relative intensity of each y-ray with the 6408.5 keV line
assigned 100. EL =ED-E& where Fo, the ground state
transition energy, is 7411.9+ 0.3 keV.

in 30.5 cm of polyethylene and 1.V4 cm of thorium.
The thorium was used to limit the singles count
rate to a range of from 2000 to 5000 counts/sec,
whereas the polyethylene serves primarily to limit
detector damage due to fast neutrons.

The results of the analysis of the thermal neu-
tron capture primary y-ray data are listed in
Table VI. The data in this table were used to de-
termine the multipolarities of the transitions.

In comparison to the primary spectra from
thermal neutron capture, the higher energy neu-
tron flux used in the (n, y) process creates small
line energy shifts and line shape changes due to a
small amount of p-wave capture being mixed in
with the s-wave capture. For these reasons, the
thermal capture energy calibration is more accu-
rate. %e have used the latter to establish the '

capture state energy of V~12.1 keV. The level
energies (E~) have been calculated using the ground
state transition energy Eo, rather than the capture
state energy since the recoil correction varies
from 0.16 to 0.0V keV, causing at most a 0.09 keV
relative shift over the range of levels listed. This
shift is considerably smaller than the error.

PRIMARY TRANSITIONS FROM W(Fi, p) W

A 5 g sample of tungsten oxide placed in a car-
bon target holder containing a 1.2V-cm thick bor-
on absorbing sheath is used as a target for the
average resonance neutron capture reaction ' 'W-
(n, ) )"W. A description of a typical target holder
for this kind of reaction is provided by Bollinger
and Thomas in Ref. 25.

The boron efficiently absorbs the thermal and
low energy neutron flux, leaving a flux broadly
distributed with energy so that the energy of a
line centroid is increased. The estimate of this
increase in this case is about 300 eV. Though the
half-width of this distribution is much wider than
in the case of the thermal flux, the resulting line
broadening is smail enough so that the correspond-
ing spectral resolution is quite adequate. In par-
ticular, the thermal spectrum resolution varies
from 3.5 to 4.5 keV in the energy range from 5 to
V.4 meV, whereas in the average resonance case,
the resolution varies from 4.0 to 5.3 keV for the
same energy range. The counting time for the
average resonance spectrum was about 4 times
that for the thermal case. This increased running
time may account for some line broadening.

A comparison of the thermal and average reso-
nance spectra for a common energy range can be
made by reference to Figs. 4 and 5. Lines coming
from the '8 W(n, ) )' W reaction are identified by
a 4 assignment.

The ground state of '"W has spin 2 and negative
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parity (Zo= —,
' ). Neutron capture in this state pro-

duces both a 0 and a 1 state in "W. According
to Bollinger and Thomas, " the ratio of the y-ray
intensity in a path from J,. =J,+-,' to that in a path
from J,. =J ——,

' is 1.47 for Jo& y. 'The I& sn Fsg. 6
is based on 1.5 for this ratio. As a result the El
transitions following 8-wave capture will go to 0',
1', or 2 states as described in Fig. 6. These El
lines will form two intensity groups having a ratio
of 5 to 8 (the l' corresponding to 5 and the 0 and
2" cases corresponding to 8 as seen in Fig. 6).
The next most intense group will be M1 transitions
to low spin negative parity state. The data from
this experiment do not clearly reveal any p-wave
capture and the intensities of E2 transitions are
below the sensitivity of the experiment. As in the
case for the thermal neutron capture z-ray pri-
mary transitions, two spectral energy ranges hav-
ing partial overlap were run. The lower range
(4.6 to 6.4 MeV) was obtained as the sum of eight

l-day runs while the upper range (5.8 to 7.4 MeV)
contains the sum of seven 1-day runs.

The primary transitions energies and their in-
tensities are listed in Table VII. The energy de-
pendence of the intensities has been partially re-
moved by multiplying by (E,/Ez)». The fourth
power has been chosen since it comes closer to
producing zero slope straight line fitting to the
data than does either a third power or a fifth pow-
er reduction. These results are presented in Fig.
7, where the reduced intensity of the primary
transitions is plotted on a log scale. The E1 and
Ml intensity groups are each delineated by a pair
of straight lines whose separation has been fixed
so as to yield the theoretical intensity ratio of 5
to 3. These straight lines represent an eyeball
fit to the data. The known spin and parity of the
ground state and first excited state, i.e. 0' and 2',
respectively, provide a means for identifying the
lower intensity E1 group, and the 5 to 3 ratio then
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FIG. 4. A spectrum of primary y transitions following average resonance neutron capture in 3W. Only double
escape peaks appear since the spectrometer electronic system was operated in the coincidence mode. Lines due to
transitions in ~84% are marked with a J~ assignment. This spectrum has the higher energy of the two overlapping
energy ranges and has an average channel to energy conversion of 0.490 keV/channel.
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locates the stronger E1 group. Since the 1' and
0', 2' E1 groups do not separate distinctly, we
have not been able to distinguish between these
two choices of spin except in a few cases.

The intensity difference between the two 2'
states shown at about 6500 keV transition energy
in Fig. 7 is large enough to suggest that more com-
plete averaging couM be achieved. However, ex-
perience with the average resonance method (see
Ref. 25) suggests that even with a thicker boron
absorber there may be a few cases that fail to
average satisfactorily. Our choice of a boron
thickness of 1.25 cm was made so as to maintain
good signal to background and to obtain sufficient
av eraging.

