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Level Scheme of 148Pm and the s-Process Neutron Density

K.T. Lesko, E.B. Norman, R.-M. Larimer, J.C. Bacelar* and E.M. Beck?

Nuclear Science Division
Lawrence Berkeley Laboratory
1 Cyclotron Road
Berkeley, CA 94720

A level scheme of 148Pm up to 800 keV is deduced from gamma-ray
‘coincidence data and published particle transfer data. Approximately 106
gamma-ray transitions have been placed between 36 levels. We have
identified three levéls below 500 keV in excitation which decay to both the
ground state and to the ison;eric level at 137 keV. The presence of these
levels guarantees that 148pm8& M are in thermal equilibrium during the s-
process. The s-process neutron density inferred from the branch point at

148pm is deduced to be 3 x 108 /am3.

PACS numbers: 23.20.Lv, 97.10.Cv, 27.60.+j



Introduction

Nucleosynthesis of the heavier elements (A > 60) is thought to proceed
principally through two processes: slow neutron capture (s-process) and
rapid neutron capture (r-process)!. The time scales of the successive neutron
captures distinguishes these processes. In the s-process, the typical time
between neutron captures is long enough that beta-unstable nuclei will
almost always have time.to decay before the next neutron capture occurs. As
a result, the s-process follows the line of beta-stability. In contrast, during the
r-process the time between neutron captures is sufficiently short that many
neutron-captures can occur before the subsequent beta decay occurs. Thus, the
r-process produces nuclei far from stability which later beta decay to produce
stable nuclei. |

We can learn about details of the s-process by examining properties of the
so-called "branch point" nuclei. These nuclei have relatively long B-decay
halflives, and, consequently, both neutron capture and B decay compete
favorably. The branching ratio between these two paths can be expressed in

terms of the effective decay rates: Agand Ap: -

~ BR. = _}lﬁ_ : (1)
KB + Kn
where
}‘B _ lnt(2) (2)
B
and
A, =N<omyv>; 3)

tg is the B-decay half-life, N, is the neutron number density, and the last term

.
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on the right hand side of the Equation 3 is the thermal average of the neutron
capture cross section times the neutron velocity.

If equilibrium is reached during the s-process we would expect
OnyN(Z,A-1) = opyN(Z,A), where opy is the neutron capture cross section
and N(Z,A) is the isotopic abundance of a particular species 2. In fact, away
from the neutron magic numbers this is essentially what is observed 3-3.
Coupling this equation with measured neutron capture cross sections and
meteoritic abundances, Beer et al. ® have been able to deduce the s-process
neutron density for several "branch point" nuclei , with neutron densities
ranging between (0.8 - 3.5) x 108 /cm3.

Evidence for the existence of s-process branching at A=147, 148 has been
presented by Winters et al. 7 From their measurements of the neutron
capture cross sections and reported isotopic abundances for 148Sm and 1505 m
they found o, N(148Sm) /6, N(1%0Sm) = 0.91 £0.03. In Figure 1 we have
illustrated the s-process path and have indicated the possible branch points at
147Pm and 148Pm. The calculation of the branching at 148Pm is complicated
by the existence of a long lived isomer state at 137 keV (J® = 6", t; /,=41.3 d)
(Ref. 8).

148Pm is synthesized in the s-process via the 147Pm(n,y) reaction.

Because of the J® = 7/2% nature of the target and the dominance of s-wave
neutron capture at the energies appropriate for the s-process, this reactioh
will populate J® = 3* and 4* levels in 148Pm at energies just above the
neutron binding energy. It has been estimated that the subsequent y-cascades
will produce roughly equal amounts of 148pmg and 148Pm™  Furthermore, it
has been calculated 7 that the neutron capture cross section i.s larger for the
isomer than for the ground state, (2500 mb v.s. 1500 mb). However, at s-

process temperatures there exist several processes which could serve to



equilibrate the ground and isomeric states. In particular if there exists a
nuclear level which decays to both the ground state and the isomer, as is
illustrated in Figure 2, then photoexcitation, inelastic scattering, Coulomb

- excitation and positron-annihilation excitation could all serve as means to
equilibrate the ground state and isomer. In thermal equilibrium one can
calculate the relative populations of the isomer and the ground state and find
that at a temperature of 30 keV only 4% of the nuclei would exist in the
isomeric stateA 9.

