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Introduction The Center for X-Ray Optics has made substantial progress dur
ing the past year on the development of very high resolution x-ray tech
nologies, the generation of coherent radiation at x-ray wavelengths, and. 
based on these new developments, had embarked on several scientific in
vestigations that would not otherwise have been possible. Our interac
tions with scientists outside Berkeley, in large part through our affiliates 
program, has led to our participation In a number of projects at other in
stitutions. Our student program has been augmented by a new course. 
Introduction to X-Ray Physics, In the U.C. Berkeley Physics Department, 
and we were selected for a major University Research Initiative grant to 
establish this as a Center of Excellence for student research and train
ing. 

In the area of x-ray source development, major accomplishments 
included an understanding of the emergence of coherence from noise in 
high gain free electron lasers, the comparative performance of x-ray la
sers and undulators as sources of coherent x rays, and the relative mer
its of compact synchrotrons and laser produced plasmas as sources of x 
rays for lithography and other laboratory experiments. 

A major accomplishment in advanced Instrumentation was the 
fabrication and testing of soft x-ray focusing lenses— gold Fresnel zone 
plates— with outer zone widths of 700 A. able to focus soft x rays to 
1000-A spatial resolution with approximately 5% diffraction efficiency. 
These lenses form the basis for our biological x-ray microscopy efforts in 
collaboration with our colleagues at SUNY Stony Brook and at 
Brookhaven National Laboratory. The zone plate lenses were made in 
collaboration with the Nanollthography Group at IBM's Watson Research 
Center. Based on this new capability, biological studies of protein trans
port within secretary cells has Just begun. U.C. San Francisco plays a 
major role in these experiments. 

It is more difficult to focus hard x rays (X~l A). Here we have 
made substantial progress through the use of multilayer coatings on 
curved substrates. These reflective optics work at larger than usual 
glancing angles, set by the Bragg condition for the x-ray wavelength X 
and the multilayer d spacing. As a consequence coated optics have sev
eral advantages over noncoated microscopes and telescopes: they are 
wavelength selective, they have a larger collection of solid angle, and. 
most Importantly, classical aberrations are greatly reduced, permitting 
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Improved image resolution and mircroprobe focusing. Systems were 
fielded in 1986 with both small laboratory tubes and synchrotron radia
tion sources. Submicron resolution was achieved with an 8-keV copper 
anode tube in our laboratory. Using synchrotron radiation from 
Brookhaven's x-ray ring, a 10-nm diameter microprobe was formed with 
10B photons/sec at 10 keV, in a 10% bandwidth. This unprecedented 
capability was then used to form elemental maps for the study material 
properties. Inclusion in ceramics, biological structure concentrations, 
etc. In 1987 we anticipate this resolution toward a 1-fim diameter 
microprobe at 10 keVwlth comparable flux. 

Another major development involves a new class of high resolu
tion monochromators and spectrometers for the soft x-ray region. These 
will have a major impact on spectroscopic applications of synchrotron 
radiation, line width measurements of x-ray lasers and thereby the time-
dependent physics of lasing processes, studies of nonlinear absorption 
and transport in hot dense plasmas, as well as improved coherence 
length for x-ray microscopy and holography studies. Although the exact 
configuration depends on the application, the new class of instruments 
basically utilizes separated function optical components for two-dimen
sional focusing and dispersion, a s well as the use of easily polished sub
strates such a s spheres and flats. In some cases, particularly where 
resolutions (X/AX) in excess of 10,000 are required, varied line space 
gratings are also employed. A variety of such projects are underway, one 
already In use, others to be fielded in 1987. 

Other technical areas of note during 1986 included the first x-
ray images of solar active regions using a normal Incidence x-ray tele
scope, new x-ray photocathodes of very high detection efficiency based 
on solid Xe and Ar condensed films In which secondary electron mean 
Tree paths can be very long, and use of picosecond x-ray spectrometry to 
measure mass ablation rates from laser-trradlaied fusion capsules. 

