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Tunable Coherent X-rays

David Attwood, Klaus Halbach, Kwang-Je Kim

The spectral region referred to as the
XUV includes soft x-rays and ultraviolet
radiation. Photon energies in this region
extend from several electron volts (eV)
to several thousand electron volts (keV).
The primary atomic resonances of ele-
ments such as carbon, oxygen, nitrogen,
and sodium, as well as resonances from
many molecular transitions, appear in
this region. In addition, the photon

which emit radiation of longer wave-
lengths. Optical techniques, including re-
flection, dispersion, and imaging, suffer
from photoelectric absorptive effects in
this region. Between the wavelengths of
about 10 and 1000 angstroms (A) there
are no materials that are both transmis-
sive and capable of supporting an atmo-
sphere of pressure over macroscopic di-
mensions.

Summary. A modern 1- to 2-billion-electron-volt synchrotron radiation facility
(based on high-brightness electron beams and magnetic undulators) would generate
coherent (laser-like) soft x-rays of wavelengths as short as 10 angstroms. The
radiation would also be broadly tunable and subject to full polarization control.
Radiation with these properties could be used for phase- and element-sensitive
microprobing of biological assemblies and material interfaces as well as research on
the production of electronic microstructures with features smaller than 1000 ang-
stroms. These short wavelength capabilities, which extend to the K-absorption edges
of carbon, nitrogen, and oxygen, are neither available nor projected for laboratory
XUV lasers. Higher energy storage rings (5 to 6 billion electron volts) would generate
significantly less coherent radiation and would be further compromised by additional
x-ray thermal loading of optical components.

wavelengths in this region match impor-
tant spatial scales such as the pitch and
diameter of biochemical helices, the mi-
crostructural features of materials, and
the dimensions of the next generation of
electronic microcircuits.

The XUV spectral region has not been
exploited to the degree warranted by
these spectral and spatial features. In
many ways it is a difficult region in which
to perform experiments. Present XUV
radiation sources are far more limited in
intensity, tunability, and directionality
than lasers, masers, and Kklystrons,
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Substantial progress in the develop-
ment of x-ray optical techniques has
been made recently (/-6), largely as the
result of the need for ever smaller micro-
fabrication capabilities in the electronics
industry, research on x-ray emitting, hot
dense plasmas for nuclear fusion, and
studies of interface formation in materi-
als. For instance, imaging has been dem-
onstrated with normal-incidence x-ray
mirrors made with multilayer interfer-
ence coatings (/). X-ray microscopes
with diffractive Fresnel zone-plate lenses
have produced element-sensitive images
of biological systems, in some cases re-
solved to better than 1000 A (2, 8). X-ray
recording instruments with picosecond
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resolution, initially developed to study
energy transport in hot dense plasmas
(9), are now commercially available.

In order to extend scientific and tech-
nological opportunities, a bright source
of tunable, partially coherent, XUV radi-
ation is needed. Coherence, in the limit-
ed sense used here, refers to the ability
to form interference patterns when wave
fronts are separated and recombined.
Partially coherent radiation is capable of
producing clear interference patterns
(fringes), but only within limited trans-
verse or longitudinal displacement (/0).
The longitudinal displacement within
which fringes can be formed is called the
coherence length €. (/1), which is given
by the wavelength \ times the number of
waves of coherence N/AMN (spectral puri-
ty): €. = AY/AN.

For experiments that utilize phase-
sensitive techniques, such as x-ray inter-
ferometry and x-ray microholography, a
radiation field with full spatial coherence
and several micrometers (nm) of longitu-
dinal coherence is often satisfactory.
This corresponds to only a few hundred
waves of coherence at a wavelength of
100 A. Radiation with these properties is
now attainable as a result of advances in
accelerator physics and the development
of permanent magnet undulators, struc-
tures that produce periodic magnetic
fields. In the undulator a narrow beam of
relativistic electrons, typically 200 um in
diameter and S0 microradians (prad) in
angular spread, interacts with periodic
magnetic fields of precise phase varia-
tion to produce directed, tunable radia-
tion, which has narrow spectral features
and is nearly diffraction limited, at wave-
lengths throughout the XUV region (/2).

