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Abstract—Undulator radiation, generated by relativistic elec-
trons traversing a periodic magnet structure, can provide a
continuously tunable source of very bright and partially coherent
radiation in the extreme ultraviolet (EUV), soft X-ray (SXR), and
X-ray regions of the electromagnetic spectrum. Typically, 1–10 W
are radiated within a 1=N relative spectral bandwidth, whereN
is of order 100. Monochromators are frequently used to narrow
the spectral bandwidth and increase the longitudinal coherence
length, albeit with a more than proportionate loss of power.
Pinhole spatial filtering is employed to provide spatially coherent
radiation at a power level determined by the wavelength, electron
beam, and undulator parameters. In this paper, experiments are
described in which broadly tunable, spatially coherent power is
generated at EUV and soft X-ray wavelengths extending from
about 3 to 16 nm (80–430-eV photon energies). Spatially coherent
power of order 10�W is achieved in a relative spectral bandwidth
of 9 � 10�4, with 1.90-GeV electrons traversing an 8-cm period
undulator of 55 periods. This radiation has been used in 13.4-
nm interferometric tests that achieve an rms wavefront error
(departure from sphericity) of �euv=330. These techniques scale
in a straightforward manner to shorter soft X-ray wavelengths
using 4–5-cm period undulators at 1.90 GeV and to X-ray
wavelengths of order 0.1 nm using higher energy (6–8 GeV)
electron beams at other facilities.

Index Terms—Coherent radiation, extreme ultraviolet, radia-
tion, soft X-rays, undulator.

I. BASIC PROPERTIES OFUNDULATOR RADIATION

T HERE IS GREAT interest in the generation and appli-
cation of short-wavelength coherent radiation. Shorter

wavelengths extend the resolution limits of various micro-
scopies, some of which require spatially and temporally co-
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Fig. 1. Illustration of narrow-cone undulator radiation generated by relativis-
tic electrons traversing a periodic magnet structure.

herent radiation [1]–[4]. At extreme ultraviolet (EUV), soft
X-ray (SXR), and X-ray wavelengths, there are many atomic
and molecular resonances that can be used for elemental and
chemical identification. Undulator radiation is a special subset
of synchrotron radiation generated when tightly confined,
relativistic electrons traverse a long periodic magnet structure
[5], [6]. In doing so, the electrons undergo near-sinusoidal
oscillations, as shown in Fig. 1. Viewed in the frame of
reference moving with the electrons [7], [8], power and angular
distribution can be calculated as classical nonrelativistic dipole
radiation at a wavelength , where is the magnet
structure period and

(1)

Note that highly relativistic electrons of velocity“see” a
Lorentz contracted magnet structure of period , and thus
oscillate at a frequency

(2)

in the frame of reference moving with the electrons. For
a periodic magnet structure (undulator) of periods, the
electrons execute cycles of oscillation and thus radiate a
wave train of periods, having a relative spectral bandwidth
of . Observed in the laboratory frame of
reference, the dipole radiation is strongly Doppler shifted to
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(a) (b)

Fig. 2. (a) Illustration of the radiation pattern of an oscillating electron in
the frame of reference moving at the average electron speed. (b) Illustration
of the radiation pattern of a highly relativistic electron as observed in the
laboratory frame of reference. The shortest wavelengths are observed on axis.
(Following Hofmann [7]).

a frequency

(3)

where and is the observation angle measured from
the direction of motion. The angular distribution of
dipole radiation, where is measured between the directions
of acceleration and observation in the frame of reference
moving with the electrons, is dramatically transformed to a
narrow forward cone, of half angle , in the laboratory
frame of reference, by relativistic effects,1 as illustrated in
Fig. 2. This can be appreciated in terms of the angular
transformations, for instance that

(4)

where is measured from the same axis in the moving frame
of reference. Physically, this is appreciated by observing that
the angle-dependent relativistic Doppler shift preferentially
moves energy to the forward direction: on-axis radiation is
shifted to the shortest wavelengths, while off-axis radiation,
having a wavevector component transverse to the motion,
experiences a smaller Doppler shift, thus exhibiting a longer
wavelength and lower photon energy in the laboratory frame
of reference. For example, (4) shows that forapproaching
unity and , is of order for all . At ,
where the dipole angular intensity is reduced to half its value
on axis, . Combining (1)–(3), using the small angle
approximation for , noting that ,
one finds that the Doppler-shifted frequency observed in the
laboratory is

(5)

or, in terms of wavelength,

(6)

Thus, the on-axis wavelength is equal to the undulator period,
, divided by . For experiments described later in this

paper, with cm and , the on-axis
wavelength is decreased by the relativistic factor to
about 3 nm, with longer wavelengths (off-axis) increasing
rapidly for . Note that the dipole radiation that
appeared as a single wavelength in the frame of reference

1With electron beam energyEe in units of GeV,
 = 1957Ee GeV, so that
for Ee = 1.90 GeV,
 = 3720, and the nominal half-angle of synchrotron
radiation (�1/2
) is 140�rad.

