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Abstract: The gamma rays of Rel8 following beta decay of the 24-hr W18 have been studied using
prompt and delayed comcidence techmques A total of 25 gamma rays was found Relative
intensities are given tor the gamma transitions The directional correlation of the 552-keV—
134-keV cascade has been measured A decay scheme 1s proposed on the basis of the comncer-
dence measurcments Spins and partties of the principal levels are discussed

1. Introduction

The decay of W7 (7, = 24 hours) by beta emission to levels of Re'®” has been

studied by manyv authors'-?). There has been general agreement regarding
transitions connecting the levels at 686 keV, 206 keV and 134 keV. The 206-keV
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Fig 1 Gamma-ray spectrum of W87

level is a metastable state with a halflife of 0.55 usec') A number of additional
gamma rays have been known to exist?-%) but their posttion 1n a decay scheme
has not been well established. The gamma ray spectrum of W8, as shown 1n
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ENERGY LEVELS OF Rel87 635

fig. 1, does not reflect this complexity. Hence it was felt that detailed coinci-
dence measurements would be of value in establishing the existence and
position of these weak gamma transitions.

Coulomb excitation of Re!8? yields gamma rays of 134 keV, 167 keV and 301
keV1°-1%) Gamma-gamma coincidences have been observed following Coulomb
excitation!?). As a result of these measurements, a level has been proposed at
301 keV de-excited by a ground-state transition and a cascade through the
134-keV level The 301-keV and 167-keV gamma rays have not previously been
observed in the decay of W17,

2. Experimental Procedure

The gamma coincidence measurements were made on samples of very pure
tungsten foil which were irradiated at a flux of 2 X 102 neutrons/cm?-sec for
periods of 1 to 8 hours in the Ford Nuclear Reactor. A dilute solution of lithium
tungstate was similarly irradiated to provide sources for the directional correla-
tion measurements. The gamma ray spectrum of both forms of source material
was followed for a one month period. The only activity observed in addition
to the W87 was the long-lived electron-capture isotope, W18l All data were
taken early in the decay of each source in order to eliminate interference from
WIBI.

The prompt coincidence measurements employed a fast-slow coincidence
circuit with a resolving time of 35 ns. A resolving time of 20 ns was used in the
delayed coincidence measurements. Pulses coincident with a selected energy
range were fed through a linear gate and recorded on a 256-channel analyzer.

The detectors in all cases consisted of 5.1 cm by 5.1 cm Nal(Tl) crystals
mounted on R.C.A. 6342A phototubes. A Compton shield of 6.4 mm thick lead
surrounded by 0.8 mm cadmium and 0.4 mm copper was placed between the
detectors in the coincidence measurements.

Differential analyzers provided energy selection and lateral lead shielding
was used to prevent counter-to-counter scattering in the directional correlation
measurement. Data were taken in a double quadrant sequence at seven angles
(i.e., every 15°) in each quadrant. The real coincidence rate was corrected for
source decay and electronic drift. After making a least squares fit!¢), the
expansion coefficients were normalized and corrected for finite resolution'?).

3. Results
3 1. COINCIDENCE SPECTRA

Measurements were made of the spectra of gamma rays in prompt coinci-
dence with 18 energy ranges. Delayed coincidence spectra involving the
metastable state at 206 keV were observed in two additional measurements.
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The spectra were corrected for random coincidences. The source to crystal
distance in all cases was 2.5 cm. In order to eliminate coincidences with beta
particles, the detectors were shielded frontally with 6.5 mm teflon in addition
to the (I mm) aluminium crystal case.

The results of all of the measurements are summarized 1n subsection 3.2.
Only the most significant of the coincidence measurements will be displayed
and discussed in detail here. These are listed below according to the energy
range selected. The observed gamma ray energies are expected to be correct
to within 1 9.