Coherence Properties of

Radiation from an Undulator

The interaction between an electron
beam and a magnetic undulator is illus-
trated in Fig. 1. A narrowly confined
beam of relativistic electrons (or posi-
trons) with an energy equal to vy times the
electron rest energy passes between
magnets of alternating polarity in a high
fidelity undulator of periodicity A,. Ex-
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periencing periodic vertical magnetic
fields, the charged particles undergo os-
cillatory motion in the horizontal plane
with the period of oscillation equal to .
Oscillating charges moving at relativistic
speeds generate synchrotron radiation
that is peaked sharply in the forward
direction and that is greatly contracted in
wavelength (/13—16). As observed in the
forward direction, the radiation wave-
length is relativistically contracted from
that of the undulator period A\, to a
wavelength \ given, to a first approxima-
tion (17), by A = \,/2vy*. For a 1-billion-
electron-volt (GeV) electron storage ring
(y == 2000), this effect contracts centime-
ter-long oscillation periods to x-ray
wavelengths. For an undulator of N peri-
ods and a suitable electron beam, the
half angle of the radiated emission cone
is approximately 1/(yVN (18), typically
50 wrad for a 100-period undulator. The
properties of undulator radiation have
been described elsewhere (19-22). Table
1 lists typical parameters for a soft x-ray
undulator in a 1.3-GeV storage ring.

Short wavelengths, sharp spectral fea-
tures, and narrow radiation cones are
well-known features of undulator radia-
tion. Less well known are the coherence
properties of undulator radiation (23),
properties more generally associated
with lasers. Coherent radiation can be
well controlled. It can be collimated and
projected with a small beam width over
long distances, accurately pointed, and
focused to small areas; and its wave
front can be dissected and recombined to
form fringe patterns by means of phase-
sensitive techniques such as interferom-
etry and holography. The extension of
such capabilities to the XUV spectral
region could produce scientific opportu-
nities similar to those that resulted from
the development of visible lasers.

The coherence properties of radiation
can be characterized by the energy
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Fig. 1. Partially coherent x-
rays are produced when a
thin, pencil-like beam of
relativistic electrons tra-
M verses a periodic magnetic
structure. The radiation is

Diffraction-
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of x-rays

X 2
2y relativistically contracted
1 to short wavelengths and
0= vyN  condensed to a narrow for-
ward cone.

spread of the photons, which is de-
scribed by their spectral purity /AN, and
the phase-space volume in which the
photons are contained, (d - 8)?, where d
and 0 are measures of photon-beam
width and divergence, respectively.
Spectral purity determines longitudinal
coherence in the direction of propagation
as shown in Fig. 2. The phase-space
volume is the product of an area and a
solid angle, which provides a measure of
transverse coherence. The product is
minimal for sources of full spatial coher-
ence, limited only by the finite radiation
wavelength
d 1y
2 0= s
where, for a Gaussian intensity distribu-
tion, d/2 is the 1/¢* radius and 8 is the 1/¢?
radiation half angle. Radiation described
by Eq. 1 is said to be diffraction-limited.
Incoherent radiation, from sources such
as ordinary light bulbs, has a broad spec-
tral content and emits from a large area
into the largest possible solid angle.
Fully coherent radiation has a narrow
spectral content (MAX ~ 1074 to 1079
and a phase-space volume given by Eq.
1. Partially coherent radiation does not
fully possess these limiting properties.
Its spatial coherence is defined by Eq. 1,
but its longitudinal coherence is limited
by a spectral purity of /AN = 10% to 10°.
Because of the direct relation between
the electron oscillation and the resulting
radiation, the energy spread of the elec-
trons should be small, and the phase-
space volume containing the electrons
should be equal to or smaller than that
given by Eq. 1 for the photons. The
phase-space area, which is treated sepa-
rately for the horizontal and vertical
transverse beam directions, is called the
emittance (24),

M

€, = TMOKLOh (2)

where oy, and oy, are the horizontal 1/Ve
Gaussian beam radius, in meters, and
angle measures, in radians, respectively.
Equating the phase-space areas for the
electron beam and spatially coherent
photons, Egs. 1 and 2, determines the
equivalence condition

oo = 25 3
e

where \q is the shortest wavelength for
which full spatial coherence is obtained.
From the same electron beam, radiation
of longer wavelength will have full spa-
tial coherence, but radiation of shorter
wavelengths will have reduced coher-
ence because the phase space of the
electrons is overly large. The factor of 4
in Eq. 3 accounts for differences in the
common measures of Gaussian electron
and photon beam distributions; that is,
the 1/¢* quantities for photon beams and
the 1/Ve quantities for electron beams.
Advances in modern accelerator phys-
ics and storage ring technology have
provided the capability of reducing emit-
tance by an order of magnitude (25, 26).
The 1-GeV storage ring now being con-
sidered for construction is designed to
provide horizontal and vertical emit-
tances of approximately 7 x 10™° and
7 x 107'° vm - rad, respectively. Equa-
tion 3 shows that these emittance values
correspond to full spatial coherence at
wavelengths equal to or greater than Aq
values of 90 A and 900 A in the vertical
and horizontal directions, respectively.
To obtain full spatial coherence at
shorter than optimum wavelengths it will
be necessary to introduce an aperture in
the photon beam. While transmitting
only spatially coherent radiation, the ap-
erture will reduce the photon flux by a
factor )\2/)\eq,v)\eq,h, where v corresponds