Fig. 3. (a) The radiation spectrum, as seen in the frame of reference moving
with the electron, is narrow, with a relative spectral bandwidth of order1=N ,
whereN is the number of oscillation periods. (b) In the laboratory frame
of reference, the wavelengths are shorter, but the spectrum is broader due
to off-axis Doppler effects. The region near the axis, containing a relative
spectral bandwidth equal to1=N , is known as the “central radiation cone.”
(Following Hofmann [7].)

moving with the electron ( ) with a relative spectral
bandwidth is spectrally broadened by the
angle-dependent Doppler effects, as described by (6). This is
illustrated in Fig. 3.

The preceding arguments are based on electrons traversing
the magnet structure at a constant albeit relativistic velocity
. Of course, the electron experiences forces as it

moves through the magnet structure, causing it to oscillate
and thus radiate. As energy, and thus velocity, is constant
in a static magnetic field, the induced oscillations transverse
to the direction of motion (-direction) necessarily reduce
the average axial velocity. This leads to a modified Lorentz
contraction of the undulator period as seen by the electrons
and a modified relativistic Doppler shift, through an effective
value , which we will derive shortly. Motion of a relativistic
electron in a periodic magnetic field is described by the rate
of change of momentum due to the Lorentz force

(7)

where , and are the electric and magnetic

fields. In the undulator limit where radiated electric and
magnetic fields are relatively weak,2 the Lorentz force is
dominated by the periodic magnetic field . Thus, for an
initial velocity in the direction, and periodic magnetic
field (see Fig. 1), the component

of the force equation is

or

which integrates to

(8)

where

(9)

2This differs from the closely related case of a free-electron laser (FEL)
where the radiated fields are strong enough to cause microbunching within
the electron bunch, leading to enhanced radiated fields. To date, this has been
achieved at longer wavelengths.
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is a dimensionless parameter describing the periodic magnetic
field [9]. Before considering acceleration and radiated power,
we explore further the basic features of undulator radiation.
One observation is that the electron makes an angle with
respect to the axis, which can be written, for the highly
relativistic case ( , ), as

(10)

This corresponds to oscillations about theaxis, bounded
by . As a consequence, is often referred to as the
magnetic deflection parameter. For , electron angular
excursions lie within the natural emission cone of synchrotron
radiation, and the resulting emission is referred to as undulator
radiation. For the strong field case , one refers to
wiggler radiation. The interplay between and can be
understood in terms of the total velocityand its relation to

, where we recall that particle energy, and thus, is constant
in a magnetic field. With , the definition of
becomes

so that

or, to first order in the small parameter ,

This can be rewritten using the double angle formula as

(11)

where . By averaging over a full cycle of the
motion, we see that the average velocity in thedirection is
decreased to

(12)

Comparing this to the case when is zero, we can define
an effective axial value

(13)

which can be used to better describe the Lorentz contraction
and relativistic Doppler shifts considered earlier. Before pro-
ceeding to these corrections, we note that (11) contains a
double-frequency axial motion term . Whereas
is proportional to , as seen in (8), the double-frequency
component of is proportional to . Indeed, this second
harmonic ( ) motion leads to even higher harmonics
through the dependencies in the expressions forand

[see (8) and (11)]. For small values of, these harmonics are
relatively weak, but for exceeding unity they can become
quite strong. This offers possibilities for achieving shorter
wavelengths, albeit generally in a comb of harmonics with
many radiating unwanted energy. Note that, in general, the
even harmonics of motion are in the axial () direction and thus
radiate angular patterns that are zero on-axis and that peak off-
axis with a radial polarization [3], [7], [10]. The third harmonic
( ) has the same polarization as the fundamental ( ).