The level energies listed in column 5 of Table
VII are obtained as the difference between the

transition to the ground state (7412.1 keV) and

the energy of the primary transition to the level.
A comparison of Tables VI and V[I reveals the

fact that every primary transition observed in the
thermal capture case (Table VI) is also observed
in the average resonance capture case (Table VII).
However, there are four transitions (5327.3,
5838.1, 5V98.3, and 6128.5 keV) observed in the
latter case that do not appear in the thermal cap-
ture spectrum. This can be understood because
the nature of the averaging process makes it pos-
sible to so strengthen a transition that it can be
observed from average capture but not from
thermal capture. In addition, due to the apparent
absence of these lines from the (I, y) data obtained
by Thomas' using a natural abundance tungsten
target and from the thermal (n, y) data for both
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o-

8-wave CAPTURE: J =—
2

The estimate of the energy centroid of the cap-
ture states formed by average resonance neutron
capture is 7412.3+0.6 keV based on the ground
state transition corrected for recoil. The error
includes a contributio'n from calibration which was
not present in the thermal (n, y) case.

Jt
(aj

Iy

0+ 1 2

3 5 3

0 1 2

3 5 3
MEDIUM ENERGY SPECTRA

E2

3 5 3

FIG. 6. Decay routes to final states allowed by multi-
pole selection rules for radiations following average
resonance neutron capture in W. I is the unnormal-
ized relative intensity. J; and J& are the initial and
final state spin values. Jp is the ground state spin of

3W. As explained by L. M. Bollinger and G. E. Thomas
(Ref. 25), the ratio of the y-ray intensity in a path from
J' = Jp + 2 to the y-ray intensity in a path from J; = Jp
is 1.47 for Jp&y. I& is calculated using 1.5 for this ratio.

natural abundance and enriched targets, our evi-
dence for assigning them to transitions in '"W is
weaker than for other lines in the spectrum. How-
ever, their appearance only in the (n, y) spectrum
from the target enriched in ' 'W suggests that
"'W is the only likely candidate of the tungsten
isotopes.

The levels suggested by these primary transi-
tions (column 5, Table VII) are used along with
low lying levels revealed from y-ray measure-
ments following P decay to develop the level
scheme. The J' values for these levels based on
the results of the intensity analysis of the average
resonance primary spectrum, are listed in col-
umn 6 of Table VII. As will be seen in the discus-
sion of the level scheme, the spin choices are re-
duced in some cases by reference to low energy
transitions.

CAPTURE STATE ENERGIES

The capture state energy for thermal neutron
capture is obtained from energy measurements
of the primary transitions to the ground state and
the first excited state. These transitions were
calibrated using the known y-ray energies from
the "N(n, y)"N and ' B(ii, y)"B reactions. An
average from these two transitioris after correc-
tion for recoil gives a neutron binding energy of
7412.1~ 0.3 keV.

As mentioned briefly before, y-ray transitions
following thermal neutron capture in '"% form a
spectrum in a Ge(Li) detector exhibiting full ener-
gy peaks with energies in the range from 500 to
2500 keV (see Fig. 8). Above this range the spec-
trum is too complicated for meaningful analysis
and below 500 keV the line intensities are gener-
ally too weak, since the count rate is limited by
absorbing the y-ray beam with thorium having
1.5-cm thickness. Single and double escape peaks
are not observed in this spectrum since the antico-
incidence electronic mode allows only the full en-
ergy events to be recorded. "

The energies and intensities of these y rays are
listed in Table VIII. Placement of these y rays in
the level scheme is discussed below in the section
describing the level scheme.

Isotopic identification of spectral lines in this
energy range was also achieved by comparing the
natural abundance target spectrum with the en-
riched target spectrum. The energy calibration
lines for these data are listed in Table IX. The
full energy peaks of some of the best calibration
lines lie above the energy range of this data and
so a run in coincidence mode was taken in order
to find accurate locations of the double escape
peaks of these lines in the lower energy range.

LEVEL SCHEMES

The ground state rotational band in '8 W has
been described by the p-decay studies of Johnson, '
Harmatz and Handley, ' Qlatz, Lobner, and Opper-
man, ' Kukoc et at. , Canty et al. ,

' Yates et al. ,
and McMillan et al. ' As stated earlier, our mea-
surements using Z-Z coincidence techniques and
P-decay excitation are consistent with the conclu-
sions established from these studies. The neutron
capture y-ray excitation process leading to ' W
produces very little direct excitation of states
having spins greater than J =2 because J =

& for
the ground state spin of "%' and S-wave neutron
capture predominates. This means that the neu-
tron capture methods provide more limited infor-
mation for states having spine greater than 2 (i.e.,
no spin and parity information from average reso-
nance capture). We have made use of the (n, y)
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TABLE VII. Primary y-ray transitions following average-resonance neutron capture in

W. The error for E& is statistical and does not include the contribution from the calibra-
tion process. The ground state transition energy from thermal capture is Ep= 7411,9+ 0,3
keV and from (n, y) the value is 7412.1 + 0.6 keV. Ez, in this table is computed using the latter
number and E'z =Eo -Ez. Parentheses around a level energy or a multipolarity or J~ assign-
ment indicates uncertainty in the existence of the level or in the assignment listed.

