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COMMENTS ON NUCLEAR PHYSICS FOR GAMMA-RAY LASERS 
F. S. Dietrich 

Lawrence Livermore National Laboratory 
Livennore, California 94550 

Abstract 
Estimates are presented of the probability of finding a closely 
spaced pair of levels, one member of which is an isomer, in the rare 
earth and actinide nuclei. A discussion of the typical 
electromagnetic transition strengths expected between such pairs is 
given. Present and future experimental techniques are described, 
including the possible development of particle detectors with greatly 
improved resolution. 

I. Introduction 
In this presentation I would like to discuss several aspects of 

the nuclear physics of gamma-ray lasers from the point of view of a 
nuclear experimentalist. The framework for this discussion is the 
two-step pumping scheme, in which energy is first stored in a nuclear 
isomeric state, and then transferred to a state capable of laser 
action by a non-destructive process whose nature is not yet known. A 
full recognition of the nuclear structure requirements for a 
successful gamma-ray laser candidate must, of course, await the 
development of a viable transfer mechanism. Nevertheless, a number 
of general requirements are clear. Many of the transfer schemes so 
far proposed require a second level rather close to the storage level 
that either serves as the lasing level or mediates the transfer of 
energy to that level. How closely spaced these levels must be 
depends on details of the transfer scheme, and may be in the range of 
a few eV to a few keV. Searches of available data bases may have 
missed such closely spaced doublets, since the most commonly used 
experimental techniques have insufficient resolution to resolve them, 
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particularly at the low end of this range. Even in cases in which a 
doublet has been identified, its utility in the transfer process may 
be crucially dependent on other nuclear-structure properties, such as 
the relative spins and parities of the two levels, and the 
electromagnetic matrix elements between them. 

Below, a number of questions will be discussed that can be at 
least partially answered by well-established nuclear systematics: 
Where are isomers located? What is the probability of finding a 
second level within a given energy of a storage isomer? What is 
known (or expected) of electromagnetic transition strengths between 
nearby levels? Of course, experiments must be performed to determine 
whether a given nucleus has the correct properties, once it has been 
identified as a possible candidate through literature searches, 
systematics, and more detailed theoretical calculations. The 
discussion concludes with a short description of presently available 
experimental techniques and facilities, and with the prospect that 
the experimental resolution may be improved dramatically within the 
next few years through the development of detectors based on 
superconducting j unctions. 

II. Where are isomers located? 
The conditions that favor nuclear isomerism have been discussed 

earlier in this workshop by D. Strottman et al. 1 The present 
discussion concentrates on odd-proton, odd-neutron deformed nuclei, 
because there are numerous isomers with half-lives greater than one 
second, and the positions of these isomers are reasonably well known 
through systematics and calculations. Furthermore, the high level 
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density that is characteristic of heavy nuclei, enhanced by the 
rotational degree of freedom associated with the nuclear deformation, 
improves the probability of finding a second level in the vicinity of 
the isomer. A criterion of one second as the minimum lifetime for a 
storage level is certainly arbitrary, and it is worth noting that 
recent developments in on-line mass separation techniques' have 
shown that production and separation of acceleritor-produced isomers 
on a time scale of a few hundred microseconds is possible. An 
excellent recent example of the experimental characterization and 
theoretical modeling of an odd-odd nucleus is the study of 2 4*Am by 
von Egidy et al. 3 The calculations predict approximately the 
correct number of levels and the correct band structure up to at 
least 500 JceV, including a 1 + isomer at 85 k«v. The error in the 
excitation energies of the individual levels is on the order of 30 
JceV, which is a measure of the reliability of theoretical 
calculations of level separations in heavy deformed nuclei. 

Calculations of the level schemes in odd-odd deformed nuclei 
based on a realistic proton-neutron residual interaction predict 
approximately one isomer per odd-odd nucleus4. This expectation is 
borne out by a search through the Table of Isotopes5 in the region 
of rare-earth deformed nuclei. The isomers reported in this 
compilation in the range 150<A<186 may be grouped according to the 
time unit (microseconds to years) appropriate to describe the half 
life, as shown in Table I. Over half of the isomers are concentrated 
in the odd-odd nuclei, which represent one fourth of the population; 
nearly all of the remainder are in odd-A nuclei. Several decades of 
experiments have yielded the locations of nearly all of the 
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long-lived isomers (>1 sec) expected in rare-earth and actinide 
nuclei within a few mass units of the valley of stability, on the 
other hand, very short-lived states in the nanosecond to microsecond 
range, which may be important as lasing levels rather than as storage 
levels, are more difficult to predict theoretically. These short 
lived levels are also less likely to have been found by experiments, 
particularly in the actinides, since backgrounds from fission-product 
nuclei complicate direct observation of gammas and conversion 
electrons, and since the targets are radioactive as well as 
chemically difficult to work with. 