Accounting for the decreased axial velocity in the presence
of a finite magnetic field , corresponding to deflection pa-
rameter as given in (9), the basic wavelength and frequency
relations can be written as follows: with finite magnetic field
and thus -dependent axial velocity, the electrons experience,
on average, a Lorentz contracted magnet period

and oscillate at a frequency

in the frame of reference moving with the electron’s average
velocity. As observed in the laboratory frame of reference,
the radiation is Doppler shifted to frequencies (see (5) with

)

or, in terms of wavelengths,

Substituting for from (13), one obtains theundulator
equation

(14)

which describes the radiated wavelengths as a function of
angle and nondimensional magnet strengthin terms of the
incident beam energy . In principle, the undulator
wavelength can be tuned by varying eitheror . In practice,
undulators are installed on large electron storage rings [11],
[12] that simultaneously service many users of synchrotron
radiation at fixed energy (). For this reason, wavelength
tuning is achieved primarily by variations of—achieved by
opening and closing the magnet gap to decrease or increase
the magnetic field strength [5], [6].

A convenient parameter for the study of undulator radiation
is the “central radiation cone,” defined as the range of angles,
as observed in the laboratory frame of reference, that encloses
a relative spectral bandwidth of . The half-angle of this
cone, , can be determined from (14) by writing it twice,
once for an axial wavelength at and once for a shifted
wavelength at the angle such that .
Doing so, one obtains an expression for the half-angle of the
central radiation cone

(15)
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For the undulator used in EUV experiments reported later
in this paper, with cm, , ,
and values from near zero to just over three, the “single
electron” central cone half-angle varies from 36 to 85rad.
Recall that contains a relative spectral bandwidth of

, approximately 2% in this case. According to (14), the
range of wavelengths accessible on-axis ( ), with this
variation in , is approximately 3–16 nm, corresponding to
photon energies extending from 80 to 430 eV. Third-harmonic
radiation ( ), which is fairly strong for , generates
radiation at one-third these wavelengths, or three times these
photon energies, and thus can be used to extend operation of
the 8-cm undulator to about 1 keV.

II. UNDULATOR POWER IN THE CENTRAL RADIATION CONE

Power radiated in the central cone is most readily calculated
in the frame of reference moving with the electrons [7],
[8], where for small the motion is nonrelativistic and the
amplitude of oscillation is small compared to the radiated
wavelength . Thus, classical dipole radiation results are
applicable in this frame of reference for low- undulator
radiation. To perform the calculation, one must know the
acceleration in the moving frame of reference. To first
order, it can be derived from the expression for velocity
in (8) by assuming that, for small , . This gives an
expression for that can be integrated to yield

, where and .
Making the Lorentz transformation to the frame of reference
moving at the average electron velocity, one obtains the
equation of motion in the frame of reference moving with the
electrons, and the acceleration

(16)

where

is the frequency of oscillation in the moving frame of refer-
ence. This can then be used in the classical dipole radiation
formula for power radiated per unit solid angleby a single
electron

(17)

where is shorthand for the instantaneous electron accelera-
tion given in (16) and is the observation angle measured
from the direction of acceleration. For the consideration of
power radiated only within the central radiation cone, the
approximation incurs an error of only a few
percent . Substituting (16) into (17), averaging over a
full cycle of the motion, transforming back to the laboratory
frame of reference, and multiplying by the solid angle of the
central radiation cone , one obtains the
average power radiated by a single electron into the central

cone in the undulator limit ( )

(18)

Assuming that the motion of electrons traversing the undu-
lator is uncorrelated,3 so that their intensities add rather than
their fields, the power radiated can simply be multiplied by the
number of electrons present. Expressing the result in terms of
an average electron current, the time-averaged power radiated
into the central radiation cone, as observed in the laboratory
frame, is

(19a)

which gives the power radiated at the fundamental (
) wavelength, as given by the undulator equation (13),

within a relative spectral bandwidth , which
we used to define the central radiation cone. Note that,
because the electron motion contributing to the fundamental
motion lies completely in the– plane, the resultant radiation
is horizontally polarized. Included in (19a) is a finite-
correction factor that accounts for energy transfer [3],
[13] to higher harmonics ( ), which becomes significant
for . We have omitted consideration of harmonics in
the brief outline of the theory above so as not to obscure
an understanding of the basic features of undulator radiation.
Some values of are as follows: , ,

, , , , and
. In practical units, where the current is expressed

in amperes and the undulator period in centimeters, (19a)
becomes [13]

W
A

cm
(19b)

where again this is time-averaged power at the fundamental
wavelength, in a spectral bandwidth , and within
the central radiation cone. Fig. 4 shows a graph of predicted
undulator power versus photon energy andfor an 8.00-
cm, 55-period undulator at the advanced light source (ALS)
in Berkeley [14], when operating with an electron energy of
1.90 GeV and an average current of 400 mA. We see that,
within the nominal 2% relative spectral bandwidth, the 55-
period undulator radiates between 0.5 and 1.5 W, tunable from
about 80–430 eV (3–16 nm). Continuous tuning is achieved
by variation of the magnetic gap (the separation between
pole pieces), thus varying , and , as described in
(9) and (14). Due to the temporal duty cycle, 35-ps FWHM
pulses every 2 ns, the peak power is about fifty times higher
than the time-averaged power shown in Fig. 4. Results for
other undulator periods and higher beam energies that extend
capabilities to soft X-ray and X-ray wavelengths are easily