One can deduce the neutron density in the s-process from this branch
point at 148Pm using the measufed isotopic abundances and neutron capture
cross sections if one knows the ratio of the population of the isomer and
ground state. Assuming that the ground state and isomer are in thermal
equilibrium results in a neutron density for the s-process of Np=3.1x
108/am3. If one assumes that the isémer and ground state are populated
equally, then the deduced density is: Np=1.0 x 108 /cm3 (Ref. 9).

This ambiguity in the neutron density can be resolved by determining the
detailed nuclear structure of 148Pm. The scope of our investigation can be
limited to excitation energies which can be reached in typical s-process
environments. Using the typical s-process temperature of (1-5) x 108 K, we
find that if a level is to function as an equilibration path, it must lie under
approximately 1 MeV of excitation energy. As a result, we have performed
experiments aimed at deducing the level scheme of 148Pm up to ~1 MeV
excitation energy.

Experiment and Analysis

To determine the level scheme of 148pm, we collected y-ray coincidence
data using HERA, an array of 21 Compton-suppressed germanium detectors.
The detector at 180° to the beam entrance was removed and an exit beampipe

was placed to remove the unscattered beam to a remote shielded beam dump.
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Each detector consists of a ~100 cm3 high purity germanium detector
surrounded with an annular BGO anti-Compton shield. The array of
detectors closely surrounds the aluminum target chamber.

To form states in 148Pm, we used the 148Nd(p,n)148Pm reaction. Our
principal goal was to establish the positions of levels which can serve as
equilibration paths between the isomer and ground state of 148Pm. Such
levels would have spin values in between those of the isomer and the
ground state. The (p,n) reaction is well suited to the formation of such
relatively low-spin states. An 8.0 MeV proton beam, which was chosen to
maximize the (p,n) yield without introducing significant yields from other
reactions, wa; provided by the Lawrence Berkeley Laboratory 88-Inch
Cyclotron. The target consisted of a 1 mg/cm? self-supporting metallic foil of
148N1d enriched to 94.07% 148Nd. Beam currents were typically 3-4 nA on
target. A typical y-ray singles spectrum from a single detector is shown in
Figure 3. The single detector resolution for the 292 keV transition was
measured to be 1.57 keV (FWHM). Gamma-ray energy and relative efficiency
calibrations were performed by placing standard sources at the target location.

Coincidence data were collected onto magnetic data tape for later analysié.
A coincidence event was defined as any two (or more) of the germanium
detectors reporting an unvetoed event within a hardwire timing requirement
of + 50 ns. In addition we collected more detailed timing information (TAC)
which consisted of a start signal generated by one specific detector and a stop
signal from any of the other 19 detectors. The coincidence spectrum up to
~500 keV, gated by one of the two previously identified yray in 148pm, the
75.7-keV transition, is shown in Figure 4. The gain and offset of each detector
were calibrated using standard yray sources, and were monitored during the
run. No discernible drift or gain change was observed, and no subsequent

recalibration was required. The resolution of the array, as indicated by Figure



4, was 1.66 keV at 292 keV. This figure was generated by summing the signals
all 20 detectors in software.

Approximately 60 million coincidénce events were recorded. These data
were then sorted into a two-dimensional array for off-line gating and analysis.
Gates were placed on ~150 of the strongest transitions and coincidence
relationships were established from the backgréund subtracted spectra. The
backgrounds were subtracted by placing gates on either side of each y-ray peak
gate. Gate conditions were made to be compatible with the summed detector
resolution, although in those cases where several transitions had nearly equal
energies, the gating width was reduced to the minimum value of 0.5 keV.
These narrow gates were then varied gradually across the y-ray spectrum in
the vicinity of unresolved ¥y rays to resolve the transitions by detecting
‘changing y-ray intensities in the resultant gated spectra. From the coincidence
relationships tentative levels schemes were created. The levels in these
schemes were then checked for self-consistency with parallel and sequential
decays and for y-ray decay intensities. The relative intensities of all
transitions from each level were confirmed to be independent of which
populating transition was gated on. We present only those levels where we
were able to establish either multiple feeding or exit transitions. In these
situations, our confidence in the placement of the level is substantially
increased over a proposed level placement with a single feeding and single
exit transition. These levels agree with previously reported particle transfer
data 19. Our proposed level scheme is presented in Figure 5. The energies of
the transitions shown in this figure are presented in Table I. We were unable
to establish many trahsitions which fed the high spin isomer. Rather, we
were able to establish many levels which feed the low spin ground state and

several levels which populated both the isomer and ground state and are



presumably of intermediate spin. No attempt was made to produce
quantitative branching ratios for all these decays, nor was any attempt made
to determine the spins and parities of the transitions from the intrinsic
angular distribution data.
| Discussion