to vertical and h to horizontal.
Longitudinal coherence (Fig. 2) pro-
vides a measure of permissible separa-
tion of wave fronts in the direction of
propagation. With wave-front separa-
tions less than the coherence length
€. = NY/A\, the relation between the
phases is maintained, and it is possible to
observe clear constructive and destruc-
tive interference patterns (fringes). For
an electron beam traversing an undulator
of finite length, the radiation emitted is
that of a harmonic oscillator of N cycles
(Fig. 1). The radiation thus occurs in a
narrow spectral line of width A/AN = N.
In the case of relatively strong undulator
motion, K = 1 (I7), the harmonic con-
tent of the electron motion, and thus
harmonic content of the radiation, be-
comes important. In this case the radia-
tion appears in a series of narrow har-
monics, each of spectral purity A/
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AN = nN, where n is the harmonic order
(n=1, 2, 3...). Consequently, the
observed radiation has a longitudinal co-
herence length given by
A2

£ = s nN\ 4
which is essentially the relativistically
contracted length of the undulator.

For the 1-GeV storage ring presently
under consideration, Eq. 4 and the pa-
rameters in Table 1 indicate a coherence
length of approximately 1 wm. Such a
coherence length is sufficient for many x-
ray microprobing experiments. If addi-
tional coherence length is required, or if
greater spectral resolution is desired, a
monochromator could be employed.
With photon beams of such narrow angu-
lar content and spatial distribution, spec-
tral resolutions NAN approaching 10*
could be anticipated (27, 28); however,
there would be a concomitant loss in
power. With several thousand coherent
waves at the exit of a monochromator,
longitudinal coherence lengths measured
in tens of micrometers could be antici-
pated. Such long coherence lengths
would provide the capability for x-ray
holographic microscopy with a relatively
deep depth of field.

It is now possible to define a coherent
power as that portion of the radiated
power residing within a phase-space vol-
ume defined by full spatial coherence
(Eq. 1) and a desired coherence length.
The proposed 1-GeV undulators are ex-
pected to radiate with a coherence length
of about 1 um. For experiments in which
1 wm is sufficient, undulator radiation
will be fully coherent at wavelengths long-
er than those determined by Eq. 3. For
shorter wavelengths the coherent power
decreases according to the relation

2
Pegn = 2= . N ®)
€hEy

where I is the current and where we have
assumed that the total generated power
is fixed. For fixed emittance and undula-
tor conditions, increased beam energy
(y) allows the reduction of \, but im-
poses a reduction in spatial coherence by
a factor of A2 and a reduction in longitu-
dinal coherence by a factor N\; thus as A
decreases, the coherent power decreases
by a factor of A*. We will see that from a
next generation 1-GeV storage ring we
can anticipate an average coherent pow-
er of several hundred milliwatts (mW) in
the ultraviolet region, which decreases
to about 10 mW in the vicinity of the
carbon, oxygen, and nitrogen K-absorp-
tion edges (20 to 50 A) and thereafter
drops by a factor of A* with further
reductions in wavelength.
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Coherent X-rays from Low-Emittance
Storage Rings

In a description of the characteristics
of future undulator radiation sources, the
specific properties of a fully designed
and optimized facility should be consid-
ered so that secondary and non-ideal
effects are accounted for. The Advanced
Light Source (ALS) proposed by Law-
rence Berkeley Laboratory is specifical-
ly designed to generate synchrotron radi-
ation, and therefore it includes all fea-
tures required to achieve the lowest pos-
sible emittances plus 12 long, straight
sections for magnetic undulators and
wigglers (29). The storage ring is de-
signed to operate at a beam energy of 1.3
GeV and an average beam current of 400
milliamperes and, specifically, to pro-
vide high spectral brilliance and high
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Fig. 2. Partially coherent radiation is de-
scribed as having full lateral coherence but
limited longitudinal (direction of propagation)
coherence. Radiation from a single source
that has been dissected into wave fronts is
shown. After traveling separate paths, per-
haps through a sample, the wave fronts will be
reunited to form an interference (fringe) pat-
tern. To successfully form an interference
pattern, the wave fronts must overlap within a
longitudinal coherence length, A¢. For fringe
formation to be insensitive to lateral displace-
ment, the radiation should be of full spatial
coherence.

coherent power in the XUV region. The
horizontal emittance from the source is
projected to be 7 X 10™° =m - rad; in
one mode of operation the source would
incorporate 250 circulating electron
bunches of nominally 20-psec duration
each.