Cowncidence with 125 keV to 145 keV

The spectrum of gamma rays coincident with the energy range from 125 keV
to 145 keV is shown in fig. 2. The relative enhancement of the complex peak
at 63 keV clearly illustrates the 72-keV-134-keV coincidence. The strong peak
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Fig 2 Spectrum of gamma rays coincident with the energy range from 125 keV to 145 keV.

at 552 keV is interpreted as a transition from the 686-keV level to the level at
134 keV. The peak at 480 keV is due to coincidences which pass through the
metastable state at 206 keV. Considering the resolving time of the coincidence
circuit and the lifetime of the 206 keV level, the intensity of this peak 1s con-
sistent with the assumption that essentially all of the 480-keV transition decays
through the metastable state. A new line is observed at 732 keV which is inter-
preted as a transition from a level at 866 keV' to the 134-keV level. This peak
may also contain a contribution from a weak line at 776 keV. The strong 775-
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keV line observed in the singles spectrum is a ground-state transition. The 866-
keV transition to the ground state appears in the singles spectrum but was not
found in any of the coincidence spectra. The “continuum” from 175 keV to
400 keV is much larger than would be expected from the Compton distribution
of higher energy gamma .ays. This clearly indicates the presence of a number
of unresolved lines.

Coincidence with 158 keV o 178 keV

Fig. 3 illustrates the gamma ray spectrum coincident with this energy range.
A strong peak is observed at 301 keV. Fig. 6 will show this to be in coincidence
with a line at 167 keV. New lines are noted at 440 keV and 485 keV. The bump
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Fig. 3 Spectrum of gamma rays coincident with the energy range from 158 keV to 178 keV.

at about 364 keV is due to summing. The enhancement of the 63-keV peak and
part of the 552-keV line are due to interference in the selectror channel from
the tail of the 134-keV line.

Coincidence with 180 keV to 225 keV

This coincidence spectrum is shown in fig. 4. The 485-keV line is quite strong.
There is again a clear indication of a line at 440 keV, The 301-keV line is less
intense since it is only coincident with the 167-keV transition. Lines of 552 keV,
626 keV, 686 keV and 760 keV are present, although quite weak. The 485-keV
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line is clearly different from the 480 keV transition between the 686-keV" and
206-keV levels. The presence of the 552-keV’ and 686-keV transitions indicates
that a weak gamma ray of 180 keV (from the 866 keV level) feeds the 686-keV
level. Again part of the 552-keV line appears to be the result of interference
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Fig 4 Spectrum of gamma rays coincident with the energy range from 180 keV to 225 keV

As will be seen below, the 485-keV line is apparently a ground state transition
fed by a 201-keV transition from the level at 686 keV The 760-keV line is
probably also a ground state transition fed by a gamma ray in the energy range
of this measurement. The 626-keV line is a transition from this new level to
the first excited state. This was confirmed by other measurements.

Coincidence with 235 keV to 265 keV

This coincidence spectrum 1s shown in fig. 5. The principal line which is seen
to be in coincidence with this energy region is at 619 keV. Additional weak
lines are seen at 179 keV, 247 keV and 440 keV. The presence of the 134-keV
line and its internal conversion X-ray 1s mostly due to interference from the
Compton distribution of the 552-keV line in the energy selecting channel. The
247-keV line in this spectrum may similarly be explained as due to interference
from the 619-keV line

If a level is placed at 619 keV, which is principally de-excited by a ground
state transition, then a 247-keV transition from the 866-keV level to the 619
keV level will give the observed strong coincidence. The 440-keV transition is



ENERGY LEVELS OF Rel!87 639

apparently also a ground state transition fed by a 179-keV transition from the

619-keV level.
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Fig 5 Spectrum of gamma rays coincident with the energy range from 235 keV to 265 keV

Coincidence with 285 keV to 315 keV

The spectrum of gamma rays coincident with this energy range is shown in
curve A of fig. 6. Again, as in many of these curves, most of the 134-keV line
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Fig 6 Curve A Spectrum of gamma rays comncident with the energy range from 285 keV to
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and its internal conversion X-ray is due to interference from the Compton
distribution of the 552-keV line in the energy sclect-ng channel. An additional
strong line 1s seen at 167 keV. This is in coincidence with the 301-keV linc as
was seen 1n fig. 3.

Cowncidence with 425 keV to 455 keV

This comncidence spectrum is shown in fig. 6, curve B, A strong coincidence
is noted at 179 keV. The two parts of fig. 6 illuztrate that the 167-keV and
179-keV lines are clearly distinct.