As can be observed in Figure 5, there are at ieast six levels which decay to
both the ground state and the isomer with substantial rate: those at 363.4,
385.5, 409.6, 526.5, 543.4, and 611.2 keV. For the three levels below 500 keV
which can serve as equilibration paths, we established more quantitative
relative decay intensities, since those ratios can effect the equilibration time in
the s-process calculations. The level at 363.4 keV decays by emitting two ¥y
rays: the 148.0-keV decay which ultimately populates the isomer, and the
225.5-keV ftransition which populates the ground state after several
subsequent yrays. The 385.5 keV level similarly decays by emitting two y rays,
the 170.1-keV which populates the isomer and the 248.0-keV which populates
the ground state. The 409.6 keV level decays by emitting three ¥ rays, the
194.4-keV populates the isomer and the 271.7- and 333.9-keV populate the
ground state. The relative decay intensities for these y rays (corrected for their
energy-dependent detection efficiency) are reported in the Table II. In order to
determine the spontaneous decay lifetimes of these levels, t5p, we generated
TAC spectra which were gated on all of the feeding and decay transitions,
separately, and confirmed that all the involved transitions had the same time
relationships. From the TAC spectra, we established an upper limit on t5p of
<10 ns, which is consistent with the observed resolution of the TAC spectra.

From the placements of the equilibration levels between 363.4 and 611.2
keV we calculated the minimum temperature at which thermal equilibrium
can be established. The relation between the photoexcitation rate of a level I

to a level I* and the spontaneous decay rate of the level I* is:



T (I=1¥) | _ A

—_ {ex (—) 1 4)
"CSP(I*=>I) 2] +1 P

where 1¢p, is the spontaneous decay rafe (measured to be <10 ns), J; and Jy» are
the spins of the states I and I* and AE is the energy difference between these
two states 1. If we assume that the spin of the equilibration state is
intermediate between the isomer and the ground state, (eg. J{» = 3) and that
Tsp = 10 ns, then we can calculate the relationship between the |
photoexcitation time scale, T(I=I*), and the temperature needed to obtain
equilibration. This relationship is presented in Figure 6. The two curves are
for two separate levels which can serve as equilibration paths. In order for
equilibration between 148pm8 M tg occur, this photoexcitation timescale must
be substantially less the lifetime of the ground state. We can then deduce that
the ground state and isomer are in thermal equilibrium for temperatures >
0.9x 108 K. This temperature is somewhat below with estimates of s-process
temperatures. .

The low-lying states in 148Pm are expected to be odd-parity levels formed
from the various possible couplings (J = 0 to 7) of the odd J® = 7/2* proton and
the odd J*® = 5/27 or 7/2" neutron. These levels will undoubtedly have short
electromégnetic decay half-lives and thus will be in thermal equilibrium with
the isomer and ground state during the s-process. The effective beta-decay

rate of a nucleus, Agff, is given by:

Zgi A, exp(-E, /KT)
A ge=— )

2.8 PlE /KD
1

where g; = (2];+1), A, is the beta decay rate of state i, E; is the exditation energy

of state i, and the summation is extended over all states that are in thermal



equilibrium. Based upon the B-decay rates observed in neighboring nuclei,
none of the low-lying levels in 148Pm are expected to have a drastically larger
B-decay rate than that of the ground state. Thus, in our calculations, we
included only the effects of the isomer and ground state. The effective -
decay rate of 148Pm thus simplifies to

0387 + 0.218exp(-1592/T9)
3+ Bop(is92/Ty W

A g (TPm) = ©)

where Tg is the temperature in units of 108 K. The results of our calculations
for the temperature range of Tg = 0 to 5 are listed in Table IIl. The value of
23.3 days shown for zero temperature assumes that 148Pm8 and 148Pm™m are
populated equally by the 147Pm(n,y) reaction. Once thermal equilibration
between 148Pm& M ig achieved, the effective half-life of the nucleus slowly
increases with increasing femperature as the fractional population of isomer
grows. The results disagree with the rapidly decreasing half-life as a function
of temperature found by Cosner and Truraﬁ 12, but agree well with the more
recent calculations of Takahashi and Yokoi 13.

Based upon the results of our in-beam yray study, we conclude that
148pm8.M are guaranteed to be in thermal equilibrium during the s-process.
Therefore, from the measured Opy CTOSS sections and measured isotopic
abundances 7, the s-process neutron density deduced from the 148pm branch
point is Np=3 x 108 /cm3. This is consistent with neutron densities inferred
from other s-process branch points.

