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ABSTRACT

This report is concerned with potential applications of x-ray lasers.

We have identified a number of areas in science and technology to
which x-ray lasers could usefully contribute. As far as practical, the
specific laser parameters required for each application have been specificd,

The work consists of a brief Summary in which we have lisred, roughly
in order of likely importance, the most immediately promising applications
and laser parameters, followed by several chapters in which these applica-

tions are discussed more fully. Considerable space has been devoted to

discussions on the relative advantages and limitations of presently available

sources for the applications considered.
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SUMMARY AND CONCLUSIONS

In this study on potential applications of Xx-ray lasers we have
attempted to answer the question: "Suppose an x-ray laser can be built,
what are its most likely applications?" In answering this question we
have for the most part assumed that a laser can be built to specifications
suitable for each application. The only constraints that nave been imposed
on the parameters are those governed by the physical processes giving rise
to lasing. This is not to imply that these requirements will be easy to
meet. For example (Section 1), from the Larmor radiation condition it

S Az, where

&

AR is the wavelength in Rngstroms, so that a 1 % (12 keV) transition

follows that the lifetime of an inverted state is about 10~

requires a power of 2 W per atom. Taking the traveling wave scheme suggested
by Shipman (1967) as an example, a natural design for the lasing material
is a 1 cm long thread of 1 um in diameter and density lO20 atoms/cm”. The
power requirement is themn 1012 W corresponding to an energy requirement of
lO12 X 30 psec (the time taken by the light to travel 1 cm) = 30 J. These
are realizable numbers and since, furthermore, other laser schemes mentioned
in Section 1 depend or longer-lived metastable states with reduced power
requirements, it seems reasonable to assume for some applications a l 'S
laser beam of 1 um diameter and collimaticn of the order of 0.1 mrad. The
losses in converting pump energy first into X-ray energy and then into lasing
energy will, of course, raise the energy requirement,

Justification for the development of a new tool must inevitably involve
a determination of whether already existing resources can do the job as ell.
Some space has, therefore, been devoted (Section 2) to a description of

alternative sources. The most promising of these is the electron synchrotron

or electron storage ring. Some of the bigger machines provide a continuum



of radiation from <1 % to > 1000 R with intensities comparable to, and in
some instances higher than, those obtainable from more conventional sources.
Synchrotron light has the furth.r merits of being highly polarized and of
emerging as a beam that is well-collimated, at least in ome plame. Further,
its intensity is well-defined in terms of the machine parameters, a quality
that renders this beam particularly attrac:ive for detector calibration.
Some of its features ¢ fact so closely related to those expected from
an x-ray laser that in our assessment of some laser applications we have
been guided markedly by the uses to which synchrotron radiation has alreaidy
been put. Early testing of applications where coherence is important may
be possible with sources provided by harmonic generation. These are now
approaching the soft x-ray regime. We have added in an appendix a
description of stimulated electromagnetic shock radiation (SESR): a new
source which has the potential of becoming an important source of short-
wavelength radiation. The process superficially resembles stimulited Compton
scattering in that it depends on the interaction between an intense, narrow-
band, incident electromagnetic wave and an electron beam, but ncw the
presence of a polarizable medium is required. The launching cerdition
essentially requires that the electron speed exceed a critical speed. There
is thus also a correspondence with Cerenkov radiation, although this source
is expected to have narrow-band spectral properties and would be tunable.
It should be pointed out that SESR is as yet a speculative phenomenon:
it has not been experimentally observed and the calculations are yet to be
extended to many particles.

The question now, of course, arises: what then are the unique

qualities on an x-ray laser beam likely to be? These are discussed fully in




the various parts of this report. Briefly, they should be intensity, beam
diameter, monochromaticity, pulse length and coherence. Monochromaticity,
for example, is of great . pportance to the study of the chemical state of
elements. X-ray lasers by the very process of lasing will yield extremely
narrow lines, whereas synchrotron radiation, being continuous, must first
be monochromatized by methods generally limited by natural linewidths. The
intensity of light from an x-ray laser will be orders of magnitude higher
than synchrotron radiation when measured in W/cmz-x at a single wavelength
and over a small area. However, for exposing fine-grain media over large
areas a broad spectrum of synchrotron radiation may contribute to the
exposure and result in an effectively shorter exposure time. Also, the
proposed use of a helical wiggler (Kincaid 1976) may increase the bright-
ness of synchrotron radiation from an electron storage ring by several
orders of magnitude at a single wavelength. Also, the X-ray laser beam

is highly cullimated in both planes. It is these unique att. “utes that
together have motivated this search for applications of x-ray lasers.

In Sections 3-14 are described the main areas 1in which x-ray lasers
may conceivably be useful. The order of presentation is largely arbitrary
and was dictated more by when each topic was studied than by any pre-
determined arrangement by importance. We shall deviate here from that
plin to present first those areas of application where an Xx-ray laser will
be an especially useful tool.

In Electron Spectroscopy for Chemical Analysis (ESCA; Section 6) the
kinetic energy distribution of electrons generated near the surface by an
incident flux of X-rays is studied to determine the elemental compositior.

(and chemical state) of the surface of a specimen. The electrons may be




produced as photoelectrons (conventional ESCA) or as Auger electrons, emitted
when holes are filled. The main difficulties with most X-ray sources in
Ccurrent usage are their lack of intensity and, for determining chemical
shifts less than "1 eV, the minimum linewidth (V1 eV) of the radiation. The
lack of intensity leads to long exposure times needed to acquiré accurate
inform.tion. The linewidth, limited by the natural linewidth for conven-—
tional x-ray tubes and by the monochromator pass-band when synchrotron
radiation is used, sets a lower limit on the resolvable chemical shifts
which in, say, some carbon compounds is a small fraction of an eV. An
x-ray laser would provide photon fluxes orders of magnitude higher than
even the highest-current electron storage rings. Even a single laser
pulse could with suitable detectors and data acquisition techniques pro-
vide a complete electron spectrum (often requiring days of conveptional
operatioq). Linewidths of 0.1-0.01 eV, produced by gain narrowing,

should lead to the precise determination of core-level chemical shifts in
molecules containing more than one atom of the same element in slightly
different chemical environments. Several examples of the usefulness of
such information to catalysis, metallurgy, and the study of organic com-
pounds are given in Section 6.5.1. A further advantage of great potential
significance is the possibility of exploiting the laser beam's small
diameter in microprobe analysis. Such Selected Area Electron Spectroscopy
could be applied to the analysis of fracture surfaces of high-strength
alloys as two-phase composite materials. A number of microprobe shots

of the specimen's surface followed by electron microscope magnification
could yield information on the surface distribution of elements and their
chemical state. But the beam's small diameter may also be one of its

drawbacks. The high fluxes calculated for a typical laser could destroy




the sample. Estimates of damage thresholds and some ways around this

problem are given in Section 6.2. Absorption spectroscopy requires tuna-
bility so that an absorption edge can be straddled. The high intensity of
the laser radiation makes the photon mixing scheme suggested by Eisenberger
and McCall (1971) entirely feasible. Tunability over energies of the order
of eV's therefore should present no problem.

In summary, the features that render an x-ray laser particularly
attractive for ESCA work are the high radiation intensity and narrow line-
width. Coherence (except for the link between coherence length and line-
width) and a high degree of collimation do not appear to be requirements.
Because only one core-level peak of any element needs to be observed (no
significant further information is obtained from deeper levels) it is
unnecessary to employ photon energies exceeding 1 keV (for neon EB =
870 eV). On the other hand, for optimum analytical capability, the photons
must not be much less energetic. A 10 % laser would thus be adequate.