Corncidence with 455 keV to 505 keV

The spectrum of gamma rays in prompt coin. "dence with this energy region
is shown in carve A of fig. 7. Again the 134-keV - .« «-ray appear as a result
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Fig 7 Curve A Spectrum of gamma rays comncident with the energy range from 455 keV to
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of the interference. A complex line centered at ~ 198 keV is found. The major
part of this coincidence 1s due to the 201-keV transition to the 485-keV level.
The remainder results due to the tail of the 440-keV line in the selector channel
which permits the 179-keV line to appear. A weak line is seen at about 290 keV".
This may 1ndicate a weak transition of this enery; from the 775-keV level to
the 485-keV level.
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Coincidence with 535 keV to 585 keV

This coincidence spectrum is shown in fig. 7, curve B. The principal transition
in coincidence with this energy range is the 134-keV transition from the first
excited state to the ground state. This spectrum provides an excellent means of
determining the K-conversion coefficient of the 134-keV transition as will be
seen below. The additional weak line at about 180 keV is partly due to the
transition from the 866-keV level to the 686-keV level and partly the result of
interference from the 626-keV-185-keV coincidence (cf. below).

Coincidence with 610 keV to 650 keV

This coincidence spectrum is shown in fig. 8. The 134-keV transition is seen
to be in coincidence with a gamma ray in this energy range. In addition, coinci-
dences are observed with gamma rays at 185 keV and 247 keV. The 247-keV
gamma ray is interpreted as a transition from the 866-keV level to the 619-keV
level and is in coincidence with the ground state transition from the latter
level. A 626-keV gamma ray from a level at 760 keV to the first excited state
gives rise to the coincidence with the 134-keV transition. The 185-keV gamma
ray is probably a transition from a level at 945 keV to the 760-keV level.
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Fig 8 Spectrum of gamma rays comncident with the energy range from 610 keV to 650 keV

Delayed coincidence with the 134-keV gamma ray

Fig. 9, part A shows the coincidence spectrum which is observed by accepting
the 134-keV gamma ray in the selector channel and delaying the pulses which
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are to be displayed on the multichannel analyzer by 220 ns. In this way prompt
coincidences are minimized and the gamma rays which pass through the
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Fig 9 Curve A Spectrum of delayed coincidences with the 134-keV gamma ray Curve B
Spectrum of delayed coincidences with the 480-keV gamma ray

metastable state at 206 keV may be observed. The 480-keV transition from the
686 keV level to the metastable state is the only delayed coincidence which
appears. A small peak is present at 552 keV due to prompt coincidences.

Delayed corncidences with the 480 keV line

If pulses from the detector 1n the range selector channel are delayed by 220
ns and if this channel is set to accept the 480-keV peak, then the multichannel
analyzer will display only gamma rays from the decay of the metastable state.
This is shown in part B of fig. 9. Some of the X-ray and 134-keV’ peaks will
result from prompt coincidences due to interference from the 552-keV Compton
distribution in the selecting channel. After this correction is made, this curve
serves as a means of determining the unconverted relative intensity of the
206-keV crossover transition from the metastable state.

32 SUMMARY OF THE COINCIDENCE MEASUREMENTS

In addition to the coincidence spectra discussed in section 3.1, a number of
other measurements were made. These are summarized, along with the data
described above, in table 1.



643

ENERGY LEVELS OF Rel87

paajosaiun oq Aew syead 2s0[ JO IGQUINU € IO UOTHSUEI} JEIM B weymisao Lew syead Suons SunnoquSreu ta3O ‘9IUIPIOUIOD B JO OUIST
oyj 27EOIPUT 30U S90p orenbs Jue[y V 90USPIOUIOD UI JOU = X * JUIOJ EaM £10A = A ¢ OUIOD ¥BoM = A\ "OUIOD WNIPIW = W * JUI10d Buo1ys = s