We would like to express our appreciation to M.A. Deleplanque, R-M.
Diamond, and F.S. Stephens for their assistance in operating HERA and to
A.B. Machiavelli for his assistance with some of the phases of data analysis.
This work was supported by the Director, Office of Energy Research, Office of
High Energy and Nuclear Physics, Nuclear Physics Division of the U.S.
Department of Energy under Contract No. DE-ACO03-76SF00098. .



10

References: _

*Present address: Kernfysisch Versneller Instituut, Zernikelaan 25, NL-1755
AA Groningen, The Netherlands. |

tPresent address: Institut fiir Strahlen- und Kernphysik, Universitdt Bonn,
Nussallee 14-16, D-5300vBonn i, West Germany ,

1) G.R Burbidge_, E.M. Burbidge, W.A. Fowler, and F. Hlee, Rev. Mod. Phys. |
29, 54 (1957).

2) D.D. Clayton, W.A. Fowler, P.E. Hull, and B.A. Zimmerman, Ann. Phys.
12,331 (1961).

3) R.L. Macklin, J.H. Gibbons, and T. Inada Nature 197, 369 (1963).

4) V.N. Kononov, B.D. Yurlow, E.D. Potetaev, and V.M. Timokhov Soviet J.
Nucl. Phys. 26, 500 1977.

5) V.N. Kononov, B.D. Yurlow, E.D. Potetaev, and V.M. Timokhov Soviet J.
Nucl. Phys. 27, 5 1978.

6) H. Beer, G. Walter, R.L. Macklin, and P.]. Patchett, Phys. Rev. C 30, 464
(1984).

7) R.R. Winters, F. Kédppeler, K. Wisshak, A. Mengoni, and G. Reffo.
Astrophys. J.300, 41, (1986). |

8) C.M. Lederer, and V.S. Shirley, Table of Isotopes, 7th ed. (Wiley, New York,
1978). |

9) F. Képpeler, in Proc. 5tk Internat. Symposium on Capture Gamma-Ray Spectroscopy and
Related Topics, Knoxville, TN, ed. S. Raman (AIP, New York, 1985), p. 715.

10) E. B. Norman, K.T. Lesko, and A.E. Champagne, Phys. Rev. C37, 860
(1988).

11) W.A. Fowler, G.R. Caughlan, and B.A. Zimmerman Ann. Rev. Astron
and Astrophys. 5, 525 (1967).

12) K. Cosner and J.W. Truran, Astrophys. Space Sci. 78, 85 (1981).

13) K. Takahashi and K. Yokoi, At. Data Nucl. Data Tables 36, 375 (1987).



11

, Figure Captions
Figure 1. A section of the chart of the nuclides, highlighting the vicinity of

148pm. The possible branch points at 147pm and 148Pm are shown. The path
of the s-process is indicated by the solid lines. Stable nuclei are indicated by

shaded triangles.

Figure 2. The previously known level scheme of 148pm is shown along with
a proposed level which would permit the equilibration of the ground state

and the isomeric state.

Figure 3. A typical singles spectrum from one of the 20 Compton suppressed
detectors observed during the bombardment of a 148Nd target with 8.0 MeV
protons. Peaks labelled only by energy (in keV) are attributed to transitions in
148pm,

Figure 4. Background corrected y-ray spectrum observed in coincidence with
the 75.7-keV transition. This spectrum is the result of'summing the signals

from all 20 detectors.

Figure 5. The level scheme of 148Pm deduced from this work. We consider
those levels with several feeding and decaying transitions to be more firmly
placed. The energies of levels (in keV) deduced from parallel transitions were
required to agree to within + 0.2 keV. Those levels which decay to both the
ground state and to the isomer are labelled in italic type. Transitions which
directly or indirectly feed the isomer are shown with dashed lines. a) the
level scheme from 0 to 561.2 keV of excitation energy. b) the level scheme

from 0 to 800.6 keV.
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Figure 6. The relationship between the temperature and the photoexdtation
time scale deduced from Equation 4. The 363.4 keV level and the 611.2 keV
level are the lowest and highest. energy levels we found that can serve as
equilibration paths. Choosing the photoexcitation time to be equal to thé
ground state lifetime (horizontal dashed line), we deduce that 148Pm8 and

148pm ™ will be in equilibrium for T > 0.9 x 108 K.
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TABLEI
The energies of the 106 transitions shown in Figure 5. The column

heading indicates the initial state and the row heading indicates that of the
final state. The transition energies and level energies are indicated in keV.
Those transitions whose placement is strongly suggested, but not confirmed
are shown within parentheses. We indicate only those levels which feed or
are fed by multiple transitions. Dashes indicaté transitions which were not
observed. Table I a) presents transitions which initiate from levels between
75.7 and 413.6 keV of excitation energy. Table I b) presents transitions which
initiate from levels between 440.1 and 660.3 keV. Table I c) presents

transitions which initiate from levels between 669.5 and 800.6 keV.