High-resolution lithography (Section 3) is one of the more promising
applications. For resolution better than 1 um to be obtained the contact
print must be recorded on grainless media whose sensitivity varies from
10-1000 mJ/cm2 in the 5-100 2 wavelength range. Negative resists, in which
polymerization is induced by the radiation, have the highest sensitivity
but this is accompanied by a decrease in resolution resulting from chain
reactions. A lower limit on the useful wavelength is likely to be set by
the range of secondary or photo-electrons. For the typical positive resist
PMMA (polymethyl methacrylate) 1 keV photo-electrons have a range of about
0.05 um, increasing approximately as the square of the photo-electron

energy. The useful wavelength will then be limited for sub-micron work to

B, -




A25 8. One of lithography's main applications is the replication of
micro-electronic components with linewidths down to 0.1 um which would
utilize wavelengths in the 5-50 % range. Examples of particular micro-
electronic devices are discussed in Section 3.6. The advantages of such
devices are essentially two-fold: the closer tolerances make possible
closer spacing of active elements and the fabrication of more complex
circuitry with less material and fewer interconnections  resulting in
increased reliability and lower cost per function; the closer element
spacing is also of more fundamental significance in that the reduced

linewidths allow improved device performance, e.g., logic gates with

speed'power products of 0.01 pJ and surface transducers operating at
higher frequencies than hitherto possible, extending into the 10 GHz
region with 0.1 um linewidths (above 10 GHz the material properties limit
the performance of SAW devices). Losses in integrated optiecs will, of
course, also be less with increased edge smoothness (“0.05 um) because of
reduced scattering.

The application of conventional sources has been disappointing primar-
ily because the low sensitivity of the resist material requires inordi-
nately long exposures. These range from tens of minutes to as long as
many hours. Further, the resolution with these sources is limited by
geometrical distortion, a function of the gap between the mask and substrate
(S), and by penumbral blurring which depends in addition on the angular
extension of the source. Penumbral blurring can be reduced by decreasing
the size of the source or by increasing the source-mask separation (D).
Both cures lessen the effective flux on the mask: the former because of

power dissipation limitations, the latter by the l/D2 decrease in x-ray %




flux. Ideally, then, one needs a beam of high intensity and excellent
collimation. The x-ray laser would provide just such a beam, with the
additional advantage that the wavelength could be tailored to the absorp-
tion characteristics of the mask and resist materials. As a simple example,
a beam divergence of a mrad yields a negligible gecmetric distortion of 10-3
times the mask-substrate gap and a penumbral blurring of 10-4 S/D for a um
diameter beam.

The short pulse emitted from an x-ray laser may have sufficient

intensity to expose the resist material in one pulse but it will introduce

a thermal spike in the mask and substrate. The intensity must be controlled

in order to prevent materials damage. Also the small beam diameter must
be expanded to cover approximately a 1 to 10 cm diameter area for many
lithography applications.

Turning now to metallurgical applications (Section 5), we must dis-
tinquish between surface and volume studies. The study of metal surfaces
does not require penetration and radiation in the 10 g regime probably
suffices. Volume studies require penetration: for example, mm penetration
in copper requires a wavelength of 1 X, in platinum 0.5 R radiation is
required. In surface studies a small diameter laser beam would be particu-
larly useful in the accurate determination of dislocation cell structure
(important in studies on the effect of wear on metal surfaces) and crack
formation as we have already mentioned. For small depth gauging of this
kind it is often useful to operate near an absorption edge, and monochro-
maticity becomes an asset in discriminating against fluorescence. In this
respect the laser should be preferable to a synchrsiron whose radiation

when monochromatized inevitably contains the higherorders. Filtering



leads to additional intensity loss emphasizing still further the laser's
advantage. Monochromatic radiation (at wavelengths straddling an absorp-
tion edge) is also useful for studying the presence of voids by differ-
ential absorption, and in quality control of infrared mirrors by comparison
of diffraction line shapes. For these applications the main requirements
should be intensity, beam size, a.:d wavelength (< 1 R for penetration
studies). Coherence and intensity become prime requisites for the holo-
graphic determination of the size and shape of interior flaws and their
orientation with respect to other structures. Of course, the wavelength

must again be short enough for penetration.

Holography (Section 7) has been widely mentioned as an application of
x~ray laser radiation. We have already referred to its use in imaging
internal structures in mecals, a concept that can, of course, be extended
to the examination of biological (cf., Section 4) and other materials,
provided the wavelength be chosen to provide enough penetration and
sufficient contrast. But the most intriguing promise of x-ray holography
has been the possible direct visualization in three dimensions of the
structure of complex biological molecules. This calls for a resolution
of the order of Xngstroms and multiple exposures with alignment precision
to similar tolerances. The most severe argument against its feasibility
is the required radiation load on the object molecule brought about
by the resolution requirement and the size and separation of the
detector elements. This raises the p uxes to such high levels that
the object under investigation will almost certainly be destroyed. By-

passing this problem by the use of spherical reference waves assumes the

existence of zone plates with Rngstrom resolution. But the holographic <

|
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production of such plates requires an Xngstrom—sized source which itself
might then as well be used to image the object directly by contact or
projectioh microscopy (Section 10). An exception is phase objects whi :h

do not lend themselves readily to such techniques. In that case th;E
imaging becomes essentially phase contrast microscopy. Holography on
atomic dimensions may, nevertheless, be feasible when the radiation load is
distributed over a large number of identical object distributions as with
holograms of two-dimensional periodic structures.

Microscopy (Section 10) should be a fruitful area of application.

In the absence of refractory elements the basic techniques are, of course,

contact and projection (pinhole) radiography. Several examples have al-
ready been mentioned. The laser would have advantages over other x-ray
sources in intensity and beam collimation. High intensity allows short
exposure times so that the movement of, say, a biological specimen does
not lead to image degradation. Good beam collimation implies that the
resolution limit is set by Fresnel diffraction rather than by finite
source effects. The study of biological specimens would probably require
wavelengths of 10 2 or higher to achieve sufficient contrast. At 10 2
the half-value layer is about 0.5 cm for air and about 5 um for C. This
means that the specimen can be examined in vivo without stringent vacuum
requirements, but, also, that the resolution is limited to about 0.02 um, the
minimum Fresnel fringe width for these parameters. Ten R is in any case
as low as one wants to go in wavelength because of the increased range

of photo-electrons (V1 um at 10 kV) at higher photon energies. Realizing

that the resolution would be limited to about 0.0l um with the image
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magnified by electron microscopy, we perceive that the advantages of an
x-ray laser beam over other x-ray sources are its intensity and collimation,
and over an electron microscope the possibility of in vivo visualization

of structures the size of fine detail in viruses which are beyond the range
of optical microscopy. The greater penetration of x rays also means that
thicker specimens can be examined than with an electron microscope.

Chapter 13 on structure determination is concerned with the prospects
of utilizing x-ray lasers in the elucidation of the structure of two- and
three-dimensional crystals, and with a comparison with other methods. It
is there pointed out that the ultimate structure determination, namely
holographic imaging of biological molecules, is probably not feasible due
to the enormous radiation load on the molecule. This point is also discussed
in Chapter 7, but there the scattering inefficiency and detector requirements
were emphasized. A potentially significant application that emerges from
the discussion in this Chapter hinges on the small beam-size of an x-ray
laser, for this makes it possible to perform diffraction measurements on
micron-sized crystals. S.ch a technique would have an important impact on
biomolecular crystallography. It would, of course, be much simpler to grow
micron-sized crystals free from irregularities than it is to grow the mm-
sized crystals needed for current practice.