_ # ‘ ’ v 'S - s s 08% PRAePRd
o - " s | | | #e1 pefera
‘_ v X X A 088-0+8
| 1] I R R PV S lealeal ooson |
h x| x | ma ma | ma 169-5L9
x | w | x| | w | w| w 059019
‘ x RE || w | Tl s s esesss
;\~\ ‘4 ‘Jdn‘\x MA ‘ 7 S | MA | MA w w 16¥—VLV
B | x | x| a s P w | w cos-56h
| x| x| ] x | ma | s w| w SSP-Sz¥
R R 1 \x‘\' x\wl‘\ \>>> X \' ma w | W w | ON.vlcm‘ym‘l\
] o 1\“3\” x , ‘x MA X ; s s S G1¢-68C |
mA MA x x mA | x B s s 0¥£—08¢
- MA s M w x l\ ma | X MA |x| s s 697-G%T .
s w w x MA | X mA | X s s GLC-STC
] » M| w M s w | w m | ox x S s S%6—081 \
MA ma m ‘ m s w _ w M| X X s s 0¥¢—081 N
o MA MA | mA 7 M S w s Mma | X \||‘x x| x s s wml—lwm N
X | ma ur X | maA s w ‘ 4 LS w $ SH1-6a1 \
x | mA w X | MA s w v A _ $ $ 06 —S9 B
oLt | ‘ T T T T T e [ | e
998 | + |09z | 76L | 989 | 929 | 619 | ¢SS | 58% | 08F | OFF | 10€ | 06 (%2 | 90z | 10z | e8| + |9t %61 | + ofues AS1ouT
cLL 6L1 i.\\ﬁll%ﬁ.x
(A®y) se1810u0 Al BUIUIRS JUSPIOUTIOD PIAIISAO

SIUSWIAINSEBIW IJUIPIOUIOD 2} Jo %Hmaaﬂm

T ATAVT



644 R G ARNS ANDM L WIEDENBECK

33 INTERNAL CONVERSION MEASUREMENTS

A number of electron lines from W87 were observed by Cork ef al.) in photo-
graphic magnetic spectrometers. The W87 sources were produced by neutron
bombardment of isotopically-enriched (97.5 %,) W6, Their data have been
reinterpreted and the results are summarized 1n table 2. Many of the weak

TABLE 2

Energies of electron conversion lines as observed by Cork et al 3)

Electron Energy Electron Energy
energy Interpretation sum energy Interpretation sum
(keV) (keV) (keV) (keV)
| |
345 K 1062 ! 134 5 K | 2062
419 K 1136 | 1675 K 2392
46 6 Auger (o1 — L) 174 6 K 246 1
487 Auger (a1 — La) 194 2 La 206 2
50 3 Auger (ocg — L3) | 203 3 M 206 2
59 5 Ly 1 72 0v) 2293) K 301
615 Ly 72 0 3952) K 467
625 K 134 21) 408 K 479 5Y)
693 M 720 468 L 479 5
717 N ’ 720 180 K 552
94 2 Ly 1062 547 K 618 97)
101 6 ) 1136 )| 5548) K I 626
110 3#) K 1820 | 607 L | 619
1217 L1 1342 | 614 K 686 1b)
122 2 L, 134 2 674 L 686 1
123 7 Ls 134 2 703 K 775
131 4 M 134 2 763 L 775
133 6 N 1342 1 794 | K 866
! | !

a) Weak and uncertain lines
b} Crystal spectrometer values of Muller et al 2)

lines observed in the coincidence measurements are below the limit of observa-
tion of the internal conversion experiment. Similarly three of the lines found in
mternal conversion (106.2 keV, 113.6 keV and 467 keV) were not seen in the
coincidence measurements.

Vergnes®:®) has summarized the measurements of K-shell internal conversion
coefficients for the strong transitions in Re!®” These data are shown in table 3.

The spectrum of gamma rays coincident with the 552-keV\" transition in the
present experiment provided an accurate determination of «y for the 134 keV
transition. Using the X-ray and 134-keV’ photopeak intensities, and correcting
for absorption, crystal efficiency and X-ray fluorescence yield, a value of oy =
1.75 + 0.14 was determined. As is seen in table 3, this 1s consistent with the
assumption that the 134 keV transition is predominantly M1 with a small E2
admixture.
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TaBLE 3

K-shell internal conversion coefficients for strong transitions in Rel8?

Ey ( ) 2k (theor.) Multipolarit
(keV) | HIP El E2 M| w2 oy
72 14 £02 0.61 1.06 96 81 I El 4+ M2
(or E2 4+ M1)
134 1.5 + 04 0.15 047 19 114 Ml + E2
{or E1 4 M2)
212 + 0328 |
175 4 0 14b)
480 0.0195 0 0067 0.018 0.056 016 E2
552 0.029 0.005 0013 0.04 0.11 El + M2or
E2 + M1
619 006 0 004 0.01 0.03 008 El, E2 or MI
686 0.0069 0.0032 0 0082 0023 0.06 El
775 0.047 00025 0 0065 0.017 0.042 M2

Unless otherwise noted, the experimental coefficients are due to Vergnes$9) The theoretical
values were obtained from the tables of Sliv and Band18).
8) McGowan and Stelsonl4). b) Present measurement.