Ey
(keV)

5008.2 + 0.4
5016.6 + 0.3
5022.8+ 0.3
5042.1+0.3
5059.5+ 0.4
5090.7+ 0.9
5117.4+ 0.3
5165.5+ 0.3
5189.9+ 0.3
5244.1+ P.l
5285.6+ 0.4
5300.9+ 0.5
5307.9+ 0.2
5314.3+ 0.2
5322.1+ 0.4
5327.3+ 0.5
5338.1+ O.6 d

5348.7+ 0.3
5356.7+ 0.6
5376.4+ 0.3
5381.1+ 0.3
5398.8 + 0.3
5417.8 + 0.6
5534.9+ 0.5
5603.5 + 0.4
5636.7+ 0.2
5697.5+ 0.4
5783.9+ 0.1
5796.7+ 0.2
5798.3+ 0.7
5980.9+ 0.1
6025.2 + 0.2
6089.7+ 0.2
6128.5 + 0.3
6191.0+ 0.4
6282.0+ 0.5
6290.2+ 0.1
6409.4+ 0.1
6508.5+ 0.3
7300.2+ 0.1
7412.1+ 0.1

I, (E,/E, )4

48
71
70
65
16

7
42
49~
46
94
41
34
63
77
19c
7.5
5.2

45
12
57
43e
50

6 la
42
23
54
48
84
84
45
68b
30

12

9.2
79
65
41

100
78

DID 100
I

19
13
14
14
38
60
16
20
14

8
14
16
10

9
27
64
95
13
45
11
13
12
80
15
18
10
10

5
4

20
5
9
5

16
16
17
4
4
5
3
3

Multipole

El
El
El
El
Ml

(Ml)
El
El
El
E]
El

El
El
Ml
i VI1

Ml
El
Ml
E]
El
El

(Ml)

(Ml)
El
El
El
El
El
E]

1VI1 or El
El
Ml
(E2)
Ml
El
El

El
El

(E E)
0 eV)

2404.8
2395.5
2389.3
2370.0
2352.6

(2321.4)
2294.7
2246.6
2222.2

2168.0
2126.5
2111.2
2104.2
2097.8
2090.0
2084.8

(2074.0)
2063.4
2055.4
2035.7
2031.0
2013.3

(1994.3)
1877.2
1808.6
1775.4
1714.6
1628.2
1615.4
1613.8
1431.2
1386.9
1322.4
1283.6
1221.1
1130.1
112I.9
1002.7
903.6
111.9

0.0

0+, 2+

(1+)
(1+)
(1+)
(1 )
0, 2
0+, 2+

P+ 2+
P+ 2+

1+

0, 2+

P+ 2+

0+, 2+, 3+
1+

1
0, 2
(o-, 2-)
O+, 2+

0,1,2
0+, 2+, 1+

O+, 2+

O+, 2+

(o-, 2-)
P+ ]+ 2+

(1")
(O+), 2+

P+ 2+
1+
1+

O+, 2+

O+ 2+

1 2+
0+ 2+

0,1,2

(1,2, 3 )
0, 2
2+
o+

2+
2+

0+

~ This transition has a contribution from another isotope.
This transition has a contribution from another isotope which has been removed.
This transition has a contribution from 6W(n, y) VW.

Isotopic identification is not definite but W(n, y) W is most likely.
May have a small contribution from +W(n, y) W.
We estimate 7.8 due to ground state transition in 8 W and 4.5 due to +W.

process to describe the low spin (Z & 2) states of
the level scheme to an energy of about 2.5 MeV,
almost 1 MeV above the last state excited by the
P-decay process.

The partial level scheme show in Fig. 9 is based
on the capture y-ray measurements and features
38 levels above 1 MeV, four of which are uncer-
tain and indicated with a dashed line. The result-
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ing average level spacing is 39 k V
'

region. This is a sufficie
e in this ener gy

iciently large spacing so that
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average resonance primary transition falls is the
0', 2' group; however, the averaging appears to
be unusually weak in this case. In light of the three
transitions shown in the decay scheme (Fig. 3) and
the two transitions placed in the level scheme
based on (n, y ) data only (Fig. 9), an assignment of
0 for spin is ruled out; therefore J' = 2'.

The energy of 903.2+0.2 keV is obtained from
the transitions to final states shown in Fig. 9,
which is consistent with the values obtained from
primary (n, y) and (n, y) data (see Tables VI and
VII) as well as the P-decay results (Fig. 3).

Level at 1002.8+ 0.3 keV: J = 0+

Our P-decay experiments provide no evidence
for this level; however, primary (n, y) transitions

listed in Tables VI and VII indicate an El. transi-
tion, and reference to Fig. 7 shows that the spin
and parity possibilities are 0' and 2+. The strong
891.5 keV y ray to the 2' excited state, along with
the absence of transitions to the 0+ ground state
and 4' second excited state, suggests that the
proper choice is J'=0+.

Measurements reported independently in 1968
by Faler, Spencer, and Harian" and by Alves
et al.' suggested a 0' state at about this energy,
to be distinguished from a nearby 3+ state found
by previous P-decay studies (see below). A much
earlier (n, y) experiment conducted by Bollinger
et al."revealed a state at 1001 keV which was
probably this state. In the work by Faler et al."
capture in the 7.6 eV resonance of "'W leading to
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peaks by use of the spectrometer anticoincidence mode. (b) Medium energy y-ray spectrum following thermal capture
in natural abundance tungsten.
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TABLE VElI. Medium energy y rays from cascades in %' following thermal neutron cap-
ture in 3W. Measurements are obtained using a Ge(Li) spectrometer with Compton and es-
cape peak suppression. I& is the relative intensity normalized to 100 for the 792.12 keV line.
A transition whose placement is uncertain is indicated by a yes in parenthesis in column 3.
The number in parentheses after "yes" in column 3 indicates the number of alternative place-
ments in the level scheme.