Medical radiography (Section 4) is an interesting candidate for x-ray
laser applications. Discussed are differential absorption measurements to
obtain the distribution of elements in various organs (e.g., iodine in the
thyroid gland, osteoporosity), holographic imaging for the localization of,

say, tumor masses, and rapid elemental ana’ysis of cells by microphotometry
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and fluorescence. Except for the last-named, these applications all require
penetration through cm of tissue, and hence photon energies well in excess

of 10 keV.

In the area of radiochemistry (Section 9) the main sttributes of x-ray
laser radiation will be the short pulse times (10-15 - 10-12 sec) and the
high intensity. Short pulse times will be useful for the observation of
very short-lived chemical species such as‘higher excited states and for the
measurement of rapid initial reaction rates where chemical species are
highly concentrated. Rapid relaxation processes, such as solvation, could
also be studied in the sub-picosecond regime. Intensity must be high to
produce sufficient linear energy transfer and hence chemical change. Rea-
sonable penetration through sample containers requires operating wavelengths
shorter than 1 X (H.V.L. for HZO at 1 X =1 mm). It is in principle possible
to dissociate compounds with the aid of x rays. This might be used, for
example, to produce hydrogen and oxygen from water. However, the expected

inefficiency of x-ray production by a laser is such that this does not

appear to be economically worthwhile for fuel production.

Chapter 14 discusses x-ray lasers as diagnostic aids in laser-driven
fusion. For certain pellet configuraticns (high aspect ratio shells) it
is of crucial importance to determine the stability of the interface between
fuel and tamper. If the interface is unstable in low-vield experiments,
the yield in the scaled-up versions is likely to be severely degraded due
to fuel-tamper mixing. To obtain sufficient information on this question

of hydrodynamic stability, one needs x-ray images with um spatial resolution
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and temporal resolution in the psec range. These requirements would be
readily satisfied by an x-ray laser, operating in the 1-10 )3 range for
adequate penetration. Information on the details of energy absorption and
the compression history would also be provided. Because the laser is an
active probe one would also not be dependent on the state of the target.
Chapters 8, 10, and 12 contain a number of further possible applica-
tions none of which by itself would justify the building of a laser, but
which are deemed of sufficient interest for inclusion. Inelastic scat-
tering of x-rays from metal surfaces can yield very accurate information
about the location of Fermi surfaces. Synchrotron radiation has been used
in the 8 2 region, but only weak signals were obtained. For statistically
more significant work higher photon fluxes such as would be provided by
an x-ray laser are required in the 1-10 & regime. The possibility of
producing heavy ions in high charge states at low temperature could have
an important impact on the quality of ion beams. Often such icns are
produced in Saha equilibria at high temperatures with significant trans-
verse velocities which limit the achievable beam quality. The production
of ions with small transverse velocites (cold ions) should yield beams of
greatly reduced divergence, an important factor for long distance propaga-

tion.

It is clear that x-ray lasers would be useful in a variety of disci-
plines. There are a number of disadvantages, however. These vary with
the application. If we assume that a 1-10 TW laser is required for a
pump, the resulting installation is not only going to be expensive (5106—

lf7) but also exceedingly bulky. It is, therefore, unlikely that the laser
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will have economic applications in industry in the near term. Rather, as
for the synchrotron, the installation should be set up for use by many
groups. Even then, most applications would probably be in the fundamental
resea;ch progr#: areas rather than applied technology such as x-ray
lithography for microcircuit fabrication. The bulkiness of the device
precludes its use in the field, a2 significant restriction for some
metallurgical uses. The intensity, as we have seen, may be undesirably
high if the bean's small diameter is to be fully exploited. Techniques
for overcoming v:is problem, perhaps with beam splitters, need further
study. Also, the pulse repetition rate, set by that of the pump, may be
undesiranly low resulting in a lower time-integrated flux than can be
obtained from a2 synchrotron, say.

It does nnt appeas that x-ray laser radiation will have special

advantag2s over synchrotron radiation in the study by x-ray diffraction

of crystals down to sizes ot the order of 0.1 mm. To cover the sample

the laser beam must be allowed to expand from a 1 pym initial diameter to
0.1 mm. The intensity loss of four orders of magnitude reduces the beam
intensity to that obtainable from some of the more energetic storage rings.
Coherence may also not be an important advantage as phase information can
be obtained, at least in principle, by the three-wavelength procedure
discussed by Herzenberg and Lau (1967). The short pulse time, however,
may be important in studying crystal imperfections becaus® of the freezing
of lattice vibrations. For diffraction studies on microscopic crystals
the Um diameter beam of a laser and the great intensity could be advan-

tages. Potential problems are mounting the specimen and the ability of
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the .tructure to withstand the radiation load. On the latter point, the

surprisingly high radiation tolerance of some organic crystals to mono-
chromatized synchrotron radiation is encouraging. These matters will be
considered in greater detail in a subsequent report.

The main advantages and requirements of x-ray lasers for the appli-
cations here discussed are summarized in Table 1. The plus signs signify
the relative importance of a given parameter (wavelength, intensity, etc.)
for the particular application. The comments in the last column are
meant to indicate whether alternative sources exist that can do the job
as well as a laser tailored to the task. Features that are not unique
to the laser, but that may be advantageous for a given applicatuson, have
not been included in the Table. These can usually be érovided by devices
external to the laser. An example is tunability which is clearly desirable
for ESCA, metallurgy, microscopy, etc. It can readily be achieved by photon

mixing.
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1. INTRODUCTION
in a study on the applications of x-ray lasers it seems natural to
discuss some of the concepts that have been proposed for the actual con-
struction of such devices. Before one can reasonably assess possible
areas of application, it is useful to have some idea of plausible
parameters such as beam size, degree of collimatjion, intensity, wavelength,
etc., for eventual x-ray lasers. Many schemes have been proposed. Some
are more realistic than others, and we will co:nfine ourselves in this brief i
survey to the more extensively analyzed ones. We will avail ourselves
freely of the extensive review recently prepared by Waynant and Elton (1975)
and the references given therein. q

1.1 Pumping Requirements a

A rough idea of the magnitude of the difficulties facing a builder of
x-ray lasers is already gaine< by calculating the pump power requirements }
for producing an inwvert d population between two core electronic states
(Schawlow and Townes 1958). This is readily obtained from the rate
equations for an atom which spontaneously emits photons into a particular
mode (A) at a rate R. If N, 1is the occupation number of the atom n in

2,n

its excited state (2) and N the corresponding occupation number of the

1,n
lower state (1), the rate of change of the photon population n due to

spontaneous and stimulated emission and stimulated absorption is just

N

N

8 o+ E R(N - N, . )n + ET RN (1)

dt 2,k 1,k 2,k °
k=1 k=1

where -0n is the loss rate due to scattering processes, etc., and the

summation is over all atoms. Usually we may neglect the rate of spontan-
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eously emitted photons because n is large, and if we also assume that R

does not depend on k, laser accion takes place for dn/dt > 0 or
RAN > o . (2)

To calculate R let the radiative lifetime of an atom be T so that T
photons are emitted spontaneously per second per atom. We are interested
in photons emitted into a particular mode in a Srequency interval AV so that
we must divide T-l by the number of modes there are in Av, the spontaneous
line width of the atom. There is a discrete mode in each h3 volume of phase
space so that the number of modes required is given by

fgp_ﬂ,ﬂ(mfl -

h3 3 \c h3 ?

