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In this talk, I would like to discuss the prospects for producing
coherent electromagrstic radiation at wawdengths A < 10A. Since coherent
radiation is most easily produced by producing a population inversion between
discrete levels of a radiator, it is most natural to think of generating short
wavelength coherent radiation by means of an x-ray laser (XRL) using inner-
shell atomic transitions or a y-ray laser (yRL) using trensitions between
discrete levels of nuclei.

Lasing action at very short wavelengths wi%l be hard to achieve because
of three difficulties not present at longer wavegengths. First, matter has
a high opacity at short wavelengths. The nearest analogue to a transparent
optical medium such as glass is a hot, fully stripped plasma where the
opacity is due only to Campton scattering. Second, high pumping powers
and pumping power densities will be required because of the higher transition
energies and, in the case of x-ray lasers, very short radiative lifetimes.
For example, pumping a 12\ x-ray transition will require on the order of
1 watt per atom. In the case of y-ray lasers using long lived isomers
high pumping powers may not be required, but the long lifetimes of the

isomers must be compensated for by extremely narrow line widths. For

example, if the lifetime is 10% sec then the line width must be less than

-1 H,, vhich corresponds to a fractional line width Av/v oo the order of

m-ZO. . y
A third obstacle to achieving laser action at very short wavelengths

is that these lasers must operate without the benefit of mirzt%, due to

.
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the fact that all materials have a low reflectivity for A < 1000 ?‘.
In addition an XRL would operate at such a high flux level that any
mirrors would be destroyed.

If a laser is to operate without mirrors then the gain down the
length of the laser must be large encugh to allow a traveling wave to

grow by stimulated emission. In order to produce gain sat:uxat:‘.cnl the gain
in an x~ray or y~ray laser will probably have to exceed 100 db; i.e., the

small signal gain coefficient o times the length &£ of the laser must satisfy:

a2 25 . A (6D

For the case of an XRL using an allowed transition, Eq. (1) translates
into the following threshold condition on the net inversion density

i = - 2.
N* = N, (52/51)1?1 :

# > Av(eV) , 18 -3
N* 2 B 10 )

where Av(eV) is the width of the transition measured in electron volts.
In the case of a crystalline y-ray laser medium condition (1) becomes:

2(em) > 107" av(H,) rsponcsec)/xz (3)
A

where Av(HZ) is the line width in Hertz, is the spontaneous

Tspon
radiative lifetime and A, is the laser wavelength in Angstrams.
A
The exact inversion density required for an x-ray laser will be deter-
mined by the line width Av. In cold matter this will be equal to the Auger
width which for trapsitions of interest will be on the order 1 eV. Thus

the net inversion density in cold matter must exceed o 1038 . In not
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matter the width will be determined by the Stark effect at most densities

of interest (at low densities the Doppler width will be impexrtant), In a
. fully stripped high Z plasma this width will be given by°
()geumy & 300773 ev )
22

shere n is the density in wnits of 5.10%2 am™>, The main conclusion to be
dram from Eqs. (2) and (4) is that inversion densities mich smaller than

1018 o3 are possible cnly if W*/N is close to unity; i.e., one has a very
efficient scheme for producing populaticn inversions. I. I. Scbel'mm and

V. I. Vinogradov have pointed out that resonant charge exchange between

sions and neutral atoms is an efficient way to populate certain ionic energy
levels and have suggested that this might be a way of generating very soft
coherent x-rays., It is not yet known, however, vhether resonant charge

exchange could be used to generate coherent radiation in the region A < 10 X.
Because of the short lifetimes of excited states in an x-ray laser

medium and the very high pumping power densities needed, an x-ray laser
punping source =- which might be a focussed laser beam or the x-rays
produced by focussing a laser on a nearly high 7 target == must be swept
along the lasing medium at the spead of light, in crder to minimize the
pumping enerpy required (see Fig. 1). It can be shoun that in order to
purpm)dqu:emﬁngatwmlmgths:mxﬂnepmpimzlasermthavea

. poser > 1032 W and the pumping laser beam must be focussed to a spot less than
30 um across which is then swept along the XRL. Actually 1072 W laser pulses of




100 psec duration are now available as a result of laser fusion research.
Unfortunately, the rise time of these pulses may be too lorg to be useful
since the lifetimes of population inversions are typically much less than
1 psec. To reconfigure existing lasers for operation in the pulse regime
required would ential development of an ultra-short pulse oscillator, for
use with existing amplifiers. In addition, it is clear that significant
effort should be devoted to non-linear optical studies of pulse compression
and sweeping. As the pulse grows shorter, the problem of self-phase modulation
and pulse reshaping grows more important. Pulse compression using dispersive
delay lines has been demonstrated, at low powers, in the 1 - 10 psec regime.
Very short pulses, with extremely fast rise times (< 1 psec) might also be
generated by stimulated scattering processes, and amplified parametrically
in nonlinear elements. However, neither of these approaches is well
develcped for even mxerately hish power operation., If the
problems of amplifying and sweeping a single short rise-time pulse prove
insurmountable then a multiple amplifier system such as shown in Fig. 1
would have to be used.

what about yeray lasers? For a given energy the lifetime of a y-ray
transition will be much longer than the correspanding allowed x-ray tran-
sition, which means that the threshold inversion will be higher than that
Fiven in Eq. (2) by & factor (rg /1)) 0 0) here 1) 0, 3 10715 2
is the lifetire of a correspanding allawed x-ray trensition. As before, the
actual threshold inversion demsities will be determined by the achievable
line widths av, which for y-ray transitions are fortunately not so stronply
affected by their atamic environments. For a "viporously" punped y-ray
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laser medium, we would have Av = “")Domlar where