3This is the undulator limit of uncorrelated electron motion within the
bunch. In the FEL limit, the electrons are partially bunched due to forces
exerted by the radiated fields.
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Fig. 4. Continuously tunable power in the central radiation cone of an
8.00-cm-period undulator at the ALS in Berkeley (1.90 GeV, 400 mA). The
undulator has 55 magnet periods. The central radiation cone is characterized by
a relative spectral bandwidth of 1/55, and a half-angle ranging from 36 to 85
�rad (at the longer wavelengths). Only radiation at the fundamental (n = 1)
wavelength is included. Wavelength is shown across the top in nanometers.

obtained through use of (19). For example, the ALS also
utilizes a 5-cm 89-period undulator, and the advanced photon
source (APS) at Argonne National Laboratory in Illinois
operates with a beam energy of 7 GeV ( ), a current
of 100 mA, and utilizes a 3.30-cm, 72-period undulator to
access wavelengths as short as 0.1 nm (12-keV photon energy)
in the fundamental ( ).

Higher harmonics ( ) are a natural feature of undulator
radiation. For low- operation, the harmonics scale in power
per unit solid angle approximately as ; thus, they rise
rapidly as approaches and exceeds unity. This subject is
beyond the scope of this paper but is treated extensively
in the literature [3], [7], [10]. As mentioned earlier, the 8-
cm undulator at the ALS provides substantial third-harmonic
( ) radiation out to a photon energy of 1 keV, when
operating at 1.90 GeV.

In principle, the central cone radiation for lies within
the angle given for a single electron in (15).
However, the power described here in (19) is obtained by
summing the contributions from many electrons, which have
slightly different trajectories due to random motion within
the beam. Generally, these angular variations are described
in terms of a Gaussian angular distribution of rms deviation

from the axis. As a consequence, the central radiation
cone is increased. While not strictly correct, the resultant
radiation cone half-angle is often expressed approximately as
an addition in quadrature

(20)

Generally, this is written separately for the orthogonal angular
components and , as the electron beams are generally
elliptical in nature. For the primary experimental results to be
reported later in this paper, obtained at relatively long EUV
wavelengths, and are considerably smaller than . As
noted earlier, for the 8.00-cm 55-period undulator,
and rad, while for the ALS at this energy,

rad and rad [15], so that is only
slightly larger than . This, however, is not always the case,
particularly at X-ray wavelengths where the value of may
be comparable to . For situations where is comparable to

, there is also an increase in the relative spectral bandwidth
[13], [16] within that cone due to the increased role of off-axis
Doppler-shifted radiation.

III. SPATIALLY COHERENT UNDULATOR RADIATION

We now turn our attention to the partially coherent nature
[17], [18] of undulator radiation generated by a relativistic
electron beam of relatively small beam size and divergence.
In modern storage rings, so-called third-generation synchrotron
radiation facilities [11], [12], the electron beams are typically
elliptical in nature, with beam diameters of 50–500m and
beam divergences of 10–40rad. Thus, a typical electron
beam phase–space volume is of the order of several
nm rad, comparable to that of diffraction-limited radiation
in the EUV. Using pinhole spatial filtering techniques at
EUV, soft X-ray, and X-ray wavelengths, it is possible to
obtain a very high degree of spatial coherence at very useful
power levels throughout this spectral region. Fig. 5 shows
the basic technique in which a pinhole of diameteris
used in conjunction with an angular aperture, to selectively
pass (filter) radiation within a phase–space product . In
the limiting case where the intensity distribution is Gaussian
in both spatial and angular distributions, with rms
measures of diameterand half-angle , the condition for full
spatial coherence is given by [1], [13]

(21)

Thus, an ideal spatial filter, blocking radiation outside these
limits, would transmit spatially coherent radiation having a
power of

(22)

where is the horizontal “diameter” of the elliptical
electron beam, is the divergence half-angle
of radiation in the – plane, and and are similar
measures in the vertical plane. The orthogonal– and –
spatial coherence filter factors are separated, as each has an
independent maximum value of unity. The subscript
indicates that the transmitted power is spatially coherent and
has an associated relative spectral bandwidth .
In general, we can define as a measure of the longitudinal, or
temporal, coherence length [17]

(23)

so that without further monochromatization the central cone
radiation has an associated coherence length .
The coherence length may be extended through the use of
a monochromator, which narrows the transmitted spectrum at
the cost of reduced power. For the ALS operating at 1.90 GeV,
values of beam size and divergence in the undulators [15] are

m, m, rad,
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Fig. 5. Undulator radiation with a pinhole spatial filter.