where Vis the volume containing the photons. The number of photons radiating

into Av in one mode is therefore

c3
R=—5 (4)

4ﬁTVV2AV

More accurately,there is a factor of order unity multiplying Equation (3)
whose value depends on the line shape. From Equation (2) the laser condi-

tion becomes

_ S

= >a . (5)
4TV AV
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The left hand side is essentially c times the gain cm_l so that if we
take 100 small gain lengths for reasonable operation, the required

inversion density for a length 2 of the lasing column is

4TAV (6)

)

N* > 100

An estimate for T follows from Larmor's expression for the average power

PL radiated by a dipole oscillating at frequency w:

P = %_e W |X|2 ’ (7)

with x the displacement. This is balanced by the rate at which the energy

of the harmonic oscillator changes. Thus

4
i 2 d 2_ lew 2
S’ ¢ [x]7=-3 3 EI (8)
corresponding to a decay rate
2r
1 d 2 0 2
Y—_—TZEH =50 (9)
13

where ro = ez/mc2 = 2.8 x 10 cm is the classical electron radius. In

terms of the wavelength A this yields in convenient units

= 107° pwy1? . (10)
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This expression is only approximately valid to the extent that there are
oscillations in a growth period. This means Y << ® which corresponds to
assuming that the wavelength of the radiation is much larger than Iy We
note from Equations (6) and (10) that the wavelength dependence cancels
(except through its presence in Av) and the gain condition becomes (cf.,

Duguay 1973, Chapline and Wood 1975)
= 107 cm (11)

with Av in eV and % in cm. We have denoted by N* the net population
inversion density (AN/V); if the levels 1 and 2 have statistical weights 8,
and g, this is modified to N*V = N, - (gz/gl)Nl. The minimum linewidth
Av depends on the temperature and density of the lasing medium. For
instance, in cold matter Av is governed mainly by Auger auto-ionizatiom,
while at high density and temperature Stark broadening may dominate while
at low density Doppler broadening sets the lower limit (Griem 1964, 1974).
It is now possible to assess the difficulties that must be overcome
before x-ray lasing can be achieved. A serious handicap is the absence of
efficient reflectors at x-ray wavelengths which means that the needed
amplification must occur in one pass through the medium and one must rely
on superradiance (Dicke 1954, 1964), or amplified spontaneous emission

(Allen and Peters 1970, 1971). Due to the short lifetime (10--15 A;)

the pumping power is exceedingly high; a 12 keV (18) transition requires a

5

pumping power of (1.2 X 104)(1.6 X 10'_19)/10—l ~ 2 W/atom. For gain the

inversion density must be of the order of 1018/2 cm-3 for a typical Av = 1 eV
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(Auger width) in cold matter. In the travelling wave scheme in which the
laser amplifies its own spontaneous emission (Shipman 1967, Chapline and

Wood 1975) the pump power requirement is given as

d"c (12)

which is just the requirement that the total energy requirement hUN*V be
supplied in the time %/c with a pumping efficiency €. In the diffraction
limit d = ()\l);i this corresponds to Ppump =~ 1GW with Av = 1 eV and € = 10_3.
For £ = 1 cm this would yield a 1 pm x-ray beam at 1 R with a divergence
measured in fractions of a mrad. Because of matching and focusing
inefficiencies one obtains the more realistic figure of 1 TW for pumping a
10 X laser. Photo-electric absorption, of course, sets a further constraint

on the maximum gain and amplifying length achievable in practice.

1.2 Lasing Schemes

Duguay (1973) considers direct pumping with x-rays harder than the K-
shell ionization energy of copper (9 keV), relying on inversion due to the
different cross-sections for creating K-shell and L-shell vacancies (Duguay
and Rentzepis 1967, Stankevich 1970). Comparison with the much smaller
photoionization cross-section leads to a power flux requirement for copper
of 1017 W/cm2 which can just be reached with present-day terawatt lasers
(10 J in 10 psec) focused down to a 30 pm spot. This estimate does not
allow for conversion inefficiencies in the conversion of infrared to x
radiation (Malozzi et al. 1973).

To suppress Auger autoionization it has been proposed to utilize the

longer lifetimes of metastable states of low-Z materials such as lithium



in a two-step process (Drake et al. 1969, Mahr and Roeder 1974, Vekhov

et al. 1975). Typically, a high-intensity laser produces a plasma whose x-
radiation preferentially photoionizes 5 K-ghel] electron producing highly-
excited atoms in the ls 2s state but which is not sufficiently energetic

to undergo Auger autoionization. Since the effective metastability time of
the ion in the lasing medium can be much longer than the Auger lifetime,
reduced pumping powers become feasible. The required inversion density
only achieves acceptable levels in the absence of depleting processes

such as collisional de-excitation. Since these are bound to occur, gain 1is
lnevitably reduced and one must remain skeptical about metastable lasing.
Another scheme (Wood et al. 1973, 1974) depends on rapid adiabatic decom-
pression and cooling of a laser-heated fiber to produce an inversion by
collisional recombination. Collisional recombination is expected to domi-
nate over radiative recombination leading to preferential population of the
higher states. A full computer calculation must verify this scheme. This
also applies to other proposed methods for which the calculations have
often ignored such physical processes as hydrodynamics, pump coupling,
possible excitation of instabilities, radiative recombination, etc.

Several other schemes for producing population inversion have been
cited in the literature. Examples are electron collisional excitation of
rare gas excimers (Rhodes 1974, Lorents 1974), ion lasers by electron
collisions (Elton 1975, Andrews 1975), atom-ion rescnance charge transfer
(Louisell et al. 1975, Scully et al. 1973, Vinocgradov and Sobelman 1973),
free-electron lasers (Pantell et al. 1968, Madey 1971, Madey et al. 1973),

etc. Many of these schemes can only be expected to penetrate into the VUV
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region, while others remain speculative due to inadequate computer modeling.

This applies also to the free~electron laser in which lasing is expected
from the stimulated emission by transitions between electron continuum
states, a process closely related to traveling-wave amplifiers (Motz and
Nalsurnura 1960), and the backscattered Compton photons from relativisitc
electron beams which as polarized monochromatic x-rays have found research
applications (Sinclair et al. 1969). Unfortunately, the gain for these
processes is a strong function of the wavelength of the emitted wavelength
and it appears doubtful that intense x-ray sources can be produced by this
approach (cf., Kroll 1975). More particularly, the increase in the fre-
quency of the incident light is due to the energy of the electrons in the
beam. For a collinear collision with the incident laser beam directed
oppositely to the electron beam, the frequency of the scattered photons w

2

is related to the frequency of the incident photons w, and the energy of

1
the electrons E by

2 2 2
w, = 4(»1(E/mc ) =16 Wy [E(MeV) ]~ .

The effective gain, O, for the scattered radiation has been expressed by

Pantell et al. (1968) in terms of the photon density, n_., the electron

£
density of the beam, o, and the width of the energy scatter of the beam

electrons. They find
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where I, is rhe classical electron radius eA/mcz. As an example, take (cf.,

Molchanov 1972)'ﬁw1 = 1.17 eV and ne = 2 x 1022 cm-'3 for a neodynium glass

laser 2ud for rhe electrons E = 2 MeV, E/A = lO5 and o, = 2 x lO13 cm—3
corresponding to a beam current density of about lO5 A/cmz. These values
yield a gain of 2.2 cm~l at a wavelength of 170 &. These and other
Schemes for obtaining Xx-ray lasing action have been treated and documented

in full by Waynant and Elton (1976).