The ALS would include four undula-
tors, each designed for a different spec-
tral region. Undulator Uy, is specifically
designed to cover the spectral range
from approximately 200 eV to several
keV. This undulator would have 142
periods with a spatial periodicity of 3.5
cm and a peak vertical magnetic field of
0.57 Tesla. The frequency content and
spatial distribution of the third-harmonic
(n = 3) radiation from Up are shown in
Fig. 3. The various spectral peaks would
be tuned by varying the magnet gap (17),
thus varying the effective transit time
and temporal frequency. In Fig. 3b, the
coherent nature of the radiation is illus-
trated by the spatial interference pattern
of 500 eV (25 A) radiation at a distance of
10 m from the source. Emanating from
the magnetic interaction region, a flux of
approximately 10'® photons per second
radiates into a central cone of 40 prad by
100 prad full angle (20) from a source
area of about 160 pm by 400 wm. The
spectral bandwidth is approximately 1
percent. As described in the previous
section, the radiated power will be of
high spectral brilliance and also largely
coherent in nature.

The coherent power considerations for
the various undulators are summarized
in Fig. 4. Time-averaged coherent power
is specifically defined here as that por-
tion of the radiation being of full spatial
coherence and having a longitudinal co-
herence of 1 um. The vacuum uliraviolet
(VUV) undulators (U,, Ug, and Ug) are
each expected to emit radiation with an
average coherent power of about 200
mW. For wavelengths shorter than about
100 A the coherent power falls approxi-

"'mately by a factor of \*, as discussed in

the previous section. Figure 4 shows that

Table 1. Typical parameters for a soft x-ray undulator.

Parameter

Value

Electron beam energy

Beam current 0.4 amps
Magnetic wavelength (\,) 3.5cm
Magnetic periods (V) 150

Photon wavelength (\)

1.3 GeV (y = Elm,c? = 2500)

A/2¥% = 30 A (400 eV)

(Broadly tunable from 100 eV to a few keV)

Bandwidth (\/AN)
Angular divergence (0)
Polarization

Temporal structure
Coherent power

N =150

1/(y VN) ~ 30 prad

Linear, circular, and so forth

20 psec bursts at 500-MHz repetition rate

10 mW at 500 eV, tunable, polarized (spatially coherent;

€. = N¥YAN ~ 1um)
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the 25-A operating point described spa-
tially and spectrally in Fig. 3 would emit
radiation with an average coherent pow-
er of 10 mW. This radiation would occur
in nominally 20-psec bursts at a 500-
megahertz (MHz) repetition rate. At
present the greatest flux of coherent soft
x-rays is available from a bend magnet
(U-15) at Brookhaven’s National Syn-
chrotron Light Source (NSLS), as indi-
cated in Fig. 4. When the soft x-ray
undulator (X-1) becomes available at
NSLS, the coherent power available at
that facility should rise by three orders of
magnitude. For comparative purposes,
Fig. 4 also shows the domain of present
atomic and molecular lasers (the shaded
region extending to about 1000 A) (30) as
well as recent nonlinear laser-harmonic
and mixing techniques (31-34). The non-
linear mixing techniques are capable of
producing radiation at wavelengths less
than 1000 A, but the radiated power
declines rapidly, typically as a function
of the wavelength raised to an exponent
of the order of the nonlinearity involved,
for example \’ or \°.

Recently, researchers at the Lawrence
Livermore National Laboratory (LLNL)

a 10'®
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A
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(sec) (mm)(mrad) (0.1 % bandwidth)

Fig. 3. (a) The frequency
structure of undulator radia-
tion consists of sharp spectral
peaks of width 1/N, where N is
the number of undulator peri-
ods in the magnetic structure.
(b) Spatial structure of the
third harmonic at a distance
of 10 m from the source is
shown. Of particular interest
is the central radiation cone,
which has high spectral bril-
liance and substantial coher-
ence properties. The charac-
teristics of the photon beam at
the source are indicated in the
lower left corner.
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extended the short-wavelength limit of
lasers to the 200-A region (35). In those
experiments population inversions were
created in plasmas of neon-like selenium
and yttrium, which led to single-pass
amplified spontaneous emission at sever-
al wavelengths. Lines at 206 and 209 A
demonstrated exponential growth in pro-
portion to the length of the gain medium.
The lasing medium was a plasma of
highly stripped atoms produced with 2-
terawatt visible-light pulses from the No-
vette laser, which was originally built for
fusion research. The experiments were
guided by a well-characterized set of x-
ray spectroscopic and plasma diagnos-
tics and a computational capability that
tracked not only the relevant atomic
physics but also plasma dynamics and x-
ray refractive effects. The peak power in
the selenium laser experiments was ap-
proximately 400 W in nominally 400-psec
pulses. The spectral line widths, domi-
nated by Doppler broadening, were esti-
mated to be of the order of MAX = 10%,
which corresponds to a longitudinal co-
herence length of about 200 wm. The
radiation, however, exceeded the dif-
fraction limits (Eq. 1) by a factor of 50 to