Our synchrotron radiation projects group made substantial 
progress on the design and testing of beamlines and of beamline compo
nents that must function under high x-ray thermal flux conditions that 
are sufficiently high to melt mirrors and crystals without special mea
sures. A wafer-cooled copper mirror that can absorb several kilowatts of 
power without excess distortion has been delivered to Brookhaven (NSLS) 
for use with the new soft x-ray undulator. A second system is to be in
stalled on the VUV branch of the LBL/Exxon wiggler at Stanford (SSRL). 
Studies of thermally loaded mirrors and crystals, including finite element 
computational modeling and measurements of actual temperature con
tours, have been conducted at both Stanford (SSRL) and Cornell 
(CHESS). A high resolution spherical grating monochromator has been 
designed for Initial use on the SSRL/VUV branch line, and for possible 
use on future high-brightness high-flux beamline facilities. The engineer
ing group h a s also had a major Involvement in the design and fabrication 
of state of the art periodic magnet structures, Including a new 15-period 
wiggler for Beamline X at Stanford, the Livermore/University of Califor
nia beamline. 

Finally, there has been significant progress in the design of ever 
improved undulators and wigglers for uses involving both synchrotron 
radiation and free electron lasers. Generally, these new techniques com
bine permanent magnet materials and electromagnet techniques to con
trol saturation effects, compensate for field errors, and generally lead to 
structure of greater field strength and closer-to-Ideal field distributions 
on and off axis. 
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X - K & y oOUTCeS o u r broad interest in sources of x rays is reflected In recent 
comparative studies of x-ray lasers, plasmas, and undulators and in 
studies of compact synchrotron radiation sources and laser-produced 
plasmas— both possible sources of x rays for integrated-circuit lithogra
phy. The main thrust of our effort, however, remains the design and 
theoretical understanding of periodic magnetic s t r u c t u r e s - wigglers and 
undulators or, collectively, insertion devices— as sources of radiation. 
During the past year, our theoretical effort was directed toward unravel
ing the mechanism by which coherence emerges from "noise" in single-
pass free-electron lasers. At the same time, we continued to refine our 
designs of insertion devices, putting forward candidate designs for the 
Advanced Light Source (ALS), and developing innovative approaches to 
incorporating permanent-magnet material into electromagnetic undula-
lors and wigglers. 

Partially Coherent Radiation from Undulators and X-Ray Lasers 
Our earlier analysis of partially coherent x-rays generated 

through the use of undulators on high brightness storage rings has been 
extended to include the radiation from x-ray lasers, which have similar 
properties of partial coherence. We have also Included line and continu
um radiation from x-ray emitting laser produced plasmas. 

Comparisons of the various radiation sources depends signifi
cantly on the intended application, and thus we find it necessary In 
some cases to compare peak or average coherent power, for various co
herence lengths, or to compare peak or average spectral brightness for 
different relative bandwidths. The resulting curves have been widely dis
tributed In the synchrotron, x-ray laser, and plasma communities. Two 
sets of curves are Illustrated here In Figs. 1 (a) and 1(b), separately com
paring average coherent power and peak coherent power for selected co
herence lengths. Note that the undulators dominate in the x-ray region 
near 10 A. for both peak and average coherent power, but that the la
sers dominate for peak power output a t wavelengths longer than 100 A. 
Tunabillry, polarization control, and megahertz repetition rates are addi
tional advantages of the undulator systems. 

Undulators and Wlfglers for the Adranced Light Source 
We have designed an initial selection of four undulators and 

one wjggler to be used In the Advanced Light Source, the low emittance 
(small phase space) electron storage ring to be constructed at Lawrence 
Berkeley Laboratory. Undulators are central to the photon capabilities 
anticipated for the ALS, which Is optimized for the VUV and soft x-ray 
spectral regions. Wigglers will produce a copious flux of photons to en
ergies up to 10 keV. 