Fig. 6. Tunable spatially coherent undulator radiation is shown as a function
of photon energy, within a relative spectral bandwidth of 1/55, as predicted
for an 8.00-cm-period undulator at the ALS (1.90 GeV, 400 mA).

and rad. Based on these parameters, and the use of
(20) to estimate , the spatially coherent radiation (22) emitted
from an 8-cm 55-period undulator is presented in Fig. 6 for
a beam energy of 1.90 GeV and an average current of 400
mA. The radiation is continuously tunable through variation
of the magnetic deflection parameter, as given in (14). For
these electron beam parameters, the spatially coherent power
is predicted to decrease monotonically from about 35 mW at
80 eV to about 5 mW at 400 eV. In all cases, the relative
spectral bandwidth is equal to about 2%. The corresponding
longitudinal coherence length is about 360
nm at a wavelength of 13 nm. Tunable coherent power with
these properties can be obtained with use of a simple pinhole
and an angular aperture, as illustrated in Fig. 5. To reject
spectral contamination due to higher harmonics, particularly
for , a glancing-incidence mirror may be used.

In many applications, narrower spectral bandwidth or longer
temporal coherence is required. This can be accomplished
with a high-resolution monochromator, which can also be
used to ensure high spectral purity, i.e., rejection of undulator
harmonics. Typical applications involve the identification of
atomic elements, including their chemical bonding, in scanning
microscopy, and experiments such as interferometry or holog-
raphy that require a certain coherence length. Fig. 7 shows a
schematic diagram of the monochromator and optics [19]–[22]
used on beamline 12.0 at the ALS to further monochromatize
radiation from the 8-cm-period undulator. The beamline is pri-
marily used for EUV interferometry [23]–[28] of multilayer-
coated [29], [30] optical systems [31], [32] intended for
use in EUV lithography (EUVL) applications [33], [34] at
wavelengths from 11 to 14 nm [29], [30]. The monochromator
provides a relative spectral bandwidth variable between 10
and 5 10 , at photon energies extending from about 60
to 250 eV. The latter is set by glancing incidence mirrors
selected to suppress odd harmonics above the spectral region
of interest for testing of EUVL optics. The range of spectral
bandpass is set by the selection of a specific grating for use
in the monochromator: several different gratings of different
dispersion are available. In addition to providing narrow-
band monochromatization, typically of order 1/1100 in normal
operation, the beamline also projects a geometric 65 : 1 reduced
image of the source at the entrance pinhole of the EUV
intererometer. It is there that spatial filtering is used, in
conjunction with the acceptance aperture of the EUV optical
system under test. In fact, the pinhole often serves as the equiv-
alent “exit-slit” of the monochromator. The monochromator is
of constant-deviation type, employing a varied line-space plane
grating [20] that corrects for aberrations of the monochromator
while maintaining a fixed exit-slit position during wave-
length tuning. Interchangeable gratings permit spectral band-
width and coherence length to be traded off with available
photon flux.
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Fig. 7. A coherent optics beamline used for spatial and spectral filtering of undulator radiation. The grating and exit slits provide spectral filtering, typically
to �=�� = 1100. The reflective optics (mirrors) refocus the source at a 65 : 1 demagnification on an entrance pinhole at each station. The angle of
incidence of these mirrors is chosen to cut off radiation above 250 eV. The pinhole diameter is selected to provide spatial filtering for the given incident
radiation cone and/or the acceptance cone within each experimental chamber. Two separate branch-lines are available as shown and are selected by a
retractable mirror. A third branchline (dashed line) would extend operation to 400 eV in the fundamental (n = 1), and to about 1 keV using third-harmonic
radiation (n = 3) and beamline mirrors of smaller glancing incidence angle.

Use of a monochromator and beamline optics introduces
a significant loss of power. There is both a fixed “insertion
loss” due to the finite mirror reflectivities and a grating loss
due to the nonunity diffraction efficiency to the desired order.
Taking the latter as 30%, and utilizing five glancing incidence
mirrors each having 80% reflectivity, gives an overall beamline
efficiency factor of about 10%. In addition, considering that
the beamline accepts only central cone radiation of relative
spectral bandwidth , and then filters it to a smaller
value , there is an additional loss of flux equal to
( ) . For and a monochromator bandpass
set for nominal operation at , this bandpass
narrowing reduces transmitted power by an additional factor
of 0.05. Consequently, as used in these experiments, available
coherent power within the narrowed spectral bandpass will be
reduced by a factor . Fig. 8 shows a
curve of projected coherent power, again following (19) and
(22), but now accounting for the narrowed relative spectral
bandwidth of 1/1100 and a beamline efficiency of %.