It is not possible to assign a unique multipolarity to the 72-keV or 134-keV
transitions on the basis of the K-shell conversion alone. The experimental
L-shell internal conversion coefficients measured by Vergnes?.®) are compared
to corresponding theoretical values in table 4. This comparison shows clearly
that the 72 keV transition is predominantly E1 with a small M2 admixture
(M2 < 1.5 9%).

TABLE 4

L-shell internal conversion dats for the 72-keV and 134-keV transitions in Rel87

E Experimental Rei Theoretical coefficient
(keV) coefficient El E2 i Ml E M2
| w ,‘
72 w41, = | se . 0083 . 45 | 139 | 286
023 +013 | |
134 g =03 + 0.1 8, 9) . 0026 066 | 031 l 34
J K/L=46 +£05 10} ., 58 071 i 61 33
| | |

Although the L-shell conversion data for the 134 keV transition supports an
MI{+ E2) assignment for the 134 keV transition, it does not rule out an
El + M2 mixture. However, the Coulomb excitation of the 134-keV level rules
out the latter assignment and it can be concluded from the internal conversion
data that the 134-keV transition is mostly M1 with an E2 content of < 25 2
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34 GAMMA-RAY RELATIVE INTENSITIES

The relative intensities of the observed gamma rays were determined from
the singles and coincidence spectra. The results are summarized in table 5.
The intensities have been corrected for efficiency and absorption due to the
shields covering the front of the crystals. The relative intensities of the stronger
transitions have been determined by a least-squares fitting of the individual
gamma-ray distributions to the observed singles spectrum. Details of this

TABLE 5

Relative intensittes of the gamma rays from W187

Estimated Transition
E, Relative
(keV) intensity®) uncertainty intensity
(%) (%)
S — |
72 657 $ + 20 21 5)
134 472 ‘ + 10 ’ 30 4)
167 48 + 20 > 11
179 26 + 40 .- 06l
180 i 0.05 + 50 = 0012
185 0.05 K + 50 ~ 0012
201 41 + 40 > 096
206 22 + 50 19¢)
247 019 + 30 0 044
290 0 50 + 40 012
301 48 | + 20 112
440 26 \ + 40 0.61
480 100 | 23 4
485 | 46 ‘ + 40 12
552 | 287 \ + 10 67
619 389 | + 10 91
626 0.85 | + 50 02
686 134 + 5 314
732 28 \ + 20 0 65
760 ‘ 015 ‘ + 50 0035
775 ‘ 203 + 10 475
776 1 | a0 025
866 ! 35 ’ 4 10 | 0 82
! \

The relative intensities of the unconverted gamma rays are compared to the 480-keV gammaray
Anestimate of the uncertainty in the relative intensity 1s given 1n the third column. The transition
mtensities have been corrected for internal conversion wherever possible

3) Unconverted gamma ray intensity.

b) Internal conversion from tables 3 and 4

¢) Theoretical M2 i1nternal conversion

method will be published elsewhere!?). In this manner accurate relative in-
tensity values were obtained for the 480 keV, 552 keV, 619 keV, 686 keV, 775
keV' and 866 keV gamma rays. All of the other intensities were obtained by
comparing photopeak areas in the singles and coincidence spectra.
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3.5 DIRECTIONAL CORRELATION MEASUREMENT OF THE 552-keV-134-keV CASCADE

In measuring the directional correlation of this cascade, each of the differential
analyzers was allowed to accept a narrow range of the full-energy peak of one
of the gamma rays. The resultant expansion coefficients, after correction for
finite angular resolution, were found to be 4, = 0.316 4+ 0.018 and 4, = —
0.086 + 0.027. Some interference was present due to the tail of the 480-keV
gamma ray in the channel accepting the 552-keV photopeak. The contribution
from this source was found to be 3 -+ 2 9 of the total coincidence rate and can
be expected to be isotropic due to the intermediate metastable state. As is
clearly shown in fig. 2, interference from higher energy gamma rays in the 552-
keV channel is also very small. No correction was made for these effects.