E
(ke V)

Placed in
scheme Remarks

607.4
618.6
641.7
710.1
711.4
724.4
742.8
757.25
766.0
769.33
771.4
792.12
796.5
880.9
891.5
894.8
903.1
920.8
980.5
995.7

1005.3
1010.4
1022.5
1099.5
1109.8
1121.6
1265.5
1275.2
1313.7
1319.8
1386.4
1391.3
1412.3
1431.5
1435.3
1500.8
1503.7
1626.6
1766.5
1877.2
1901.9
1942.9
1945.1
1949.0
1951.2
1987.1
1996.0
2000.6
2004.8
2014.9
2036.0
2056.6
2097.7
2134.8

+ 0.2
+ 0.6
+0,1
+ 0.3
+ 0.3
+ 0.1
+ 0.3
+ 0.06
+ 0.6
+ 0.1
+ 0.6
+ 0.06
+ 0.2
+ 0.6
+ 0.2
+ 0.1
+ 0.1
~ 0.2
+ 0.3
+ 0.3
+ 0.4
+ 0.1
+ 0.8
+ 0.8
k 1.2
+ 0.3
+ 0.6
~ 0.1
+ 0.4
+ 0.2
+ 0.1
+ 0.7
+0.5~
+ 0.3
+ 0.5
+ 0.3
+ 0.2
+ 0.3
+ 0.3
+ 0.3
+ 0.3
+ 0.5
+ 0.3
+ 0.4

0.3
+ 0.4
+ 0.3
+ 0.6
+ 0.7
+ 0.3
+ 0.3
+ 0.3
+ 0.3
+ 0.6

10 +2
1.0+ 0.6
4.4+ 0.8
7 +1
4 +1

12 +1
4.1+ 0.8

19 +1
2 kl

12 +1
2 +1

100 +2
3 kl
3 +1

47 +1
54 +1
97 +2
4 +1
3.4+ 0.5
4 +1

+1
28 +1
3.5+ 0.5
2 +1
1 + 0.5

10 +1
1 + 0.5

20 +1
+1

8.6+ 0.8
14 +1

3 kl
5.8+ 0.8
7.9+ 0.9
1.8+ 0.9
3.2+ O.l
4.6+ 0.9
1.5+ 0.8
2.9+ 0.5
2.3+ 0.5
1.3+ 0.4
9.8+ 0.6
3.8+ 0.8
2.2+ 0.7
3.4+ 0.8
1.9+ 0.8
4.3+ 0.7
1.0+ 0.6
0.6+ 0.8
4.6+ 0.7
2.3+ 0.7
4.6+ 0.7
3.4+ 0.7
2.5+ 0.8

yes (2)
(yes)
yes
yes (2)
yes
yes
yes
yes
yes
yes (2) ~

yes
yes
no
no
yes
yes
yes
no

(yes)
yes
(yes)
yes
yes (2)
yes
(yes)
yes

(yes)
yes
no
yes (2)
yes
yes
yes
yes
no
yes (2)
yes
(yes)
yes
yes
ges
no
yes
no
yes
yes
yes
no
no

(yes)
yes
yes (2)
yes
yes

Possible close doublet

Uncertain identification
Uncertain identification
Uncertain identification

Resolved from doublet

Uncertain identification

Uncertain identification

Unfolded from triplet structure

Uncertain identif ication

~+W plus another source
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TABLE VIII (Continued)

(keV)
Placed in

scheme

2183.6 + 0.3
2284.6 + 0.2
2370.9 + 0.4
2390.6 + 0.5
2395.9 + 0.5
2461.2 + 0.5
2690.0 + 0.5

3.9+ 0.8
4.3+ 0.6
2.3+ 0.7
1.6+ 0.6
1.6+ 0.6
0.8+ 0.7
1.8+ 0.6

yes
yes

(yes)
(yes)
(yes)
no
no

Uncertain identif ication
Uncertain identif ication
Uncertain identification
Uncertain identification
Uncertain identification

~ Some fraction of these lines may be due to other isotopes. The intensity ratios between
the enriched and natural abundance target cases for these lines are close enough to the ex-
pected ratio so that it is definite that there is a W contribution but another smaller contri-
bution to the listed intensity from another source cannot be ruled out.

primary transitions from the capture state are
used with coincidence methods to gate low energy
spectra resulting from the same reaction. Their
results indicate that an 893 keV transition is in
coincidence with the 6409 keV primary transition.
Our medium energy y-ray spectrum has both an
891.5 and 894.8 keV transition. Their 893 keV y
ray very likely corresponds to the former. Com-
parison of their four listed y-ray energies with
ours indicates about a 1.5 keV systematic shift be-
tween the two calibrations. More recently, (n, y)
studies""" and (d, P) work" have supported the
existence of the 0' state.

The E1 primary transition to this state, coupled
with the set of three transitions drawn in Fig. 9,
suggests a 2' spin and parity assignment. This
is supported by the work of Faler et al."which
employs coincidence gating of primary transitions.
The ratios of intensities between the 1121.6 keV
(1.0%), 1010.4 keV (28/q), and 757.2 keV (19%%ug)

transitions observed in the (n, y) data are
1:2.8:1.9, and from our P decay they are
1:2.6:1.9. These ratios agree within error un-
certainties with those reported by Faler et al."
(1:2.0:1.9) from (n, y) and by Kukoc et al.~

Level at 1005.9+0.2keV: J =3+, 4+

Our P-decay coincidence spectra provide evi-
dence for a level at 1005.9+ 0.2 keV having transi-
tions to the 2+ state at 111.24 keV and the 4' state
at 364.1 keV. Primary transitions following
average resonance neutron capture or thermal
neutron capture are not observed to this state,
suggesting a spin greater than 2. The 641.9 keV

y ray is observed in spectra gated by both the
111.24 keV y ray and the 252.8 keV y ray while the
much stronger 894.8 keV y ray is observed only
in the case of the 111.24 keV gated spectrum. Vj"e con-
clude that the J' assignment should be either 3+

or 4+. Kukoc et al.4 made a case for a 3' state
at this energy, and this has subsequently been
verified by additional P-decay studies' ' and by
(d, P) reactions. "

Level at 1121.5+0.4 keV: J"=2+

E cL

y
(keV)