To utilize these levels of coherent power in experiments, one
must spatially filter the undulator radiation. In the process of
spatial filtering, the initial photon beam phase–space product

is too large and must be reduced through constraints
on either or , or both. For the experiments reported
here, the choice was driven by the numerical aperture (NA)
and demagnification of the first optical system under test, a
10 Schwarzschild system of NA , with multilayer
coatings for use at 13.4-nm wavelength. As the optics were
to be tested by illumination from the small-NA side, this
required an optical acceptance half-angle of 8 mrad. With a
nominal central cone half-angle of just under 80rad, and
an angular magnification of 65, the beamline optics provide
an illumination cone of about 5.2 mrad, purposely chosen
to be somewhat smaller than the test optic NA. The choice
of an intentionally small pinhole increases the illumination

Fig. 8. Tunable spatially coherent undulator radiation as a function of photon
energy, for a relative spectral bandwidth of 9� 10�4, and a longitudinal
coherence length of 550�. Curves are for an 8.00-cm-period undulator at the
ALS operating at 1.90 GeV, assuming a monochromator/beamline efficiency
(insertion loss) of� = 10%, in addition to reduced flux associated with the
narrowed spectral bandpass.

angle, through diffraction, as desired. The pinhole size
was chosen to give an Airy pattern null equal to twice the
acceptance half-angle of the optic, or about 16 mrad. For an
Airy pattern, the first angular null [17] is at .
For mrad and nm, which corresponds
to a pinhole diameter of 1.0 m, the size nominally used.
The relatively small pinhole size provides improved spatial
coherence across the fixed numerical aperture. Furthermore, by
using only the central portion of the Airy pattern, improved
illumination uniformity and wavefront quality are obtained.
These benefits come at the cost of a reduction in available
coherent power.
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IV. COMPUTATIONAL MODELING WITH

A SHARPLY DEFINED EMISSION CONE

The formulation of spatially coherent power as given in (22)
is a convenient model, generally very useful at soft X-ray and
X-ray wavelengths were is smaller (higher , larger ),
and is comparable to , such that the angular distribution
of central cone radiation is smoothed to a near-Gaussian
distribution. However, the model is not an accurate predictor
for non-Gaussian intensity distributions. For example, it has
the potential to underestimate coherent power in the case
where . In this case, the phase–space photon
density within is higher than implied by the Gaussian
model, and thus higher spatially coherent power is available.
Furthermore, the angular emission associated with the central
cone may be quite sharp, producing an Airy-like intensity
pattern in the far field. Here we present a computational
model that is more representative of our undulator beamline.
In the limit of a sharply defined angular radiation pattern
(set by the sharp monochromator bandpass), this results in a
coherent power 2.8 times higher that than given by a Gaussian
distribution, in each direction. Thus, if both and

, the resultant coherent power can be 7.7 times
higher than a larger phase–space Gaussian distribution. For
the EUV experiments at 13.4 nm considered here,
such that with rad, rad, and

rad, the sharp angular model is good in the vertical
( ) direction, and fairly good in the horizontal () direction.
We thus consider radiation with a sharply defined emission
cone of half-angle m, obtained using (20) with

rad at 13.4 nm, and the values given above.
The beamline monochromator plays a major role in defining

this sharp angular emission through its bandpass capability.
Furthermore, the beamline optics magnify this angle by 65,
while decreasing the image size. As seen in the pinhole plane,
the emission arrives with an equivalent focusing numerical
aperture of NA (80 rad) mrad. It would then
focus a point source to an Airy pattern with a first null
diameter [16] NA m. We might, in
fact, use a pinhole of this diameter to define the coherent
power passed by the spatial filter. As pointed out above,
however, we purposely use an undersized 1-m-diameter
pinhole to overilluminate the optic under test, thus providing
improved intensity uniformity and coherence. Fig. 9 shows
two numerical simulations of our experiment, both based on
the assumption that monochromatization leads to a sharply
defined angular emission cone of NA mrad, as seen at
the pinhole plane. In Fig. 9(a), a numerical simulation shows
that the projected image of the Gaussian beam of () size
520 m 32 m would be imaged to the pinhole plane by
an ideal 65 : 1 reduction lens of 5.2 mrad NA. The image
is 9.4 m 1.4 m FWHM, set largely by the wavelength
and NA in the vertical direction (

m, increased slightly by the projected vertical source size
m FWHM). The horizontal size is set

largely by the relatively large horizontal beam size, ,
with a 1.18 multiplier to convert from to FWHM. Based
on the assumption of a sharply defined angular distribution