0.0
75.7
137.2
137.9
2154
219.9
292.0
302.9
304.7
308.9
363.4
379.7
385.5
388.1
409.6

Table I a

757 1372 1379 2154 2199 2920 3029 3047 3089 3634 3797 3855 3881 4096 4136
75.7 - - - 2199 2920 - 3047 3089 - 3797 - 381 - -
- 622 - - 2163 - 2290 2332 - - - 3124 (3339) 3377

- 782 - - - - - - - - - - -

- - 1541 1650 - (171.0) 2255 - 2480 (2502 271.7 -

- - - - - 1480 - 1701 - 1944 -

- - 845 89 - 1598 - - - -

- - - - 87.9 - 9.1 - 1216

- - - - 84 - -

- (768 - (92 - -
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0.0
75.7
137.2
137.9
2154
219.9
292.0
3029
304.7
308.9
363.4
379.7
385.5
388.1
409.6
413.6
440.1
452.0
526.5
529.5
543.4
545.7
550.3
561.2
564.2
573.1
611.2
622.7
641.9
655.2

TableI b

351.6
(296.9)

440.1 452.0 5265 5295 5434 5457 5503 5612 5642 573.1 6112 6227 6419 6552 660.3
3644 3763 - - - - - (485.5) - - - - - -
302.2 314.1 - - 4055 (407.8) 4124 - 4263 4352 - - - -
- - 311.1 - 328.3 - - - - - 395.8 - - -
- - - - - - - 341.6 - - - - 422.0 -
148.1 160.0 - - - (253.7) (258.3) - (2722) 281.0 - - - -
137.1 1491 2236 - - - 2474 - - - - - -
- - - - - 241.0 - - - 268.4 - 318.0 - -
131.2 - - - - 236.8 - - - 2642 - - 333.0 -
- 88.6 - - - - 186.9 - 200.8 - - - - -
- - - - - 166.0 - 1815 1845 1934 - - - -
- - - - - - - - - - - - - (270.2)
- - - 141.3- - 1576 1622 1731 176.1 - - - - -
- - - 119.8 - - - - 154.6 - - - - 246.1
- - 1129 - 129.8 - - - - - 197.8 - - -
- - - - - - - - (133.0) - - - 215.6
- - - - - (77.0) - -



0.0
75.7
137.2
137.9
215.4
219.9
292.0
302.9
304.7
308.9
363.4
379.7
385.5
388.1
409.6
413.6
440.1
452.0
526.5
529.5
543.4
545.7
550.3
561.2
564.2
573.1
611.2
622.7
641.9
655.2
660.3
669.5
672.9
726.3
797.0

669.5 6729 7263 7970 800.6

- - - (494.1) (497.7)
364.8 - 421.6 - -

(360.6) - - - -

- - 362.9 - -

- - 346.6 - -
284.1 - - - -

- 2848 338.2 - -

- 263.3 - - -

- 259.3 - - -
229.5 - - 356.9 -

- - 274.3 -

Table I ¢

€e
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TABLEII
Relative decay intensities for three of the levels below 500 keV excitation
energsr which can serve as equilibration paths in the s-process. The indicated
errors are estimated from the statistical errors. These data have been
corrected for the energy-dependent detection efficiency, however no

correction for internal conversion or differential attenuation has been made.

Level (keV) Transition (keV) Decay Intensity(%) Final State

363.0 148.0 0.70£0.02 Isomer
225.5 0.30 £0.02 Ground State

385.5 170.1 0.85%+0.03 Isomer
248.0 0.15+0.02 Ground State

409.6 194.4 0.73 +£0.01  Isomer
2717 0.25£0.02 Ground State

333.9 0.02+£0.02 Ground State
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TABLE II

Effective half-life of 148Pm versus temperature.

Temperature 108_1<_) 3] /2(148Pm2 (days)
0 2334
1 : 54
2 54
3 5.5
35 5.6
4 5.7
5 6.2

- @ Assuming Np=Ng.
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