Detector
energy
(ke V)

E~ —2mc 2 Remarks

1261.92+ 0.06
1884.41+ 0.10
1999.65+ 0.10
2520.55+ 0.10
2831.1 + 0.2
3532.2 + 0.2
3677.7 + 0.2

862.81+ 0.06
977.65 + 0.10

1498.55 + 0.10
1809.1 + 0.2
2510.2 + 0.2
2655.7 + 0.2

Secondary standard
Primary standard
Secondary standard
Secondary standard
Secondary standard
Primary standard
Secondary standard

TABLE IX. Calibration lines for the medium energy
spectrum. Except for the first line listed, all calibra-
tion lines come from the N(n, y) ~N reaction. The
double escape peaks of the ~5N lines are used to calibrate
the full energy peaks of the 4W lines so the correspond-
ing detector energies are listed in column 2. The two

primary standards were used with the ramp generator
technique to obtain the calibration of the spectrum by
use of a computer. The secondary standard provided a
check on the success of the calibration and means for
preliminary hand calculations.

The intensity ratios among y-ray transitions de-
populating this state are virtually identical whether
obtained from P-decay data or from neutron cap-
ture data. This is also true of the two-level ener-
gy values obtained from the two sets of data.

The energy values for the y rays from the N(n, y) N

reaction were obtained from R. C. Greenwood, Phys.
Lett. 27B, 274 (1968).

This line comes from the C(n, y)~3C reaction and the
value comes fr'om %. V. Prestwich, R. E. Cote, and
G. E, Thomas, Phys. Rev. 161, 1080 (1967).
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(1:3.9:3) from P-decay work. The ratios from
the recent (n, y) study by Greenwood and Reich"
are (1:3.6:2.7) and from the P decay by McMillan
et al.' they are (1:2.6:1.8).

Level at 1130.1+0.7 keV: J"=2

The evidence for this level is based on anM1
average resonance neutron capture primary y
transition which suggests a value of J ' =0 or 2

(see Table VII) and on a weak primary transition
following thermal capture (see Table VI). We

have not observed secondary transitions from
thermal capture that can be connected to this level.
However, transitions following p decay of energies
1017.5 and 226.1 keV have been assigned to a level
at 1129.4+0.6 keV as seen in Fig. 3. The 1017.5
keV is dashed in that level scheme since it was
observed only in a coincidence spectrum. These
transitions suggest that a 2 assignment is more
likely than a 0 . This is consistent with the con-

clusions based on P-decay measurements' ' as
well as on (n, y) experiments. "

Level at 1133.6+0.3 keV: J =4+

The energy and assignment is based on the two

transitions to the first 2' and the first 4' states
and on the failure to observe primary transitions
following average neutron capture. The 4+ assign-
ment agrees with the results from many previous
authors (Refs. 6-8, 11,16, 17, 20, 21).

Levelat 1221.5+0.4 keV: J ={3 )

Our p-decay results indicate three y transitions
from this state (see Fig. 3), all having the longer
half-life of the 169-day metastable state in ' 4He.

The two transitions to 2' states limit the spin to
3 or below, and the transition to the 1005.9 keV
state suggests that the spin is more than 1.

Our average capture data reveals a possible E2
transition of 6191.0 keV (see Table VII). Since it

2404. 2
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2062.8
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FIG. 9. The level. scheme for ~84W based on neutron-capture y-ray spectroscopy. A y transition given as a dot-dash
line has been placed with a rather poor energy fit. A dashed transition comes from a dashed level, that is from a level
whose existence is uncertain. The heavy short arrows located on initial states represent the E1 average resonance
primary transitions from the capture state. The short thin arrows signify the Ml primary transitions. Parentheses
around a J assignment indicates that the J value is tentative [for instance at 2111.2 keV the (2+) located to the right of
the energy value means a tentative spin assignment of 2 and a definite positive parity assignment]. However, at 1628.0
keV the parentheses means that spins of 0 and 2 are not ruled out but are of lesser likelihood than &=1. The 4 assign-
ments are based on our (n, y) data only, except for the 4+ and 6+ states in the ground state band. This means that there
are a few cases in which more definitive assignments are available in the literature. These are discussed in the text.
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Neutron capture

(keV) J7T

P decay

(keV)

g.s. 0+

111.2+ 0.2 2

903.3+ 0.2 2+

1002.8+ 0.3

1121.5+ 0.4
1130.1+ 0.4
1133.6+ 0.5 (4+)

111.24+ 0.06
364.08 + 0.07
748.1 + 0.4
903.3 + 0.2

1005.9 + 0.2
1121.5 + 0.5
1129.4 + 0.6
1133.8 + 0.6

2+
4+
6+
2+

(3+)
2+
2"
4+

[1221.1+ 0.4
1283.6+ 0.7

1-,2-, 3-] '
0, 1,2"

1221.7 ~ 0.4 (2-, 3-)

1285.1 + 0.6 (5 )
1322.4+ 0.4 0+, 2+

1386.4 + 0.2 2+ 1386.5 + 0.3 1', 2'

TABLE X. Levels in 4% deduced from neutron cap-
ture data and P-decay data. The errors shown for neu-
tron capture are statistical and do not reflect calibration
uncertainties.

is composite with the ground state transition from
'82W(n, y)'83W so that only 4.5 (+10) of its 12.3
units of reduced relative intensity are assigned to
"W, its existence is in doubt. Positive parity is
ruled out. This intensity is weak enough to be a
possible E2 and essentially too weak to be anMI.
transition. Since the spin must be greater than 1,
we conclude possible J' values of 2 or 3 (see
Fig. 8). Though we can not distinguish between
spin 2 and spin 3, other authors"' have concluded
that J'=3 for this level. Due to the limitations
of the (n, y) evidence for this level we have not in-
cluded it in Fig. 9. We have a once-placed 1109.8
keV y ray (see Table VIII) which might properly
be placed at this level as suggested by Greenwood
and Reich. " We have no evidence for the nearby
positive parity state at 1226 keV reported by
Samour et ar,."with suggested spin choices of 0,
1, or2.