The ground state spin of Re'®” has been measured?) to be §. Re!®” has 75
protons. The ground state is logically characterized in terms of the Nilsson
model?!.22) as $+. This corresponds to an equilibrium deformation parameter
of § = 0.19. The Nilsson diagram predicts that the next intrinsic excitation
will have a spin and parity of $-. This appears to correspond to the metastable
state at 206 keV. The first excited state at 134 keV does not fit the Nilsson
diagram as an intrinsic level. It is most easily characterized as the first rotational
excitation of the ground-state configuration. If this is indeed the case, this
level will have a spin and parity of 7*. This is consistent with the Coulomb
excitation!® 1) of this level and with the internal conversion data. Thus it
seems safe to assume that the 134-keV gamma rayisa 7 (M1 + E2) $ transition
with a quadrupole content of Q < 0.25 (from interhal conversion data). If the
above spin and parity assumptions are indeed correct, then the pattern of
transitions from the 686-keV level to the ground state and first two excited
states is only consistent with spin assignments of §, Z, or £ to the 686-keV level.
Of these possibilities only 7 will fit the observed directional correlation expan-
sion coefficients. The negative A4, coefficient is inconsistent with the § or g
assignments. If the quadrupole content of the second transition is assumed to
be @, < 0.25, then the (D, Q,)2 (D,, @,)% sequence will fit the measured co-
efficients over a considerable range of Q. This is shown in fig. 10%3).

As is seen from the graphical analysis, the large 4, coefficient requires a
large partial coefficient for each tramsition (4, = 4¢{ AP). Measurements of
the angular distribution of the 134-keV gamma ray following Coulomb excita-
tion'4 1%) have been found to be isotropic. As can be seen from the Z(D, Q)3
curve in fig. 10, this requires a quadrupole content of about 3 ° in the 134-
keV transition. This is clearly in disagreement with the present directional
correlation expansion coefficients. Méssbauer and Wiedemann?4) have measured
the halflife of the 134-keV level to be 7, = (1.04 £ 0.14) x 10-!* sec The
sources used in the Coulomb-excitation experiment were metallic rhenium
(which has a hexagonal crystal structure). It is possible that the angular
distribution was perturbed in the Coulomb excitation measurement.
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If the parity of the 686-keV level is even, this would then contradict the
measured internal conversion of the ground state transition (E1, see table 3).
A 73— assignment for this level will make the 686-keV transition an EI, the
480-keV transition an E2 + M1 mixture, and the 552-keV transition an
El + M2 mixture, in keeping with the internal conversion measurements,
The mixing ratios implied for the 480-keV transition and the 552-keV transition
are rather large. Vergnes®) has pointed out that the 686-keV E1 gamma ray 1s
highly hindered. Re!®” is in the transition region between the highly-deformed
rotational nuclei and the nuclet with small equilibrium deformation. Here
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Fig 10 Graphical analysis of the 552-keV-134-keV directional correlation data 1n terms of a
(D, N)3(D. Q)% sequence Internal conversion data have been used to limit the allowed range of
quadrupole mixture 1n the second transition The insert 1n the lower left corner shows the corrected
experimental pomnts and the resultant least-squares curve for the correlation function W(8)

intrinsic excitations may occur involving a change of nuclear deformation??).
If the 686-keV level does involve an excitation of thls nature, the observed
mixing ratios would be entirely reasonable.

It does not seem possible that the observed A, coefficient 1s 1n error. Sufficient
precautions were taken to avoid counter-to-counter scattering. A second
measurement, made under different conditions, gave similar results although
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attenuation was present due to source environment. The ] assignement to the
686-keV level is based on the presence of the 4, coefficient. The A, coefficient
alone would be consistent with sequences of the form $(D, Q)1(D, Q)5 or
$D, 03 (D, 0)%.

Although directional correlation measurements on other cascades in Re'®”
would be desirable, intensity considerations or interference make these un-
profitable. Previous measurements on the 72-keV-134-keV cascade®?) suffer
from the isotropic contribution of the unresolved X-ray in the channel accepting
the 72-keV line. Due to these difficulties, no attempt was made to repeat the
measurement.