1.3 Parametric Up-Conversion

A technique which should be mentioned here that has Produced coherent
short wavelength radiation is that of up-converting signals from infrared
or visible sources by exploiting nonlinearities in crystals or phase
matching in metal vapors (Harris and Miles 1971, 1973). For sufficiently
strong driving fields the dielectric constant and hence the polarization
of many media becomes a function of the field Strength. Since metal vapors
have inversion Symmetry, it is clear that the polarization can only be an
odd function of the field so that only odd harmonics are produced. Since
the conversion efficiency in such parametric processes is gz function of the
driving intensity (Bloom et al. 1975), it must be expected that one cannot
penetrate very far into the X-ray wavelength region bv this procedure,

although tripling efficiencies approaching 40 percent can be achieved. 1Ip
the region of 900 X, about the shortest wavelength obtained by these means
until recently, the efficiency is down to about 10—7. Schemes reaching
down into the soft X-ray regime have been Proposed by Harris (1973) with

an efficiency of 107/ to 177 &,
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High-order nonlinear susceptibilities in noble gases have been exploited
recently by groups at the Imperial College (London) and the Naval Research
Laboratory in this country to yield steadily shorter wavelengths. Hutchinson
et al. (1976) reported generation of coherent radiation at 570 R. They used
argon to triple the frequency of radiation obtained from a xenon excimer
laser, which at 1710 R is already in the vacuum-uv. This frequency is still
low enough so that fluoride lenses can be employed to raise the intensity of
the driving laser to the level needed to exploit the third-order nonlinearity.

At NRL (Reintjes et al. 1976) the nonlinear properties of noble gases
also utilized to produce coherent short-wavelength radiation. Their
primary radiation was obtained by frequency doubling the 1.06 um radiation of
a Nd:YAG laser twice by conventional means with potassium dihydrogen phosphate
and potassium dideuterium phosphate. The resulting radiation at 2661 )" pro- |
duced with about 50% efficiency was of sufficient intensity to produce measur-
able quantities of radiation at the fifth harmonic in neon, argon, and
helium. The conversion efficiency to this 532 R radiation was increased
over earlier results by an order of magnitude to the 10-5 - 10-'6 range. In
the experiments with helium at a pressure of 60 torr, seventh-order conversion
was also recorded (Reintjes et al. 1976). While this 380 R radiation appears
to be the shortest wavelength reported so far, it is expected that the use
of higher driving intensities and operating pressures, coupled with more
sensitive detectors will reduce this further. The conversion efficiency
increases with gas pressure, but a limit will ultimately be set by electrical
breakdown of the gas. This phenomenon has already been observed with neon
at 60 torr. Beam intensities are thus likely to remain relatively low.

Nevertheless, since the beam quality and coherence of the driving beam are

24




maintained, radiation in the extreme vacuum-uv and soft x-ray regimes
obtained by these methods can provide early testing of some applications now
thought of in connection with X-ray laser beams, such as holography and X-ray
microscopy. Tunability can be obtained with photon mixing (Eisenberger and
McCall 1971).

An early example of a vacuum ultraviolet hologram is that described by
Bjorklund et al. (1974) which shows features on the order of 800 X. &
difficulty which will remain with these non-lasing schemes is, however, the
lack of intensity. This implies long exposure times of photoresist
materials and only shallow modulation. Thus, 2ny zone plates manufactured
with these beams will only provide moderate image contrast. A further
disadvantage is the large diameter of the emerging beam which precludes
its use as a scanning microscope. Since the driving pulse sets the pulse
width of the emerging beam, applications involving sub-pico second times
which have been mentioned in connection with X-ray lasers are also excluded.
Some typical output data that have been achieved in VUV holography
experiments have been given by Bjorklund (1974). These experiments were
carried out at the ninth harmonic of the 1.06 um Nd:YAG laser line or at
1182 8 with pulses of 12 psec duration and an estimated coherence length
of 0.4 cm. The available energy per pulse was about 0.3 uJ corresponding
totl.S UW average power at a repetition rate of 5/sec. The recording
medium was polymethyl methacrylate (PMMA) used extensively in electron beam
lithography (Herzog et al. 1972) and as a positive resist material to X-ray
radiation (Spears and Smith 19/2). Coated layers of PMMA 1400 X thick on
quartz flats were then exposed to the interference pattern produced by the
incident VUV beam and its reflection off a front surface mirror (Al + Mng

coating). Typical exposure times needed to modulate the PMMA were on the
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order of 1000 sec involving superposition of fringe patterns produced by
5000 pulses. The minimum energy flux has been found to be 0.1 uJ/cm2 to
obtain a fringe spacing of 836 R with only moderate aspect ratio. Similar
experiments were carried out for recording Fraunhofer holograms of um-
sized spheres viewed with an electron microscope but image contrast remained
poor. The use of the high-power lasers (1-100 TW) now being designed for
laser fusion work should yield greater output, resulting in reduced exposure
times and improved image contrast, however, rendering this approach to
coherent x-radiation extremely useful for testing some future applications
of x~ray lasers.

1.4 X-Ray Laser Parameters

For the purpose of studying applications it is useful to have some guide
as to the likely parameters of a future x-ray laser. In the near future
pumping powers of short-pulsed lasers will probably be limited to the TW
regime, i.e., 1 J in 1 psec or 1€ J in 10 psec. In the interesting wavelength
range of 10-1 R the mode of operation will be that of amplified spontaneous
emission with pulse lengths ranging from 10—13 - 10-“15 sec (Duguay 1973).

The active medium will be iess than a cm in length and of the order of a um
in diameter, corresponding to a beam divergence measured in fractions of a
mrad. The spatial coherence will be limited to a few thousand wavelengths

at best while the temporal coherence will be set by the amount of gain
narrowing that occurs. The linewidth may, however, be expected to be narrower

_4; the line

than most conventional sources which normally have AA/A = 10
width of the Al Ka line at 8.3 X, for instance has a line width of 0.9 eV

(Siegbahn 1972). The lasing medium in many suggested schemes will be a

highly ionized, medium-Z plasma. ;

G B e
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2. ALTERNATIVE SOURCES OF X RADIATION

For certain applications intensity and/or line width are important
considerations, for others the combination of beam diameter and intensity
is paramount. For any of these applications sources other than x-ray
laser may be suitable. We will therefore review briefly the parameter
ranges covered by such alternative sources as x-ray tubes, elclfron storage
rings, and laser-driven plasmas.

2.1 Conventional Sources

The conventional source of x-rays is a point source created by elec-
troi bombardment of a target. A typical target for high power applications
is a rotating aluminum target capable of dissipating 10 kW over a target
area of about 0.1 cmz. This produces 0.11 W/sr or a flux of 70 uW/CM2 at
a 40 cm distance at the Al Ka wavelength of 8.3 2. Shorter wavelengths
are produced by copper (Ka = 1,54 X) and molybdenum (Ka = 0.71 %) targets
with a 0.1 cm2 target area, accelerating voltage 50 kV, and electron
beam current of 20 m A. These yield monoenergetic photon fluxes at the
specimen of 10lO photons/cmzsec or 13 uW/cm2 at 1.54 & and 28 uW/cm2 at
0.71 R. Typical line widths of these sources AA/)A are in the range of
1Y - 1072 e specifically, the inherent width of Al K line is
approximately 0.9 eV which corresponds to AA/A = 6 X 10-4. Linewidth is
of crucial importance in photoelectron spectroscopy where it is frequently
desirable to measure chemical shifts to a fraction of an eV [Siegbahn
(1967, 1972)]. More detailed information of conventional x-ray and XUV
sources is given by Gartom (1959, 1966), Samson (1967), and Balloffet

et al. (1961). For a brief discussion of fine-focus x-ray tubes see

Section 10.2.2.
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2.2 Synchrotron Radiation