Levels at 1283.6+ 0.7 keV: J =0,
1,2, and at 1285.1 + 0.6 keV: J' = 5

1431.3+ 0.3 1+, 2+

1714.6+ 0.4
1775.4+ 0.6
1808.6+ 0.4
1877.2+ 0.5
1996.3 + 0.5

2013.2+ 0.2
2031.0+ 0.4
2036.0+ 0.3
2056.5 + 0.3
2062.8 + 0.3

2074.0+ 0.7
2084.8+ 0.8
2090.0+ 0.8
2098.0+ 0.3
2104.8+ 0.6

2111.2 + 0.6
2126.7 + 0.4
2168.2 + 0.4
2222.7+ 0.4
2246.0+ 0.4

2294.7+ 0.4
2321.4+ 0.9
2352.6+ 0.4
2370.8+ 0.4
2390.8 + 0.3

P+ 2+

0+, 2+

1
2+

(1 )

P+ 2+
0+ 2+

1+, 2+

1
P+ 2+

0, 2

0, 2
1
1+

0, 1+, 2+

0+, 2+

0+, 2+

1+

0+, 2+

0+, 2+

0+, 2+

0, 2

(1 )
(1+)
(1+)

2395.8+ 0.4 (1+)
2404.2 + 0.4 0+, 2+

1613.2+ 0.5 0+, 2
1614.8 + 0.2
1628.0+ 0.4 1+, (0+, 2+)

1430.5 + 0.5
1501.1 + 0.4

1+, 2+

(7-) '
Study of P-decay excitation of a level at 1285.1

keV suggests that it is fed directly from the 8'
metastable state of '"Re. Two transitions (11I3.8
and 921.1 keV) of the three which we have assigned
to a state at 1285 keV (see Fig. 3) are verified by
our coincidence data and all three have the longer
half-life corresponding to the 8+ state in "Be
(see Table II). As previously pointed out, a num-
ber of authors ' ' ' have concluded that the
spin and parity assignment to this level should be
5 . Since a spin of 5 is likely to be too high to be
observed in the primary neutron capture y-ray
spectra, there must be two levels involved —one
which is excited by the P decay and the other by
neutron capture at 1283.6 keV.

The 920.8 keV y ray in the (n, y) spectrum (see
Table VIII) is probably coming from the 5 state
at 1285.1 keV, since it is not compatible with the
range of spin-parity values (0,1,2 ) suggested
by the M1 primary capture y ray to the 1283.6 keV
state (see Fig. 9). Our measurements from the
P-decay work show that the 1173.8 keV line is
nine times weaker than the 921 keV line placing it
below the limit of sensitivity of the medium energy
(n, y) spectrum, consistent with the fact that it is
not observed in the (n, y) spectrum

A recent study done by Krane et al. '4 suggests
that there is admixing by way of a weak interaction
with a nearby level of opposite parity; therefore,
the level detected by average resonance neutron
capture y-ray spectroscopy is not that level.

~ Has not been included in the level scheme based on
(n, y) data since the primary transitions to this state are
not definitely identified.

Adapted from Hefs. 3 to 8.

Level at 1322.4+0.4 keV: J"=0+,2+

The strength of the primary transition following
average resonance neutron capture (see Fig. 'I)
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strongly suggests that a level having J'=0' or 2'
is located at an energy of 1322.4 keV. A level at
this energy is reported by Gunther et al."based
on inelastic scattering of 12 MeV deuterons; how-
ever, they did not make a J' assignment. Also,
Greenwood and Reich" suggested a 0' at this en-
ergy.

Level at 1386.4+0.2keV: J =2+

The average resonance transition to this state
has a multipolarity of either E1 or M1, since its
intensity falls between the M1 and El groups (see
Fig. 7). If the transition is an Ml we should make
an assignment of 1 and, if an E1, then a 2' as-
signment is expected. Both assignments are com-
patible with the transitions to the ground state and
first excited state shown in the level scheme (Fig.
9). One other transition is observed from this
level based on the P-decay data (see Table II and
Fig. 3); however, its energy of 482.4 keV is below
the range of the medium energy capture y-ray
data. The two intensity ratios (one from the P-de-
cay measurement and the other from the capture
data) of the 1386.4 and 1275.2 keV transitions are
the same within the error uncertainties involved
(see Tables II and VIII). The level energy based
on the two transitions to the ground and first ex-
cited states is 1386.4+0.2 keV from the (n, y) mea-
surement and 1386.5+ 0.3 keV from the P-decay
measurement, respectively (see Tables VI and
VII).

We have made an assignment of J' =2+ and note
that a 2' assignment has been suggested from the
Coulomb excitation work of Milner et al."and
from the P-decay work of Kukoc et al.4 The latter
points out that negative parity is not ruled out by
their y-ray data but is at variance with their logft
value of 9.1.

Level at 1431.3+ 0.3 keV: J = 1,2+

A primary E1 transition following average reso-
nance capture is observed having an intensity
which may correspond to either of the two E1 in-
tensity groups. This limits the choices of spin
and parity assignment to 0', 1, or 2+. The en-'

ergy is based on the 1431.5 and 1319.8 keV transi-
tions. The ground state transition suggests that the
0' is a less likely choice. We have observed a
weak 1450.5 keV transition in the P-decay spectrum
(see Table II). Level energy values from high en-
ergy and medium energy (n, y) data agree within
errors [1431.2 keV (n, y) primary, 1431.1 keV
(n, y) primary, and 1431.3 keV (n, y) medium en-
ergy]. This is consistent with the inelastic deu-
teron scattering measurements made by Gunther
et al. that suggest either a 0+ or 2+ assignment
for a level at 1432 keV.