I I 1

Advanced light source
1.3 GeV, 400 ma

Undulator Up, 142 poles
A, =35 cm, B, = 0.57 Tesla |

| -
30 Pole \_Ni_gg_ler (2.3 Tesla)

Bend_ magget (1.2 Tesla)

ﬂ\ln/x> |

1 2 3 4
Photon energy (keV)

142 periods, A, = 3.5 cm
B0 =57 kG, K =1.87

[ 500 um
NN
~— 1000 um

High brilliance
central cone provides
10'® photons/(sec)(1% bandwidth)

100 in both the horizontal and vertical
directions and, thus, was spatially inco-
herent. The peak power of the spatially
coherent radiation derived from this
source, that which could be collimated
and projected as a thin beam over long
distances or focused to diffraction-limit-
ed small areas, was of the order of 100
mW.

The large transverse phase space of
this class of XUV laser is attributable to
the high thermal state of the lasing medi-
um, a rapidly expanding plasma of 1-keV
electron temperature. Future experi-
ments are likely to explore the limita-
tions of expanding the plasma as well as
the possibility of improving the spatial
coherence through the use of transverse
mode-selecting techniques. Further ex-
perimentation with selenium and yttrium
is expected to result in saturated lasing at
peak powers three to four orders of
magnitude greater than those recorded to
date; additional elements and alternate
pumping schemes are expected to extend
those capabilities to wavelengths some-
what shorter than 100 A (36). Other
approaches to XUV lasing, based on the
creation of metastable excited states of
cold neutral atoms, may also generate
laser radiation in the 200-A region, per-
haps of narrower spectral line width and
perhaps from significantly smaller facili-
ties (37).

In light of these new developments
and anticipated progress in XUV lasers,
we will review here the capabilities of
undulators, to determine how they com-
plement atomic lasers and to consider
their own future development. Undula-
tors are expected to produce coherent
radiation at wavelengths as short as 10
A, which would include the absorption
edges of elements important to the bio-
logical sciences, the physical sciences,
and technology, as noted previously
(Fig. 4). The coherent radiation typically
will have a peak power of 200 W at 200 A
and 10 W at 25 A and will be generated in
nominally 20-psec pulses at megahertz
repetition rates. The radiation will be
broadly tunable: it will be possible to
generate coherent radiation at and near
the wavelength of any resonance feature
in the soft x-ray or VUV regions. Undu-
lator radiation is naturally polarized;
with colinear undulators of orthogonal
orientation it will be possible to generate
linear, circular or elliptical polarization.

A natural extension of the undulator is
the free electron laser (FEL), which for
short wavelengths (A < 1000 A) will also
be based on the technologies of low-
emittance storage rings and periodic
magnetic structures (38). The extension
from undulators to FEL’s requires a
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strong coupling between the generated
fields and the driving electron beam.
With sufficiently intense fields and ap-
propriate particle dynamics, a density
modulation (bunching) could potentially
be achieved throughout much of the
electron beam. Phase-coherent bunch-
ing, extending for as many as several
million periods, could then lead to fully
coherent radiation of both high peak
power (~100 MW) and high spectral
purity (39) and in which the relative
bandwidth A/AN would be proportional to
the number of electron modulation peri-
ods (of the order of 10° rather than the
number of undulator periods (of the or-
der of 10%). Free-electron lasing is now
well established in the longer wavelength
microwave through visible spectral re-
gions (40-43). There are two possible
ways to extend FEL techniques to the
XUV region, neither of which has yet
been pursued in the laboratory because
of the lack of appropriate 1-GeV storage
ring facilities. One technique, mirror-
feedback FEL’s, would achieve field in-
tensification through cavity-forming end
mirrors, which presently do not exist at
sufficiently high reflectivity (44). The
other approach would make use of very
long undulators (N of the order of 10%) in
a storage ring specially built so that
intense fields would be generated in a
single-pass FEL (39, 45). Both of these
techniques would provide a natural ex-
tension to the coherence properties ob-
tainable with straightforward undulators.
Thus storage ring-based technologies
are likely to play an important role for
many years in the development of coher-
ent radiation of ever shorter wavelength
0, 47).

Undulators for the XUV Region

Undulator Up, designed for use in the
proposed 1.3-GeV ALS (29), is typical of
the type of magnetic structure that would
be used for the production of coherent
XUV radiation. Designed as a hybrid
undulator, it would use samarium cobalt
(SmCo) as the flux-generating active
magnetic material and soft iron as the
field-guiding passive material. The field
distribution in the region passed by the
electrons is essentially determined by
the iron, whereas the field strength is
controlled by the active material and the
gap distance. Permanent magnet struc-
tures of this type (Fig. 1) have been built
and operated as x-ray generating devices
49).