4. Discussion

In subsections 3.1 and 3.2 the observed coincidence spectra were summarized
and some arguments for the level structure of Re'®” were given. The pr< posed
decay scheme is shown in fig. 11. The levels and the transitions connecting them
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Fig 11 Decay scheme of W187 The level structure has been divided into three sections dependent

upon the strength of the evidence for the proposed transitions and levels. The position and

existence of transitions shown in the left-hand portion of the decay scheme are known with

certainty. The position of gamma rays shown in the centre section of the decay scheme 1s probable,

The gamma rays shown in the right-hand section of the decay scheme are very weak and the

position proposed 1s not certain. The log ft values have been computed assuming a 20 %, ground-
state component3.5) and using the gamma transition intensities given in table 5.
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have been divided into three groups dependent upon the strength of evidence
for their existence and position. In order to clarify the arguments leading to
this level structure and simplify the interpretation, each level will be discussed
separately.

The 134-keV level

There is ample evidence that the first excited state of Re® occuts at 134 keV’
The 134 keV gamma ray has been observed in Coulomb « -itation'®-1!5) and
resonance fluorescence??) experiments, and following the beta decay of W87 1-9),
The latter measurements have shown that this level 1s fed by gamma rays of
72 keV and 552 keV from the 206-keV and 686-keV levels respectively The
present comcidence measurements have shown the existence of weak feeding
by gamma rays of 626 keV, 732 keV, 167 keV, and perhaps 776 keV. The possi-
bility of additional beta feeding from W'®7 was investigated by Vergnes®?9).
He placed an upper limit of 5 % on the portion of the total number of beta
transitions which feed this level. This is in accord with the presene measure-
ments

The probable spin and parity assignment for this level (2+) has been discussed
in detail in subsection 3 5.

The 206-keV level

The metastable state at 206 keV is fed by a 480-keV gamma transition from
the 686-keV level. It 1s de-excited mainly by a 72-keV’ El transition to the first-
excited state (cf. subsection 3.3). The ground state transition from the 206-keV
level 15 quite weak. Again, as for the 134-keV level, there does not appear to
be significant beta feeding of this level.

In accord with the El multipolarity of the 72-keV transition to the Z-- first-
excited state, possible spin and parity assignments for the 206-keV level are
29—, 7—, or 5—. Thus the 206-keV transition can be M2 or El. The relative
weakness of this transition favors an M2 multipolarity and hence the $—
assignment for the 206-keV level. The Nilsson model predicts a $— orbit in
this region?!22). This has been observed at 496 keV in Re!83 25),

The halflife of the 206-keV state is?) 0.55 uscc. This lifetime clearly shows
that the 72-keV E1 transition is highly hindered Presumably this is a K-
forbidden transition i which case the observed retardation is as predicted.

The 301-ke\ level

Gamma rays of 134 keV, 167 keV and 301 keV have been observed in Coulomb
excitation of Re!®7 10-15) As a result of these experiments, a level at 301 keV
has been proposed which is deexcited by a ground-state transition and a cascade
through the 134-keV level This level has been interpreted as the third member
(2+) of the ground-state rotational band.
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In the present experiment gamma rays of 167 keV and 301 keV have been
observed and have been shown to be in coincidence (cf. figs. 3 and 6A). Although
the possibility that the 301-keV-167-keV cascade reaches the ground state
directly cannot be ruled out on the basis of the coincidence measurements, it is
probable that this cascade feeds the first-excited state. Aside from the 301-keV,
167-keV, and probably the 134-keV gamma rays, no other coincidences were ob-
served in this sequence. If the 167-keV gamma ray is a transition from the 301-
keV level to the first excited state, then the observed 301-keV gamma ray must
feed the 301-keV level. It is possible that the 167-keV and 301-keV gamma rays
observed in this experiment differ from those following Coulomb excitation.
However, if the same levels are involved, one is forced to conclude that the
crossover transition from the 301-level is weaker than had been supposed.

The 440-keV level

A new level is proposed at 440 keV which is fed by a 179-keV gamma ray
from the 619-keV level and de-excited by a ground-state transition. Evidence
for this cascade appears in figs. 4 and 6B. Fig. 5 supports the conclusion that
this cascade deexcites the 619 keV level. Decay of the 440-keV level to the
ground state but not to the 134-keV, 206-keV, or 301-keV levels favors a low
spin, perhaps %, for this level.