(a)

(b)

Fig. 9. (a) Numerical simulation of the 13.4-nm wavelength undulator
radiation imaged to the pinhole plane assuming an ideal 65 : 1 reduction optical
system of 5.2 mrad NA, based on the assumption of a sharply defined emission
cone. The pinhole shown has a 1-�m diameter. (b) Numerical simulation of
13.4-nm intensity distribution in the pinhole plane, as in (a), now including
an aberrated point spread function, represented by a circularly symmetric
Gaussian of 4-�m FWHM in the pinhole plane. The aberration is chosen to
simulate focusing errors by the final KB optics in these experiments. Again,
a 1-�m-diameter pinhole is shown.

of radiation, these computations predict a transmitted power
of 959 W through a diffraction-limited 3.1-m-diameter
pinhole, and 148 W through a smaller 1.0-m-diameter
pinhole.

Fig. 9(b) shows a calculation of the projected source image
accounting for aberrations in the final KB focusing optics
(mirrors M4 and M6 in Fig. 7). The point spread function
of the aberrated KB is modeled here as a circularly symmetric
Gaussian with a FWHM of 4 m in the pinhole plane. The
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Fig. 10. Measured Airy patterns obtained by pinhole spatial filtering of
undulator radiation, at wavelengths of 11.2 and 13.4 nm. The pinhole-to-CCD
distance is 410 mm and the image sizes are 23� 23 mm. The data was
obtained using beamline 12.0 at the ALS in Berkeley.

resultant projected image is 10m 4.2 m FWHM, similar
to the 9.4 m 4 m FWHM we observe experimentally.
Inclusion of the effect of aberrations in the KB focusing optics
reduces the calculated power transmitted by a 3.1-m-diameter
pinhole to 554 mW, and that of a 1.0-m-diameter pinhole to
62 W.

V. EXPERIMENTAL RESULTS

Experiments have been conducted utilizing narrow-band
spatially coherent radiation from the 8-cm 55-period undu-
lator at the ALS. Fig. 10 shows Airy patterns obtained at
wavelengths of 11.2 and 13.4 nm, with a 1.1-m-diameter
pinhole. In each case, the relative spectral bandwidth is about
9 10 . The images were recorded on a back-thinned EUV
CCD camera at a distance of 410 mm from the pinhole.
The image size is 22 22 mm (NA mrad). Power
in the Airy pattern, normalized to a 1-m pinhole, was
measured to be 9.4 W for the 13.4-nm wavelength. To
compare this with predicted values, we note that, at 13.4
nm (92.5 eV), Fig. 8 predicts a spatially coherent power
(based on a Gaussian angular distribution and a 1/1100 spectral
bandwidth) of about 167 W. The difference is a factor of
about 18. Two factors largely explain the difference. First, the
pinhole at 1- m diameter is undersized, purposely chosen to
trade power for improved wavefront sphericity and uniformity
of intensity in subsequent interferometric testing of EUV
optical systems. Second, there is a loss of about a factor of
three due to aberrations in the KB optics (4.2m/1.4 m).
Hence, in the present experiments, we have a reduction in
coherent power by a factor of 0.15 due to the undersized
pinhole, and by about 0.33 due to aberrations in the KB
optics, for an overall reduction factor of about 20. Yet,
as described above, this simplified model is expected to
underestimate the coherent power available to the experiment.
The simulation based on a sharply defined angular emission
cone, as presented in Fig. 9(b), predicts a coherent power
transmitted by the 1-m-diameter pinhole of 62 W, about
6.6 times the measured value, even after accounting for the
reduced pinhole size and aberrations in the KB system. We
believe this modeling, while not perfect, to be a better predictor

than the Gaussian model for the parameters of interest here.
Sources of this discrepancy include a possible overestimate
of coherent power associated with the assumed sharpness
of the angular distribution of undulator radiation and carbon
contamination of beamline optics that has been observed and
does reduce beamline efficiency. Furthermore, the estimate is
expected to improve as we obtain better measurements of the
beamline parameters and . Despite these differences in
modeling, the measured values indicate very useful levels of
average coherent power for experiments involving undulator
radiation at modern synchrotron facilities like the ALS.