The rest of the level scheme (Fig. 9) is based on

(n, y) data only, since the 7 state at 1501.1+0.8
keV (Fig. 3) is the highest energy state observed
from the '"Re P-decay data.

With the exception of two primary transitions
shown plotted as solid squares in Fig. 7 (the
6025.2+0.2 keV transition to the 1386 keV level and
the 5603.5+ 0.4 keV transition to the 1808 keV le-
vel), the positive parity states are well separated
in intensity from the negative parity group. This
allows one to give a definite positive parity and
low spin assignment to 19 states above the 1501
keV level.

The positive parity state having spin 1 or 2 as re-
ported by Casten and Kane" at 1570.6 keV using
neutron capture in the 7.6 eV resonance is not ob-
served in this work. If one applies the 30%%u~ error
on the intensity which Casten and Kane" suggest
for the primary y transition to this state, it be-
comes equal to the weakest y transition that they
report (a transition to a level which they have
stated is not definitely established). Though it is
quite possible for the average resonance neutron
capture spectrum to miss some low spin negative
parity states, it is highly unlikely for it to miss a
low spin (J =0, 1, or 2) positive pa, rity state. The
recent 2 keV neutron capture studies by Green-
wood and Reich" also fail to observe this state.

Levels at 1613.2+ 0.6 keV and 1614.8+ 0.2 keV

The average resonance neutron capture spectrum
contains a line which is definitely a doublet with
the stronger member of lower energy. We have
fitted combinations of two E1 transitions and com-
binations of an El transition (lower energy mem-
ber) with anMl transition to the doublet line shape,
taking care to use the proper line shapes for each
multipolarity. This process has ruled out any
likelihood of two equal intensity y transitions and
has shown that the higher energy rnernber must be
less intense than the lower energy member by at
least the 5:3 ratio predicted for 1' to 0+ or 2+ in-
tensity ratios. Though the envelope can be fitted
well enough by an E1+M1 pair of lines that nega-
tive parity cannot be entirely ruled out for the low-
er energy state, it is clear that a pair of E1 tran-
sitions gives a somewhat better fit. If the level
separation is held to that predicted by the secon-
dary transitions from these states (1.6 keV), the
fit with two E1 transitions is clearly superior and
best for a ratio of about 2:1.

These analyses suggest J' assignments 0' or 2'
for the 1613.2 keV state and 1' for the 1614.8 keV
state. Greenwood and Reich" report two positive
parity states at these energies but a spin of 1 and

0, respectively. Their 2 keV neutron capture
spectrum apparently does not reveal the doublet



STATES IN ' W VIA NEUTRON CAPTURE AND. . . 1419

structure but they conclude that the 1614 keV state
must be a double to account for the poor agree-
ment between their energies deduced from pri-
mary transitions as compared to those deduced
from the proposed secondary transitions.

Casten and Kane" have also reported a state at
1615 keV having positive parity and a spin of 1,
though possibly 0 or 2. Several earlier resonance
neutron capture experiments (Alves et al.' and
Samour et al.") led to a 1' assignment for a state
at this energy.

The state at 1714 keV which is reported but not
given a J assignment by Casten and Kane" has
been reported as a 1' state by Beer et al. ' based
on a strong transition in the 0 resonance at 101
eV. Greenwood and Reich" have adopted the 1+

assignment due to this earlier work although their
2 keV neutron capture data (see Fig. 3 and Table
2 of Ref. 11) places the intensity of the primary
to this state among the weaker of the E1 transi-
tions. It appears that their 2 keV neutron-capture
data does not separate the two E1 intensity groups
to the extent that our average capture process
does but we would need to obtain better averaging
if we were to rule out the 1' assignment, since we
do have Porter- Thomas fluctuations showing up
in the known 2' states. However, the assignment
for this state which is consistent with our data is
0' or 2, since it clearly falls into the lower in-
tensity group of EI transitions (see Fig. 7).

We have given a tentative 1 assignment to the
1808 keV level and a 2' to the 1877 keV level. The
former assignment is in disagreement with Green-
wood and Reich" who have made a 2' assignment
based on their 2 keV neutron-capture data. Refer-
ence to Fig. 3 in their paper indicates that these
same two states are among three states having the
lowest intensities of his positive parity group.
The lowest intensity state of the three negative
parity states shown in their Fig. 3 is the 2 state
at 1131.2 keV (Ref. 11's value). Their 0' at
2126.6 keV is not well separated from this negative
parity group as it is in our data, where it clearly
falls within errors on the lower E1 intensity line
(see Fig. 7). Our (n, y) data, has revealed 8, and
possibly 11, negative parity states belong to "~W,
excluding the 1808 keV case. Casten and Kane"
have not ruled out positive parity, though they sug-
gest a preference for negative parity for a state at
1809.5 keV having spin 0, 1, 2, or 3. Samour
et al."have reported an 1803 keV state with J'
=0+, 1', or 2'.

For the next five states there is agreement be-
tween our results and those reported by Greenwood
and Reich" on energy and parity but we remove
the J=1 choice from the two states at 2013.2 and
2031.0 keV, while preferring it for the state at

1996 keV due to a possible ground state transition.
The 1 state at 2056.5 keV is a new level sup-

ported by an average capture primary, a thermal
capture primary, and two depopulating transitions.