Permanent-magnet structures are used
in this type of application because they
offer advantages when critical dimen-
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sions such as period and gap are small.
The alternate method is to use conven-
tional electromagnets, in which current
densities, and thus ohmic heating, are
inversely proportional to the linear di-
mensions of the magnets such that, at
some small dimension, cooling becomes
an insurmountable task.

When active-material blocks (SmCo)
are placed in the structure according to
their measured magnetic properties, pe-
riodic fields are produced within fairly
strict tolerances. Fine tuning of the peak
fields is accomplished with tuning studs.
The ability to generate on-axis fields
within strict tolerances is particularly
important for the generation of harmonic
radiation, since poor field quality would
cause dephasing effects that would result
in loss of coherence (50).

While it is not expected that improve-
ments in permanent-magnet technology
will improve the performance of undula-
tors by very large factors in the foresee-
able future, modest improvements can
be expected. For example, the produc-
tion of a new material, whose main ingre-
dients are neodymium and iron, was
announced in 1983. This material has
magnetic properties (50) that will permit
given field strengths to be achieved with
larger ratios of gap to period than with
present materials. With gaps fixed by
electron beam considerations, the mate-
rial will allow magnetic structures to be
built with shorter periods, permitting the
generation of radiation with proportion-
ately shorter wavelengths.

Atomic and molecular lasers exist

Microprobing Techniques with

Coherent X-rays

The availability of a tunable source of
coherent soft x-rays, combined with re-
cent developments in x-ray optical tech-
niques (3), should make it possible to
construct an x-ray microprobe of suffi-
cient intensity to permit fundamentally
new, phase-sensitive experimentation in
a number of scientific and technological
fields. Various imaging and scattering
techniques would be enhanced by the
greatly increased photon flux available
to study small samples together with the
capability of tuning the radiation to the
wavelength of interest. For example,
with soft x-rays well matched to the
absorption edges of elements such as
carbon (284), nitrogen (400), and oxygen
(532) as well as other elements of rela-
tively low atomic number, such as sodi-
um, phosphorus, sulfur, potassium, and
calcium, it should be possible to study
elemental distributions and motion with-
in biological specimens without the need
for dehydration, fixing, or staining (52).
Three-dimensional imaging, made possi-
ble by combining partially coherent un-
dulator radiation and x-ray microholo-
graphic techniques, would complement
the information available from electron
microscopes of high spatial resolution.
Additional techniques, based on polar-
ization control (53), could permit further
investigation of biochemical assemblies
in which image contrast, or scattering,
would be enhanced by the resonance
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lengths of about 1000 A and longer. Recent laser results at 206 A and 155 A driven by the
Novette laser at LLNL are indicated. The range of radiation produced by laser-harmonic and
mixing techniques is also shown. In the soft x-ray spectral region, which includes the important
K-absorption edges of carbon, nitrogen, and oxygen, only undulators could provide significant
coherent power in the near term. Coherent power is defined here as radiation having full spatial
coherence and a longitudinal coherence length of 1 um.
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between XUV wavelength, polarization
rotation, and structural features such as
helical pitch, diameter, and conforma-
tional details (54). Figure 5 illustrates
how linear, circular, and elliptical polar-
ization could be obtained with a pair of
colinear undulators of orthogonal orien-
tation.

The microprobing of small samples
with coherent x-rays would permit stud-
ies with spatial and temporal resolutions
of the order of hundreds of angstroms
and tens of picoseconds (generally in
some inverse relation) and would bring
new capabilities to many scientific fields.
In the fields of atomic and molecular
physics (55), it would be possible to
obtain new insights into many-electron
phenomena and other aspects of atom-
ic structure and dynamics, including
threshold resonances. Characterization
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of initial and final atomic states would
become even more precise with the ca-
pability of studying microscopic gas
samples with tunable, high-flux photon
beams. In the field of materials science,
these same capabilities would permit
new studies of atomic order in thin films,
of interface formation, and of surfaces,
to name a few areas (56). Chemists
studying photoexcitation and photoion-
ization (57) at XUV wavelengths would
benefit from a significant extension of
capabilities. High-brilliance radiation,
combined with appropriate focusing op-
tics, could permit the concentration of
unprecedented flux (in excess of 10'3
photons per second within a spectral
width AM\ approaching 10™%) onto mi-
croscopic samples. The resultant inter-
action products could be studied with
high spatial, temporal, and spectral reso-

lution by matching instrumentation to
the new high-brilliance source. In fact,
researchers in this field have already
demonstrated the ability to selectively
fragment molecular bonds and, as a con-
sequence, ‘‘foresee the use of tunable
soft x-rays as scalpel-like tools to break
large organic molecules around certain
selectable atoms (C, N, or O) within the
molecule” (58). As a last example, in-
dustrial scientists would have a new tool
for optimizing photoresist materials for
x-ray lithographic recording and subse-
quent replication of microstructures with
features smaller than 1000 A (59).