An important question of interest in the application of
spatially coherent radiation is the deviation of the wavefront
from a sphere. This has been examined interferometrically, as
described in Fig. 11. The interferometer has been developed
as part of a program to characterize multilayer coated optical
systems for EUVL, a candidate technology for manufacturing
computer chips with gate lengths of 100 nm and smaller. The
interferometer utilizes a spatially coherent spherical wave-
front generated by pinhole spatial filtering of undulator ra-
diation as described in this paper. It is a phase-shifting
point diffraction interferometer [24] (PS/PDI), in which the
optical system under test, in this case a 10two-element,
multilayer-coated Schwarzschild optic, forms an image of the
pinhole “point source” at the mask plane. Inclusion of a
transmission grating provides several diffracted orders, two
of which are selected for use in the interferometer. Use of
the grating improves efficiency and provides a linear phase-
shifting capability through its lateral motion. Both orders
interrogate the optical system, incur its aberrations (distorting
the wavefronts), and come to focus at the mask plane. In
normal operation, one order is allowed to pass through a
large opening in the mask, preserving its distortions. The other
order is spatially filtered by a second pinhole, providing a
spherical reference wavefront for interferometric comparison
at the EUV CCD detection plane. With a 10reduction
optical system, the second pinhole would nominally be 1

m/10 100 nm in diameter. To determine the wavefront
accuracy, defined as the rms departure from sphericity, a
special null mask is used that spatially filters both orders,
as shown in Fig. 11(a). Using two 100-nm pinholes, the
resultant interference pattern is shown in Fig. 11(b). Analysis
of the interference pattern yields the wavefront phase map
shown in Fig. 11(c), revealing a departure from sphericity
of 0.054 nm rms. This provides a measure of the wavefront
accuracy [25] of the interferometer ( ) using spa-
tially coherent undulator radiation and demonstrates a high
degree of accuracy for testing nominally optics. These
tests were also performed using 80-nm pinholes yielding a
wavefront accuracy of . More generally, this test
provides a useful characterization for other experiments re-
quiring spatially coherent spherical wavefronts at these very
short wavelengths.

Another application that requires spatially coherent radiation
is that of scanning microscopy, in which an optical system
focuses a spherical wavefront to a spot size determined largely
by wavelength and NA. At these short wavelengths, the fo-
cusing optic could be either a multilayer-coated Schwarzchild
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(a)

(b) (c)

Fig. 11. (a) A schematic diagram of the PS/PDI that utilizes spatially filtered undulator radiation to measure aberrations in optical systems. An object plane
pinhole, nominally 1�m in diameter, is used to generate a spherical wave. The grating generates several orders, two of which are selected for use in the
interferometer. The optic under test reimages the pinhole, in both selected orders, at the mask plane. In normal operation, the mask consists of one relatively
large opening that passes the aberrated wavefront and one small pinhole, nominally 100 nm in diameter, to generate a spatially filtered spherical reference
wave. For the wavefront accuracy measurements of interest here, a null mask with two 100-nm-diameter pinholes is used to generate two spherical wavefronts
which interfere and are recorded by the CCD camera. (b) An interference pattern obtained at 13.4-nm wavelength utilizing two 100-nm-diameter pinholes. (c)
The corresponding wavefront phase map which indicates an rms deviation from sphericity of�euv/250, or 0.054 nm rms at 13.4-nm wavelength.

system or a Fresnel zone plate lens. In Fig. 7, a scanning
photoemission microscope is indicated that receives photons
through use of an insertable–retractable mirror (M3) in the
beamline and also employs pinhole spatial filtering to generate
the requisite spherical wavefront. This scanning microscope,
which utilizes Ru–BC multilayer-coated Schwarzschild optics
at 133 eV, has been developed by Cerrinaet al. [35]–[37].
It is presently in use for the study of materials and materi-
als chemistry of nanoelectronic structures at this beamline.
Recent results are described by Lorussoet al. [36]. More
recently, Kevan and his colleagues [38] have begun studies
of nanostructure correlations in polymer thin films using
speckle techniques and spatially coherent radiation available
at this facility. Additional experiments, involving various
interference effects and coherence characterization, are under
way elsewhere [39]–[46].

VI. CONCLUSION

Broadly tunable coherent radiation is available at EUV and
SXR wavelengths using spatially filtered undulator radiation.
Experiments at the ALS, Berkeley, CA, verify the generation
of broadly tunable high-wavefront-accuracy coherent power
at the 10- W level, with approximately 600 waves of tem-
poral (longitudinal) coherence length. Extension to higher
photon energies, approximately 1 keV, is straightforward using
well-understood third-harmonic radiation. Further extension to
spatially coherent radiation at a 1-Å wavelength should be
available at sister facilities that operate at higher electron beam
energies.
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