A second class of isomeric states is the shape isomers, which are 
long lived because of poor spatial overlap with neighboring states 
rather than because of a large spin difference. The known states of 
this type 6 are located in the actinides and decay predominantly by 
fission with half-lives in the range of a nanosecond to 14 
milliseconds. These states are potentially interesting, as they are 
typically located at several MeV excitation, which ensures that there 
are nearby levels because of the rapid increase of the level density 
with excitation energy. Although the usefulness of the currently 
known shape isomers as storage levels is probably limited because of 
the short holf lives, it is conceivable that shape isomerism is also 
present in lower-mass nuclei, in which the lifetimes may be longer 
because the fission decay mode is suppressed. Theoretical guidance 
on the location of such isomers, together with estimates of the 
associated fission barriers, might be obtained from Hartree-Fock 
calculations. Promising results should stimulate an experimental 
search. 
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III. What is the probability of finding a closely-spaced doublet? 
The probability of rinding a second level near a storage level 

may be estimated from the average level density in the vicinity of 
the storage level. The systematic behavior of level densities in 
heavy nuclei is well known (see, for example, Gilbert and 
Cameron7). If the level density is nearly constant over an energy 
interval AE, the probability of finding a level within AE of a 
storage level at energy E is 

P(AE,J) - 2 p(E) f(J,E) AE, 
in which p(E) is the density of all levels at excitation energy E, 
and f(J,E) is the spin distribution function, normalized so that the 
sum over all spins J is unity. At low energies, the level density 
increases as exp(E/T), where the nuclear temperature T is a slowly 
decreasing function of A, and is approximately 500 and 400 keV in the 
rare earth and actinide nuclei, respectively. The parameterization 
of Gilbert and Cameron7 predicts values for the total number of 
levels within the first 500 keV of the ground state of odd-odd rare 
earth nuclei that are reasonably accurate (within about 3 0% of the 
observed values; e.g. 1 7 0Tm, for which 20 levels are predicted and 
19 observed ). An enhancement of the level density associated with 
the rotational degree of freedom of deformed nuclei is included in 
the parameterization. At very low energies, however, the treatment 
of the spin distribution as a separate factor should not be expected 
to be very accurate. 

Applying the Gilbert-Cameron prescription to typical rare-earth 
and actinide nuclei ( 1 7 0Tm and 2 4 4Am) yields, for a storage level 
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at 200 keV, &E=100 eV, and a spin difference from the storage level 
AJ<2, a probability 0.008 for the rare earths, and 0.024 for the 
actinides. The threefold larger value for the actinides, which is a 
consequence of their larger size, further suggests that these nuclei 
may be the most likely to contain suitable candidates. At the 100-eV 
level, approximately one candidate should be expected. However, it 
should be emphasized that even if a doublet is found, it may be 
difficult to transfer the energy between the states because of 
nuclear structure differences; this is partially addressed in the 
following remarks. 

IV. What are Typical Electromagnetic Transition Strengths? 
Even if a level is identified in the vicinity of a storage level 

that may be useful in a proposed transfer process, the structures of 
the two levels may be so different that the transfer is inefficient. 
Electromagnetic transitions between states are strong only when the 
states have a simple relationship; i.e., when the two states are 
connected by a single-particle or collective transition. While these 
transition rates are obviously directly relevant to transfer 
mechanisms utilizing electromagnetic radiation, they are also useful 
as a measure of the similarity of the levels in considering other 
mechanisms. 

Transition strengths are most frequently compared to one another 
by expressing them in Weisskopf units9. These units are defined by 
assuming (for each multipolarity) a typical single-particle 
transition between initial and final states, and removing factors 
which contain the dependence on nuclear mass and charge, and the 
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transition energy. Compilations of gamma transitions expressed in 
WeissJcopf units, along with histograms of the strength distributions 
for various multipolarities, are available . 

The point to be emphasized here is that transitions between 
levels as closely spaced as those discussed above are likely to be 
very weak, because the energies of the single-particle and collective 
configurations that give the transitions that are naturally strong 
are very much greater. This may be seen for the strongest 
multipolarities (El, Ml, E2) as follows: 

El. Strong El transitions are associated with the giant dipole 
resonance, which lies in the range 10-15 MeV in heavy nuclei. 
Single-particle transitions are typically 8 MeV, and the strength of 
these is depleted by coupling to the giant dipole resonance. The 
strength of measured low-energy El transitions is typically 10~ 4 

wu. 
Ml. Single-particle transitions are associated with a spin flip 

between spin-orbit partners, the characteristic energy of which is 1 
to 10 MeV, depending on the orbital angular momentum of the 
particle. Another type of transition, which is. more interesting 
because its characteristic energy is smaller, involves the 
angular-momentum recoupling of a two-part system; i.e., a transition 
from a configuration (JiJ2)j t o o n e i° which the two components 
Jl»J2 a r e coupled to a total angular momentum different by one 
unit: (J].J2)j+l* F o r m o s t transitions of this type, one 
component is a single particle, and the other is either a collective 
core or another single particle. In either case, the energy scale of 
the transition is set by the residual interaction between the two 
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parts of the system, and is (very roughly) in the range 50-200 keV. 
The distribution10 of transitions measured for 91<A<150 is peaked 
near 10~ 2 WU, and has a tail that extends up to 1 WU; the 
strongest of these appear to be of the recoupling type. 