Synchrotrons have long been a useful tool for nuclear physicists
in the study of the interaction between high energy electrons (or protons)
and matter and as sources of Y rays in photonuclear studies. As the
particles go along their circular orbits the centripetal acceleration
causes them to lose energy in the form of radiation at a rate set by the
Lorentz invariant relativistic generalization of Larmor's result for

an accelerated charge

B U , (1)

where m is the mass of the charge e, T = t/y is the proper time, and
pu is the momentum-energy four-vector. For a rotational Lrequency
in a circular accelerator, this leads to the result obtained by Liénard

(1898)

2
2 4
p=s&Cghd (2)
3 R2

since w = v/R with R the orbit radius, B = v/c, and Y==E/m0c2 in terms

of the particle energy E and its rest mass mo. Clearly, electrons radiate
far more effectively than protons. The energy loss per revolution per
particle is just P X (2MR/v) or in convenient units

E (keV/rev) = 88.5[E(Gev)]* ' R(m) . (3)

For a typical installation (NINA, GB) the electron energy E=4 GeV and

R=20.77 m so that

AE = 1 Mev/rev . . (4)
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The upper limit on the particlc energy is set by the radiofrequency
powe. which can make up for this radiative loss. This restricts
operation to the 5 =15 GeV range.

As a consequence of the relativistic motion of the charged particle,
its radiation pattern changes from the sine-squared angular distribution
of radiation from an accelerating dipole to one that is confined to a
narrow cone around the forward direction or the motion. From tae calcu-
lations of Schwinger (1946, 1949), the halfwidth of the angular distri-

buiton at half intensity is approximately given by

0 2 mocz/E = 1/y (5)

/2

for wavelengths near the peak of the intensity versus wavelength curve.
For E=4 GeV, this yields for an electron synchrotron 61/2 = 10‘-4 rad.
Because the radiation is so narrowly confined to the forward direction

an observer receives a pulse of radiation whenever the tangent to the

orbit sweeps past at a rate
v’ N oye/R . (6)

Because the emitting particle is moving towards the observer at
relativistic speed, the actual frequency seen by the observer is Doppler
shifted by l/(l-—B)“JYZ. Consequently, the frequency detected by the

observer is

v A \(3 c/R . (7)
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Due to irregularities in the electron orbital velocity and betatron
oscillations, the actual spectrum is a continuum with Eq. (7) giving
the cut-off frequency. For E=4 GeV(y~ J00) and R= 20.77 m.

18 -1 : 3
VVv7 %107 sec ~ corresponding to a wavelength of about 0.4 i, A

more detailed calculation by Tomboulian and Hartman (1956) yields for

the critical wavelength

5.59 R (m)

A (A% =
. [E(Cev)]>

) (8)
or 1.8 & for NINA at 4 GeV.

Unfortunately, in practice the narrow collimation of the radiation
in the plane of the synchrotron orbit is lost as the particles ovbit,
though the strong angular dependence of the radiation above and below
this plane remains. The detailed expressions for the instantaneous
power radiated per sec per radian per unit wavelength have been obt-ined
by Tomboulian and Harrman (1956). For our purposes it is sufficient
to list the expression for the total power radiated into all angles at
a given wavelengith A as

-8 [E(Gev)]’

P(A) (W/R) = 7.5%x10 5
[R(m) ]

G(y) , 9)

where (y= AC/A)

3

G(y) =y K (x)dx (10)

5/3

< +— 8

is plotted in Codling (1973, p. 549). The maximum value of G is about

unity, occuring near A = AC.
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Figure 2.1. G(y) as a function of y.
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Thus we can calculate the approximate output of a typical synchrotron
such as NINA (E=4 GeV, R=20.77m). The expressions given until now
are for single electrons and to yield the total radiation power they must
be multiplied by the number of accelerated particles (N) given by the

average circulating current (I). For NINA, I = 20 mA and

8
ni= l'—3:—lﬂ— I(mA)R(m) (11)

where n is the duty cycle which ranges from as low as 0.1 at short
wavelengths up to about 0.5 in the 100 & regime (Codling 1973).

For n = 1/2 we obtain for NINA that N ~ lOll electrons.

2.2.1 Synchrotron Flux at 100 8 and 1 2

Let us calculate some typical outputs for NINA at 100 X and 1 X.

From Table 2.1 the performance of other operational mechines can be
=4

similarly calculated. Equations (9) and (10) (G v 10 ) yield for

1 ;

= and n = 50 tha € power emittec per A at is 0. corre-

N =10 and n = 1/2 so that th tred per & at 100 & is 0.7 w/R

. 16 . ? |3
sponding to 3.5 X10 photons emitted per second per A at 100 A wavelength.
The usable flux is much less than this because it is emitted around the
entireorbit and the radiation at 100 X must be separated from the rest
of the spectrum. Also safety considerations restrict proximity to the tan-
gent point on the orbit to distances (D) of tens of meters. Ignoring mono-
chromator efficiency for the moment (see Section 2.4), we suppose that the
beam is transversely collimated by a slit of width t at a distance D from the
radiating volumz2. The fraction of radiation passing through the slit is then

t/2mD. For t = 2 cm and D = 30 m this implies a loss factor of 10-4. Vertical
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Table 2.1. Important parameters for some electron storage rings and
synchrotrons used .i- x-ray sources. ]

Energy Radius Ac Average Current
Accelerator (GeV) (m) @) (mA)
Synchrotrons
DESY
(Hamburg) 7.5 31.7 0.4 45
(Bonn) 2.3 ifi | 7! 3.5 27.5
Yerevan
(USSR) 6.1 26 0.6 22
NINA
(Daresbury) 4.0+ 20.77 1.8 20
Storage Rings
SPEAR
(Palo Alto) 3.0 13 2.7 30
TANTALUS I
(Stoughton) 0.24 0.65 263 40
SURF 1II
(Washing’ n, D.C.) 0.24 0.8 344 50

maximum energy now 5 GeV

33




collimation leads to a much smaller iloss because of the narrow emittance
angle. For instance, at 100 2 about 1/2 of the radiation falls within

a vertical angle of 0.7 mrad. Therefore, at 30 m the radiation flux passing
through a 2 cm %X 2 cm slit is about 2 X 1012 photons/sec R or 40 uW/X.
The further loss introduced by the monochomator depends on wavelength and
design. At 1 R a similar calculation yields a total photon flux of
approximately (n = 0.1) 4><1018 photons/sec % or 8 kW/R. The various
losses reduce this to 800 mW/X for the above configuration. Actually,

the vertical radiation half-angle is now 0.1 mrad so that most of the
radiation in the vertical plane will be intercepted by a slit of height
0.6 cm. The power flux density at the slit is then v 600m W/cm2 2.

For a line width of 1 eV which is achievable with line sources and mono-
chromators, this corresponds to 60 uW/cm210—4 2. This is quite comparable
to the output for conventional x-ray tubes, and Parratt (1959) has pointed
out that synchrotrons have intensity advantages over these sources at

1 R if the synchrotron energy exceeds 4 GeV. At 1 X, the DESY machine

in Hamburg (E = 7.5 GeV, R=31.7 m, I =6 mA) has proved to be superior

to conventional high powered x-ray sources in diffraction studies

(Rosenbaum et al. 1971).