A diagram of a coherent x-ray micro-
probe driven by undulator radiation is
shown in Fig. 6. Partially coherent radia-
tion, generated within the undulator by
a nominally 1-GeV electron beam (not
shown), would propagate to the right. A
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Fig. 5 (left). Arbitrarily polarized radiation, including linear, circular, and elliptical polarization, can be achieved with a pair of colinear
undulators of orthogonal orientation. The electron pathlength in the intermediate region controls the phase relation between the radiation from
the two undulators and thus determines the resultant polarization state. Fig. 6 (right). A generalized soft x-ray microprobe is diagramed.
There is a difference in scale after the monochromator. Such a capability will bring new scientific opportunities to the biological and physical
sciences from such techniques as x-ray and vacuum-ultraviolet microscopy, microholography, scattering, and spectroscopy.
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Fig. 7 (left). Diffractive focusing of soft x-rays with a Fresnel zone
plate is illustrated. With an outer zone width of Ar (perhaps 500 to
1000 A), a focal region waist of 2.4Ar is achieved. The equivalent lens
F#, imaging resolution, diameter, and focal length are indicated. The
use of more familiar refractive lenses, those commonly used for
visible light, is precluded by absorptive effects in the x-ray region. 9
Fig. 8 (right). (a) Diagram of an experiment by Aoki and Kikuta that
demonstrated off-axis x-ray holography with synchrotron radiation
(66). (b) A possible extension of x-ray microholography is shown.
With modern x-ray optical techniques and additional coherent power
by a factor of 10°, the experiments in (a) could be redesigned and
repeated with significantly improved spatial and temporal resolution,
perhaps of the order of 1000 A and 1 millisecond, at soft x-ray
wavelengths.

1270

Off-axis
reference
wave

e Diffraction
grating

Phase
structure

Tuneab(f/'

coherent
x-rays

SCIENCE, VOL. 228




multilayer interference mirror may be
desirable for harmonic selection (Fig. 3a)
and modest spectral definition (7), A/
AN =30 to 100. A circular collimator
would generally be used to remove angu-
lar structure outside the central radiation
cone (Fig. 3b). A monochromator is
shown for those experiments that would
benefit from improved spectral resolu-
tion or longer coherence length. The
monochromator would be followed by a
Fresnel zone plate, a circular micro-
structure that would serve as a focusing
or condensing lens, depending on the
application. The zone-plate lens would
be followed by an experimenter’s enclo-
sure that would include the sample under
study and whatever additional compo-
nents would be required for the particu-
lar technique employed, for instance,
microscopy, microholography, scatter-
ing, or spectroscopy. Each of these tech-
niques has its own requirements and
therefore would not benefit from all the
components indicated in Fig. 6.
Focusing by a Fresnel zone plate is
accomplished by diffraction from a circu-
lar pattern of alternating opaque and
transmissive zones (Fig. 7). Although
properly understood as constructive in-
terference of radiation scattering from
regions whose pathlengths to the focal
region differ by integral values of the
wavelength, the focusing can be readily
understood in terms of diffraction from
a circular grating pattern whose spatial

period varies from very large values -

(d >> \) near the axis to values ap-
proaching the radiation wavelength near
the periphery. Since the spatial period is
relatively short in the outer regions of a
zone plate, large diffraction angles,
8 = NAr, result. Nearer the axis of sym-
metry the radiation is scattered by a
structure of longer spatial period; there-
fore, smaller diffraction angles result.
Opaque structures, which diffract about
10 percent of the incident radiation into
the first-order real focus, have been fab-
ricated by several groups. An excellent
example, which would sefve well as the
microprobe condenser lens in Fig. 5, is
the 500-zone, freestanding, gold struc-
ture, with an outer diameter of 640 pm
and an outer zone width of 3200 A,
fabricated by D. Shaver and his col-
leagues at the Massachusetts Institute of
Technology and LLNL (60). High-reso-
lution zone plates, with outer zones of
600 A to 700 A, have been fabricated by
groups at Gottingen (6/) and IBM (62).
The highest resolution biological images
based on zone-pldte microscopy, ob-
tained by Schmahl, Rudolph and Nie-
mann (8), clearly demonstrate the capa-
bilities of zone plates as imaging ele-
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ments for soft x-rays. Phase plates, a
form of zone plate in which the alternate
opaque zones are replaced by transmis-
sive materials, could eventually provide
important improvements in diffraction
efficiency, to values approaching 40 per-
cent in the first-order focus (63-65).