. 172
by -3 | 8(keV)
. _ H. eppee * ¥ [_rJ (5)

where e(keV) is the temperature of the emitting nuclei in kolovolts and A

is the mass number of the nuclei. Unfoertunately, at temperatures that cne
can realistically expect in a vigorously pumped y-ray laser medium the gain
implied by Eq. (5) would not be high enocugh to overcame Compton scattering,

For example, assuming &v/v = 10"' one will be able to overcome Compton

scattering anly if 1o, "} > 2 EL or 102 M Weisskopf wnits. There are no
known y-ray transitions with fiw < 200 keV which satisfy this condition. There
are strong trensitions at energies » 15 MeV but the threshold invereion density
would be unattainably high,

The conclusion to be dram is that yRL's appear feasible at this time
anly if some wav of substantially improving on the Doppler line width can
be found. It has been pointed out by many pecple that one way of pgreatly
improving on the Deppler width is to mike use of the phenoenon of recoilless
emission in crystals (the Mossbauer effect). Line widths as small as 10° Bz
have in fact been demnstrated experimentally using short-lived 1 & 11'1'(s sec
isamers.® Unfortunately, the line width that needs to be achiewed, Fq. (3),
is inversely proporticnal to the lifetime, :nd this presents problems because

o5 o O S PR

the lifetime must be long enough to allow for rreparation of a Mossbaver
crystal of excited isomers. One possible method of preparatich would be to
excite long lived isameric states in, for example, a nuclear reactor and then




condense the excited iscmeric nuclei into a crystal (see Fig, 2), If cne
assumes that such a process would consume at least 10 min. the: one would
be interested in spontanecus radiative lifetimes on the crder of 10" sec
(the difference in times being due to intermal conversion). The naximum
allowed line widths for such a lifetime, assuning a laser medium 1 om long,
are shown in Table I, Whether the small line widths indicated in Table I
are attainable is not knowmn. They are probably not attainable in bulk
samles due to crystal imperfections and impurities.® It has been
sugpested,” however, that it might be possible to attain line widths
approaching natural line widths in small, pure crystal whiskers. then
techniques for measuring ultra-small line widths become available it will
be possible to experimentally pursue this approach, The requirement on line
width can, of course, be relaxed if some methed of repid "pentle" pumping can
be devised. The Russian physicists Goldaskii and Letakhov have made some
interesting sugeatimss’g on how to achieve rapid gentle pumping, but none
of these schemes has been shown to work in detail.

A conputer search through all yeray transitions whose energies and life-
times are known has recently been carried out at the Livermore Laboratory
to identify those tramsitions which might be used in a pently pumped yRL.
A total of 22 candidates were found, same of the more pramising of which
are sham in Table 1. The quantity ¢ = (X2/8x) [(1+a) 0, T"), where o is
the intermal cmversion coefficient and % is the sum of the photoelectric

absorption and Conpton scattering croas-sections, is a "figure of merit”
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for candidate nuclei, It represents the miltiple of the minimur attainable

line width, viz., (M*a)/t s for which the gain is positive, Operation

ofavRLattheumim:]:mdlimﬁdﬂi listed in Table I would typically
require a fipure of merit of a few hundred. Probably only for values of ¢
much larger than 1 is there a good chance of being able to achieve the thres-
hold condition for laser astion. Although the prectical preblems that must
be overcame in order to cperate a pently pumped vRL are formidable, the
spectacular properties of such a laser justifies a serious effcrt to over-
came the cbstacles, Because of time~bandwidth limitations, a pently pumped
yRL would emit s pulse cn the order of 1 sec dmation. A gently pumped yRL
would therefore be a guagsi-CW source of extremely monochramatic rediation.
As noted earlier a pently pusped y~ray laser would have a frequency definition
mﬂeax&rofanpminmzol

This faptastically sood frequency definition would undoubtedly lead to
tremendous advances in both pure and applied science. Actually even a moder-
ately ccherent source of radiation in the region A < 1 £ would have revolutione
ary irplications for molecular biclopv and materials science, One could, for
examle, use such 3 source to make 3-D holosrams of biolopical macro-rolecules
in situ, It should be pointed out that x-rav lasers would not be nearly as
useful for these applications because of their relatively poor coherence
preperties and much higher cperuting flines, In fact, x~rav lasers may only
be useful because of their very short output pulses.

The authors wish to acdknowledpe helpful discussions with their colleapues
both in the U. S. and Soviet Unian,
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TABLE I

Ho (keV) Ha% W 220202 o, Tepon T 10°
Maximm &v (Hz)
10 1.2 10,
50 .25 0.3
100 12 0.1

sec
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SCHEMATIC X-RAY LASER AND ASSOCIATED PUMPING SYSTEM

Paztislty reflecting surfacm
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Figure 1




GENTLY PUMPED 7-RAY LASERS
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Preparation of long-fived
nuclear isomeric state
species in particle
accelerators or nuclear
reactors

Wi A T e 5
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Rapid separation of nuclear
isomers from parent and

sister auclei, e.g. via
radiochemical or photophysical
techniques

Purified nuclear isomeric material, deposited
in microscopically homogeneous fashion in
supercooled, {eveled, acoustically isntated
heat sink

Figure 2
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