2.2.2 Advantages and Dicadvantages of Synchrotron Radiation

Synchrotron radiation has the further merit of being highly plane
polarized with the electric vector parallel to the orbital plane. In
addition the degree of polarization can be accurately calculated from !
the known machine parameters. This is particularly important at wave-

lengths less than 1000 R where only inefficient polarization can be
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achieved by reoflection due to low reflectivities (Samson 1967). Know-
ledge of the degree of polarization enables the radiation to be used in
the study of anistropic crystals. Reflectance measurements with light
polarized in different directions relative to the optic axis leads to
the determination of effective optical constants in various directions
(Godwin 1969, Klucker et al. 1971, Bammes et al. 1972). In photo-
electron spectroscopy where the angular distribution of emitted electrons
has been related to the structure of crystals (Fadley and Bergstrom 1971)
a highly polarized beam should be advantageous. In the 600-900 X range
the polarization properties of synchrotron radiation have been used to
explore the plasma resonance of aluminum (plasma frequency 15 eV). Since
the plasmon is a longitudinal oscillation, a p component at non-normal
incidence is required. The decay of the plasmon excited in this way was
indeed observed by Steinmann and Skibuwski (1966) as an increase in the
photoemission for the p component at 830 X.

The continuous wavelength coverage at high intensity from 1000 R to
1 X is an important advantage of synchrotron radiation, especially for
studying sharp resonances in atomic and molecular photoionization continua
and exciton structures in solids. For the unambiguous determination of
absorption cross sections 2c particular wavelengths, however, a continuum
source has a decided disadvantage. This is because of the difficulty
when using a monochromator of separating the scattered light and higher-
-rder contributions from the first-order component. This can be done only
moderately well by using selective reflection. The problem of order
sorting is even worse for grazing incidence spectrometers due to the

inevitable appearance of harmonic multiples. In this connection the
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inevitable hard x-ray components in the bigger machines can lead to rapid
ruination of reflection gratings when one wants to work with the softer
x-ray components. A further disadvantage of storage rings as a source of
x-radiation is the high vacuum requirement (< 10—7 Torr), although this
is useful for some surface studies where a high vacuum is required at the
irradiated sample. Conventional electron bombardment x-ray sources operate
at a vacuum of 10_4 Torr and may suffer from oil backstreaming leading to
possible target contamination.

A tunable x-ray laser would appear to suffer from none of these
problems. It would produce intense radiation of extremely narrow line-
width in a well-collimated beam.

2.2.3 Applications of Synchrotron Radiation

In the soft x-ray regime synchrotron radiation has been found useful
in studying fluorescence K emission spectra of C, B, and Be at 45 X, 67 X,
and 114 R, respectively (Feser et al. 1971). Depending on whether the removed
core electron is replaced with one from the valence or the conduction band,
the density of states of the valence or conduction bands can be determined.
While such studies can often be carried out more efficiently with electron
beams, whos¢ cross section for excitation of fluorescence is greater, than
with photons, x-rays have the advantage over electrons in the study of
organic materials because they produce less surface damage. The difficulty
with the synchrotron continuum, however, is again the unwanted presence of
hard x-ray components which leads to intense scattered short wavelength
radiation. 7The tunable x-ray laser would, of course, have no such problem.

A number of other application areas for synchrotron radiation have

been suggested or are in progress (Codling 1973). We recount these
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briefly here as many can be carried out much more directly and with greater
Precision with a tunable X-ray laser,

Elaago et al. (1970) have correlated the emission of visible radiation
with I center alkali halides produced by synchrotron radiation in the 300-

80 X wavelength range. The study of adsorbed layers, important for instance
in semiconductor behavior, should be facilitated by analyzing the change in
Xuv reflectivities and photoemission yields by probing with x-radiation
(Peavey and Lichtman 1971). The narrow linewidtk and high intensity of
X~ray laser should be an advantage over synchrotron radiation.

The high degree of polarization of synchrotron radiation has led
Skibowski et al. (1968) to study the transmittance and reflectance of aluminum
films as a “unction of p and s polarization. They have found a pronounced
dependence near the aluminum plasma frequency of 835 & and ascribe the dip
in thin film transmittance for the P component to the excitation of
plasmons (Ferrell and Stern 1962, Ejiri and Sasaki 1966). Resolution was
limited by the monochromator and the slit width (0.5 mm) used to about 3 2
at 800 R. Further improvement could not be obtained because of the uncertain
size and motion of the electron beam. Clearly, considerable improvement in
resolution to determine more accurately the line shape of the radiation decay
of optically excited plasmons would be possible with an X-ray laser beam
which would not require further monochromatizaticn.,

An important application of synchrotron radiation has been the con-
Struction of a scanning X-ray microscope by Horowitz and Howell (1972). The
radiation was focused by an x-ray condensing mirror and coilimated by a 2 um
Pinhole in 100 um of gold. At an operating wavelength of 5 X diffraction

sets an approximate limit of I, = dz/k or about 0.8 cm on the specimen-~
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objective distance. The depth of field, limited by the horizontal beam
convergence, amounts to 0.1 cm, significantly larger than that of ordinary
microscopy. The target characteristics are measured by the characteristic
fluorescent x-rays. Resolution is set by the size of the pinhole (Vv 2 um).
Improved resolution could be obtained with smaller pinholes but at the
expense of exposure time which for a given image quality varies inversely
as the square of the resolution size. The sample thickness that can be
probed is set by the penetration of the primary and the absorption of the
fluorescent radiation. In the range considered (2-20 R) this thickness is
limited to 10-100 pm for unit density material. The x-ray fluorescent
spectra produced by characteristic K radiation are relatively simple leading
to good discrimination among the elements. It is thus possible to analy:ze
the element content of um-sized areas with element separation limited mainly
by Thomson scattering from air molecules and the sample. The authors indi-
cate that concentrations of particular elements down to lO-6 to 10—9 gm/cm2
at a resolution of 2 um should be detectable. A further advantage is the
absence of vacuum requirements and the ability, therefore, of examining
structures in vivo. It is clear that an x-ray laser has all the advantages
of synchrotron radiation while not requiring such intensity reducing devices
as a monochromator, filter, and pinhole.

Another important application of synchrotron radiation is for X-ray
lithography, which has been recently demonstrated (Spiller et al. 1976,
Fay and Trotel 1976). The collimation o synchrotron radiation was shown
to be especially useful since 1 um wide lines could be replicated with

negligible geometric distortion with a mask-to-substrate gap(s) up to 1 mm.
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For this application no monochromator was used but the monochromaticity cf
an x-ray laser may be useful for enhancing the absorption characteristics
of the mask and resist materials.