The 485-keV level

Figs. 3 and 4 show the existence of a line of about 485 keV which is different
from the 480-keV transition (between the 686-keV and 206-keV levels). Fig.
7A shows the origin of this coincidence as a 201-keV-485-keV cascade, which
apparently de-excites the 686-keV level. Fig. 7A also indicated a weak 290-keV-
485-keV coincidence. The 290-keV gamma ray is probably a transition between
the 775-keV and 485-keV levels. As in the case of the 440-keV level, the direct
decay to the ground state favors a low spin for the 485-keV level.

The 602-keV level

The 602-keV level has been postulated in order to explain the observed
301-keV-167-keV coincidence. The arguments regarding the position of this
cascade have been given above in the discussion of the 301-keV level. A weak
467-keV gamma ray was observed in the internal-conversion measurements
(cf. table 2) which may correspond to a transition between the 602-keV level
and the first-excited state. Since no gamma rays are observed feeding the 602-
keV level, it is presumably fed by a separate beta transition. The pattern of
transitions from this level favors a spin of g.

The 619-keV level

The 619-keV level is de-excited by a strong ground-state transition and by a
weak cascade through the 440-keV level. It is fed mainly by a beta transition
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from W17 Additional weak feeding by a 247-keV gamma ray from the 866-
keV level is indicated in the coincidence spectra (cf. figs. 5 and 8).

A low spin is favored by the direct ground-state decay from this level. If the
W87 ground state is characterized as 7— (cf. below), a $ + assignment to the
619-keV level would require a first-forbidden beta decay to this level in accord
with observed log ft = 7.4.

The 686-keV level

The 686-keV level is fed mainly by a strong beta transition from W17 and
de-excited by strong gamma rays of 480 keV, 552 keV and 686 keV. An additional
weak 201-keV gamma ray from this level has been discussed above in regard
to the 485-keV level. Evidence for a very weak 180-keV gamma ray feeding
the 686-keV level appears in the coincidence measurements (cf. table 1).

The assignment of a spin and parity of 7— to the 686-keV level has been dis-
cussed in detail in subsection 3.5. In accord with the Nilsson model, possible
spin and parity assignments for the W87 ground state are }—, §—, or Z—. The
observed log ff (6.5) of the beta transition to the 686-keV level (2—) rules out
4— and 3—. A 1— assignment for the W% ground state would characterize
this beta transition as allowed hindered. Beta decay to the ground state and
134-keV and 206-keV levels also appears to be hindered.

The 760-keV level

The presence of a coincidence between the 134-keV gamma ray and a gamma
ray in the region 610 keV to 650 keV was shown in fig. 8. It seems reasonable
that this coincidence arises from the 626-keV gamma ray observed by Cork
et al.3) (cf. table 2). This then necessitates the placing of a level at 760-keV.
Both the 626-keV and 760-keV gamma rays appear in coincidence with a gamma
ray in the region 180 keV to 225 keV (cf. fig. 4). Fig. 8 shows the energy of this
transition to be 185 keV. The 760-keV level is partly fed by a beta transition.
A weak transition 106 keV, observed only in internal conversion (cf. table 2),
has been shown in the decay scheme feeding the 760-keV level.

The pattern of transitions from this level favor a spin assignment of .

The 775-keV level

The observed M2 multipolarity of the 775-keV ground-state transition {cf.
table 3) favors a spin and parity of 3— for this level. The log f{ = 7.4 of the
beta transition feeding this level is then difficult to explain.

The 866-keV level

Evidence for the placing of a level at 866-keV includes the presence of a
ground-state transition and 732-keV and 247-keV transitions to the 134-keV
and 619-keV levels respectively. An additional weak transition of 180-keV to
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the 686-keV level has also been proposed. This level is apparently fed by a
separate beta transition from W87 A spin assignment of £ or § seems to be
favored by the observed gamma de-excitation.

The 910-keV level

The weak 776-keV-134-keV coincidence suggests the placing of a beta-fed
level at 910 keV.

The 945-keV level

The 185-keV transition to the 760-keV level de-excites a beta-fed level at
945 keV.
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