The application of coherent tech-
niques to the x-ray region would be, in
some sense, a major undertaking; but in
fact some of the work has already been
done, and we can speculate somewhat
about the not too distant future. As an
example, consider x-ray holography. In
Fig. 8a we describe one in a series
of pioneering x-ray holographic experi-
ments performed in the early 1970’s by
Aoki, Kikuta, and their colleagues (66).
Syrichrotron x-rays were dispersed with
a monochromator to give AN\ =5 X
1074, which corresponds to a coherence
length of 12 wm at a wavelength of 60 A.
Spatial coherence was obtained, at a
considerable cost in available flux, by
introducing a 7-pm slit, as shown in the
mask to the left of Fig. 8a. The emerging
radiation then diffracted outward, illumi-
nating a second mask that contained the
“‘object’’ (three slits) and a narrow slit
that generated an off-axis reference
wave. The two emerging wave fronts
overlapped at the film plane, forming an
interference pattern. The experimental
geometry was arranged to produce an
interference pattern of sufficiently long
average period (~30 pm) to permit visi-
ble light (He-Ne laser) image reconstruc-
tion, a technique that takes advantage of
the capacity of the human eye and brain
in combination to recognize pattern for-
mations. The exposure time of these
early experiments was approximately 1
hour. Many scientists will have no diffi-
culty understanding this work in terms of
a Young’s double-slit interference ex-
periment, in which the second slit (the
‘‘object’’) has structure. The Japanese
group performed other x-ray holographic
experiments during the same period,
some with the Gabor in-line geometry, in
which images of chemical fibers and red
blood cells were recorded and recon-
structed (66).

An extension of these x-ray holo-
graphic techniques is suggested by Fig.
8b, in which the availability of coherent
undulator radiation is assumed as well as
advancements in the fabrication of dif-
fractive x-ray optical components. A
small sample, perhaps an assemblage of
three-dimensional biological structures,
could be probed by partially coherent x-
rays. A phase plate, consisting of a Fres-
nel lens and a diffraction grating, could
serve the dual purpose of capturing the
diffracted wave from the object and gen-

erating an off-axis reference wave. The
two waves would overlap in a limited
area of a holographic recording material
and form a complex interference pattern
with the carrier frequency (average peri-
od) set by the wavelength and intersec-
tion angles. This is a conventional view
of holographic microscopy (67, 68), in
which high-resolution features are cap-
tured by a microscope objective lens of
high numerical aperture, extrapolated to
the soft x-ray region of the spectrum.
Except for the enhancement of diffrac-
tion efficiency by a factor of 4, which
would be gained by the use of a phase
structure, all the requisite technologies
have been demonstrated. If a facility like
the proposed ALS were available, where
coherent power would be enhanced by a
factor of 10° beyond that available for
the experiment described in Fig. 8a,
these experiments could be performed
with significantly improved spatial and
temporal resolution, perhaps of the order
of 1000 A and 1 millisecond. A survey of
relevant x-ray holographic techniques,
along with the results of recent in-line
interference experiments at Brookha-
ven, is presented in a recent article by
Howells, who also points to the promise
of undulators as coherent-radiation
sources (69). The coherence require-
ments for the study of several specific
biological specimens have been dis-
cussed by Solem and Chapline (70).

Conclusion

A clear path to experimentation with
phase-coherent x-rays has been de-
scribed. Based on well-developed accel-
erator and magnetic-undulator technolo-
gies, partially coherent radiation, tun-
able from the vacuum ultraviolet to the
soft x-ray spectral regions, could be
made available within a few years with a
next generation 1-GeV storage ring. The
optical techniques needed to exploit that
region have already been demonstrated
and continue to be improved. Phase-
sensitive techniques, previously avail-
able only at longer wavelengths (visible,
infrared, microwave, and so on), would
become available for x-rays. With dif-
fraction-limited sources of even modest
temporal coherence, unprecedented con-
trol of this radiation would be at hand.
High photon fluxes, directed toward dif-
fraction-limited sample volumes in pico-
second pulses, could open new opportu-
nities in studies of photochemical pro-
cesses, atomic and molecular transi-
tions, material interfaces, and biological
structures. It would be presumptuous to
attempt a prediction of the specific fields
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that would provide the most valued
breakthroughs (71).

Undulator-based facilities would per-
mit demonstration experiments, provide
breakthrough scientific opportunities,
and provide an exciting environment that
would attract scientists and students
alike. Because of cost constraints, a next
generation 1-GeV facility would neces-
sarily be a project shared by the various
scientific disciplines. Additional prog-
ress toward obtaining fully coherent ra-
diation will take place as short-wave-
length free-electron lasers, based on
these same storage ring and magnetic
undulator technologies, evolve in the
coming years (72).
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