2.3 Laser-Driven Plasma Sources

A fairly efficient method for converting infrared radiation i:.to intense
coherent x radiation is a plasma irradiated by an intense laser. Extensive
investigations have been made into the generation of x rays at the focus of
high-power laser heams (cf., e.g., Fawcett et al. 1966, Basov et al. 1967,
Basov et al. 1969, Jaeglé et al. 1971, Yamanaka et al. 1972, Mead et al.
1972, Mallozzi et al. 1972, Kliwer 1973). The radiation emitted by such
plasma covers the wide range of <1 to 2100 keV and consists of a continuum
with superimposed line radiation from recombination reactions. Reported
efficiencies range from 2-5% (Bernstein and Comisar 1970) to a measured
yield of 15-25% of the incident laser pulse energy from high-Z targets
(Mallozziet al. 1972). According to some estimates of 70% conversion effi-
ciency can even be reached (Shatas et al. 1971). With pulse energies of
1-10 J and widths of 100-300 psec irradiating targets of 100 um diameter the
total x-ray output is clearly considerable. From the point of view of appli-
cations in materials analysis, the laser plasma source's main advantages seem
to be its high intensity which would be useful in radiation damage studies,
and its short pulse time. Otherwise the continuum nature of the radiation
has the disadvantages already mentioned in connection with synchrotron
radiation, while for absorption studies its line components would be a
serious drawback, unless these are of significant intensity and can be
isolated and collimated. The laser plasma source is also unlikely to

serve as an x-ray intensity standard, an application mentioned in connection
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with synchrotron radiation because of the relatively strsightfurward rela-
tionship between spectral output and machine parameters (Codling and Madden
1965, Lemke and Labs 1967, Pitz 1969). This is because the x-ray output of

a laser plasma depends in as yet poorly understood ways on detailed knowledge
of the suprathermal electron distribution which produces the hard x-ray part
of the bremsstrahlung spectrum, a variety of possible plasma instabilities,
input pulse form, and laser-plasma coupling physics (ef., e.g., Brueckner
and Jorna 1974). It is difficult to see how these parameters could ever be
sufficiently well specified, thus rendering a precise a priori determination
of the x-ray output unfeasible.

2.3.1 Point Source Parameters

X-rays from laser produced plasmas can nevertheless serve an important
role by making experimental x-ray laser applications research possible far
in advance of the existence of an x~ray laser. Indead, many of the appli-
cations that are cited here in justification of an x-ray laser (x~ray
microscopy, ESCA, nondestructive testing, etc.) can be accomplished with a
point source (i.e., "spatially coherent" source) of x-ray lines. For
example, a significant fraction of the x rays in a given x-ray line can be
focused onto another point or into a collimated beam with a doublyjcurved
Bragg-angle crystal reflector. TFor most purposes, such an arrangement is
equivalent to a tunable, monochromatic, pulsed, X-ray laser.

Laser produced x rays are an excellent source of x rays for x-ray laser
applications research. Indeed, this source has already been used ro con-
siderable advantage in X-ray microscopy and nondestructive testing (Malozzi

et al. 1973, 1975, to be published).
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In the following we describe the laser x-ray source and some of its
uses in nondestructive testing and xX-ray microscopy. The discussion is
carried out mostly from the point of view of utilizing the x rays from the
source directly, without monochromatization by scattering from a crystal.
However, similar experiments can be carried out with a monochromatic besa.:
produced with a crystal, as explained above.

2.3.2 Laser Plasma Source Parameters

Neodymium-laser light focused onto solid iron and copper slab targets
has beenconverted into x rays with an efficiency of greater than 25%, with
several tens of joules of x rays emanating from a point source (about
100 ¢ in diameter) in about 1 nsec (Mallozzi et al. 1975). The technique
used for generating the x rays involves vaporizing and ionizing material near
the target surface with an V1 J, 10 nsec prepulse or "foot', and laser heating
the resultiu” low-temperature plasma to the multikilovolt regime by an
100 J, V1 nsec main pulse via the inverse bremsstrahlung absorption process.
The prepulse strikes a 100 to 200 u-diameter focal point at an incident
intensity of about lOll W/cmz, whereas the main pulse strikes it at about
lO14 W/cmz, The x rays are produced in the plasma by bremsstrahlung,
recombination radiation, and line radiation.

The basic experimental configuration for the x-ray production is shown
in Figure 2.2. Figure 2.3 shows the angular dependence of the x-ray pattern
produced with iron targets irradiated at a 45° angle of incidence. The
27% conversion efficiency cited in the figure refers to x rays which are
radiated into the 27 ster away from the slab and pass perpendicularly through
3000 R of plastic (parylene) coated with 2000 R of aluminum. This conversion
efficiency is thus a lower bound and refers only to the portion of the

spectrum above about 300 eV.
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The x-ray spectrum ob zrvel in rhese experiments consists of three
distinct components, all of which ave produced by the main laser pulse.
Most of the vutput is contained in a very soft component between 0.3 and
2 keV and consists of spectral lines emitted from the relatively cool
(<1 keV) leading edge of a thermal diffusion front. A typical output in
this spectral reginon is shown in Figure 2.4. There is also a somewhat
harder component with photon energies ranging from several keV to about
30 keV. This component consists of x rays emitted from a ho:-ter less dense
region of the plasma which is closer to the laser. These x rays correspond
to a conversion of about 17 of the incident laser energy to free-free and
free-bound radiation in a plasma region with electron temperature kTe =
5 keV. Thus, the intermediate component of the X-ray spectrum varies with
photon energy hv as approximately exp (—hv/kTe), where kTe = 5 keV. There
is a third, and still harder, component that extends to 100 keV and higher.
This componeut is generalily attributed to bremsstrahlung produced by a small
subgroup of electrons that are accelerated to "suprathermal" (i.e.,
anomalously high) velocities by nonlinear interactions between the intense
laser beam and the plasma.

Of the thrze cowponents of the x~iay spectrum, only the hard x rays are
too weak in their present state to be useful. The two softer components are
sufficiently intense to allow their immediate application in nondestructive
testing. They confer a number of important advantages.

At present, there are five main properties of the laser plasma x-ray

source that render it useful for nondestructive testing:
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a) Small spot size (about 100 Y diameter or smaller)

b) Short pulse width (about 1 nsec)

c) Soft x-ray spectrum (mostly concentrated between 0.3 and 2 keV
but with useful outputs extending to 30 keV)

d) Ability to generate x rays at remote or otherwise inaccessible
locations

e) An abundance of intense spectral lines.

These properties are each impressive in themselves. Most noteworthy, however,
is the fact that they are all associated simultaneously with the same source.
For example, small spot size makes it possible to take high-resolution radio-
graphs. When combined with short pulse width, these photographs remain sharp
regardless of any mechanical or biological motion that may possibly occur.

By way of comparison, commercial x-ray tubes typically have a spot size
of 1 mm (1000 y) and produce an x-ray power of about 1 W at an operating
voltage of 30 keV and 0.1 W at an operating voltage of 10 keV. They, there-
fore, require from 10 to 100 sec to produce the same 10-or-so J of x rays
that are readily produced with a 100 J laser pulse, and from 1000 to 10,000 sec
to radiate the same number of J/cmz/ster. We note that J/cmz/ster, i.e.,
"time-integrated brightness", is the appropriate physical quantity for com—
paring the resolution obtainable with motionless objects.

Property (c) helps supply the need for an intense souce of soft x rays.
Soft x-ray radiographs with commercial x-ray tubes often require several
minutes of exposure time, and many hours are sometimes employed in the 1 keV
regime. It is apparent from the above that comparable or superior results

can often be expected with a single laser shot.
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2.3.3 X-Ray Micro-Radiography

It is useful to provide an illustrative example. This is accomplished
rather dramatically in Figure 2.5, which shows a honeybee photographically
arrested in flight. This "contact" X-ray photograph was taken with the film
placed 10 c¢cm from the source, with the subject located as close to the film
as possible. The source was located in a prototype X-ray probe, a conceptual
design of which is shown in Figure 2.6. The probe consists of a long conical
vacuum chamber, with a lens located at the wide end to focus the laser beam
onto a target located within the tip. The target used in producing the
photograph was a copper slab 1ym thick and was i:radiated by the laser beam
at normal incidence. Since the x rays were generated in a‘small sublayer
of the target facing the laser and were required, before reaching the insect,
to survive passage through the bulk of the target, through a 37 mm thick
beryllium window, and through about 10 cm of air, the x rays that produced
the photograph mostly lay above several keV.

In taking this photograph, the first four properties of the new 