E2. The strong low-energy transitions associated with collective 
quadrupole motion (vibrational and rotational) have been extensively 
studied. Histograms of measured E2 transitions peak above 10 WU, and 
transitions of 100 WU are occasionally found. However, a strong 
collective enhancement should not be expected for very low energy 
transitions, since the characteristic energies of collective 
rotations are 40 keV (in the actinides), and a few hundred keV for 
vibrations. 

Similar arguments apply to higher multipolarities. The essential 
conclusion is that transitions between very closely spaced levels are 
expected to take place only through very small admixtures of the 
favorable configurations in the wave functions. While nuclear theory 
is useful for predicting electromagnetic transition rates that are 
intrinsically large, accurate calculations (better than an order of 
magnitude) of specific weak transitions are rarely possible with 
present techniques. Usage of the Weisskopf unit will yield a gross 
overestimate of the average strength of such transitions. 

V. Experimental Considerations 
The bulk of spectroscopic information now available in data 

compilations has been acquired with a few general-purpose techniques, 
most of which have resolutions in the range of 1 keV and above. 
These include solid-state detectors and magnetic spectrometers for 
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charged-particle detection, with resolutions in favorable cases of 20 
and 10 key respectively; lithium-drifted germanium and intrinsic 
germanium detectors for gamma detection with resolution in the 1-keV 
region; and lithium-drifted silicon detectors for x-rays and 
low-energy (<100 keV) gammas, with somewhat better resolution (in the 
0.5-keV range). Significantly better resolution for low-energy gamma 
spectroscopy is available with bent-crystal spectrometers, but their 
low efficiency limits their usage to cases in which the gamma source 
can be intense, such as from neutron capture at a reactor. The 
bent-crystal spectrometers11 at the ILL reactor yield typical 
resolutions of 40 eV for 200-keV gammas3. 

An increasingly serious impediment to the further delineation of 
the spectroscopy of nuclei near the valley of stability is the lack 
of available accelerators. The major interests of nuclear 
spectroscopists over the last decade have turned toward high-spin 
states and to studies of nuclei far from the line of stability, and 
consequently most accelerator-based spectroscopy is now done at 
heavy-ion accelerators. Two experimental systems associated with 
suitable accelerators that, in conjunction with standard Ge(Li) and 
Si(Li) detectors, are useful for in-beam studies of gamma-ray laser 
candidate nuclei are the Compton polarimeter recently installed12 

at the LLNL cyclograaff accelerator, and the LLNL conversion electron 
spectrometer 3 presently in use at the Los Alamos tandem 
accelerator. These instruments are particularly useful for 
multipolarity determination. A new facility based on an FN tandem 
accelerator is being planned at LLNL to replace the cyclograaff, and 
it is anticipated that the Compton polarimeter will be moved to that 
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facility as part of a state-of-the-art system for nuclear 
spectroscopy. 

To end this presentation on an optimistic note, I would like to 
point out the possibility that a major improvement in the resolution 
of particle and gamma spectrometers may be made in the next few years 
through the development of detectors based on Josephson junctions. 
The improvement in resolution would come about because the 
statistical fluctuations in the collected charge would be much lower 
than in the presently available semiconductor detectors, since the 
energy required to make an electron-hole pair is a few eV in a 
conventional semiconductor, whereas the energy required to break a 
Cooper pair in a superconductor is of the order of meV. The theory 
of such a detector has been described by Kurakado and Mazaki 1 4 , 1 5. 
The ultimate resolution is believed to be in the region of 3 0 eV. 
Experimental projects to develop useful detectors are being 
undertaken by several groups, including the Oxford Solar Neutrino 
Project, who are developing detectors based on superconducting indium 
junctions and have reported results based on crossed thin films 1 7. 

VI. Conclusions and Acknowledgments 
Consideration of nuclear systematics suggests that suitable 

candidate nuclei for a two-step pumping scheme may indeed exist; 
odd-odd actinide nuclei should be particularly promising for further 
investigation, because of high level densities and the incompleteness 
of presently available data. Theoretical guidance is useful for 
predictions of level energies with an accuracy of a few tens of keV, 
but not for accurate predictions of the very weak electromagnetic 
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transition rates between closely-spaced levels. Further exoc -ments 
on the properties of short-lived states should be carried out vith 
the best spectrometers and timing techniques presently available; 
and the development of superconducting-junction detectors should be 
vigorously pursued in the prospect of improving the available 
resolution by more than an order of magnitude. I would like to 
acknowledge useful discussions with J. A. Becker and W. Stoffl. This 
work was performed under the auspices of the U. S. Department of 
Energy by the Lawrence Livermore National Laboratory under contract 
number W-7405-ENG-48. 
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Table I. Isomers in the region 150<A<186, sorted by half-life unit 

Unit Number Unit Number 
Microseconds 60 Minutes 17 
Milliseconds 17 Hours 7 
Seconds 15 Days 3 

Years 2 
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