Qur assignment of J'=0' or 2+ at 2062.8 keV
agrees with Greenwood and Reich, "who include
the J=1 choice as well. Casten and Kane" have
assigned a 2' to this state, while Samour et al.
have assigned a 1'.

The 0 or 2 states at 2074.0 and 2084.8 keV are
new levels, but are dashed in the level scheme
since the only evidence for them are average cap-
ture primary transitions whose isotopic i.dentifica-
tion is most probably "W, though this is not as
firmly established as for other cases. Casten and
Hansen report a state at 20'72 keV and suggest
that it may correspond to the 2062 keV state, but
that the energy disagreement makes for a doubtful
identification.

The state at 2090.0 keV is supported by both
thermal and average capture primary transitions
but in each case it is known that there is a fraction
of the line intensity due to interference from cap-
ture in ' W. Qur 1 assignment is tentative and
disagrees with the 1+ assignment made by Samour
et aI,"who may have been observing the next
state at 2098.0 keV which we show as a 1+ state,
in agreement with Greenwood and Reich."

We have observed two positive parity states at
2104.8 keV (J =1 or 2) and 2111.2 keV (8 =2) (see
Table VII and Fig. 9), in essential agreement with
Greenwood and Reich." They have reported a
982.44 keV y ray and placed it as a possible transi-
tion from both of these states (their level values
are 2104.2, J~ = 0+, 1', 2' and 2112.5 keV, J' = 0',
1', 2', respectively). We have observed a singlet
line at 980.5 keV having a relative intensity of 3.4
(see Table VIII). The ratio of its intensity in the
enriched target spectrum to that from the natural
abundance target spectrum is 20 times smaller
than necessary for it to be a "~W line. However,
the natural abundance target gives a very close
doublet at 981.2 keV, the higher energy member
of which belongs to an isotope other than "W. It
is most likely though not definite that the 980.5
keV y ray is due to "~W. This y ray could be a
transition from the 2111 keV state to the 1130.4
keV state. The (n, y) primary y transition intensi-
ty suggests a 0' or 2' assignment for the 2111
keV state and if the above transition is correct
the 2+ would be preferable. The 1099.5 keV tran-
sition from the 2104.8 keV state to the 3' state
at 1005.9 keV suggests that J=0 is least likely of
the choices (0, 1, or 2) allowed by the average
capture data.

We failed to detect the positive parity states at
2130 and 2145 keV reported by Samour et al."and
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also the 0' state at 2182 keV reported by Casten
et al." Our results suggest that the level at
2222.7 keV should have J"=0' or 2+ in agreement
with Casten and Kane" and Casten et al. '

The 2246.4 keV state recently reported by Green-
wood and Reich" as a positive parity state with a
tentative spin assignment of 1 is observed in our
average capture data. It has been reported by
Samour et al. ,

"who assigned J'=2' at 2250 keV,
and by Stecher-Rasmussen et al. ,

' who assign
spin 1 or 2 with a preference for 2. In our average
capture spectrum the line corresponding to this
state has the intensity of the weaker E1 group,
suggesting a J" assignment of 0' or 2' and an en-
ergy of 2246.6 keV. The isotopic identification
in this case is complicated because the natural
abundance target data to which it was compared
shows a line that is most probably a tight doublet
containing both a "4W line and a line from the
'82W(n, y)'8SW reaction. By using the interspectra
intensity ratio established for other '"W lines and
'"W lines we deduced the fraction of line intensity
due to "~W (see Tables VI and VII).

The state at 2321.4 keV (Z" =0, 2 ) is a new
level supported by thermal and average capture
primary transitions but dashed in the level scheme
since in the latter case the isotopic identification
is not certain. One other state at 2352.6 keV is
also given by Greenwood and Reich, "but they
assign positive rather than negative parity. As
can be seen from Fig. 7, this state separates
nicely from the positive parity group into the
stronger part of the negative parity group. The
state at 2390.8 keV (J "=1') is probably the same
state reported by Yates et al. ' but they made noJ' assignment.

The last state shown in Fig. 9, at 2404.2 keV
with J'=0' or 2', is another new level. The evi-
dence for this state is a strong E1 average capture
primary, a thermal capture primary, and a possi-
ble transition (1500.8 keV) to the 2+ state at 903
keV.

SUMMARY

Except for the states at 1005.9 keV (3",4'),
1133.6 keV (4'), and 364.1 keV (4+), the fact is
that no spins higher than 2 are suggested for the

level scheme (Fig. 9) by the results of the various
neutron capture y-ray methods. In addition, al-
most all observed secondary transitions can be
fitted into the level scheme. These facts suggest
that states having spins 2 or more units higher
than the higher capture state spin (J =1) are not
being fed with sufficient intensity to be observed
in the cascading processes in this experiment.
Thus there is very little chance to observe bands
other than the ground state band. However, the
fact that the data contain evidence for spins up to
2 units simplifies the level scheme and makes it
possible for us to conclude that we have very likely
found all the low spin (0, 1, and 2) positive parity
states and a significant number of the low spin
negative parity states.

We expect that the remaining unresolved ques-
tions and assignment choices for this partial level
scheme can be answered by employing a bent crys-
tal spectrometer to measure y-ray energies be-
low 600 keV. This perhaps would aid in locating
states having higher spin values.

The likelihood is very small for having Porter-
Thomas fluctuations large enough to suppress an
average capture primary y transition going to a
positive parity low spin state so as not to be ob-
served. We therefore should observe all such
states unless their primary y transitions are over-
looked in close doublet or multiplet structures or
their isotopic identity cannot be established. This
suggests that the positive parity states at 1570.6
keV (1', 2+) (reported by Casten and Kane") and
2182 keV (0') (reported by Casten et al.") may
have higher spins or negative parity.
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