The tuning of undulator radiation In the fundamental Is broad, 
but can be extended further. The use of third-harmonic radiation 
extends the spectral coverage significantly. Harmonics of fifth and 
higher orders are also present, but their spectral extension Is less effec
tive. In addition they are more sensitive to magnetic field errors. Thus 
we take the view that the first and third harmonics provide useful out
put. 

The spectral flux and the spectral brightness of the selected in
sertion devices are shown In Figs. 2 and 3 respectively. The electron 
beam parameters are taken to be a s follows: energy « 1.5 GeV, average 
current - 400 mA. horizontal emittance * 4 xlO * nm-rad, and vertical 
emittance - 4 x 1 0 1 0 nm-rad. We see that the undulators cover the VUV 
and the soft x-ray spectral region In an orderly and overlapping fashion. 



Average Coherent Power in 1 [ im Coherence Lenglh 

10° 
1240 A t24 

- - . , i | 
* 12 A 12A 

10° 
1240 A t24 

- - . , i | 
C NO P Ca 

10 ' 

10 • 

A L S U ( ( 

. AL5 U>, , S X \ 

10 i - \ \ A L S U S 

10 J 

ALS Wiggict E 
6 GOV , ! 5 c m l \ 
\ * S L = \ 

10 | - \ \ \ 1 6 G e V 
\ S * 1 12 a cm) 

10 f-
\ NSLS ". 

\uv s 
\ ' PEP UMD i M ^ c m , 

\ \ ^ " l 

\ \ \ >\ 10 — SSRL W i g g l e i N . \ 

\\ V -
\ \ \ 6GCV 10 w \ \ " 

, 1 , 1 

VS. PEP UNO [ a m f l l -

< Coherent Power m 100 j im Coherence Length 

1240 ft 124 & 12 A 12 & 

ALS U f i 

f 1 1 I'l 1 
j C NO 1 I 1 1 

PCa -
• 

ALS u 4 v "•; * A L S U 

- LLNL 
Se Lastt 

^ % * 1 5 U ; _ l ? 0 6 A , ^ " 
ALb Wgcjier 

6 Gev . S c r - I 

NSLS S \ 
SXU \ \ 

PEP LIND -
\ \ \ \ \ (30 mM 

- \ \ \ , \«<*» -
\ \ PEP 

\ V 8 c " " 
- \ \ s (4 mA)\ J'- 1 " C 

NSLS 

^ \ " 
Uv Bo ^ \ \ ^ 6 G c • 
, Wiggle ( 1 6 c TO 

Ptiolon Energy eV 

10 100 Ik 10k 1O0k 

Photon Energy eV 

10 k«V 100 kmV 
Photon energy 

Fig. 2. Spectral brightness as afunctionqfenergy forfourpossibie vndulators, one wig-
gler, and the bending magnets of the Advanced light Source. For the undulaCors, the 
tuning range is shownfor both the fundamental (solid lines) and the thtrd harmonic 
(dashed lines). 

Fig. I. Average and peak coherent power 
forvartous sources ofxrays, including un-
dulators and plasma driven x-ray lasers. 
Coherent radiation is defined as being dif
fraction -limited transversely, with a longi
tudinal coherence length of one micron or 
longer. 
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Fig. 3. Photonjlux curves are coruxnientforconceptualizing 
and planning new experiments. The curves shown above are 
typical of what can be expected with beamltne efficiencies 
that vary from one experiment to the nod. For wtgglers and 
bending magnets, a 5-mrad horizontal collection angle is 
assumed. For undulators, solid lines are the fundamental 
dashed lines are the third harmonic radiation. 
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Fig. 4. Average coherent power as ajunctionqfenergyforflve 
possible ALS undulators. Coherent power Is defined as hav
ing full transverse coherence in a I-jim longitudinal coherent 
length. 
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Particularly Interesting are the coherence properties of radiation 
for the ALS undulators. Coherence properties are related to focusabllity 
and the ability to form Interference fringes. The coherent power of the 
ALS undulators, defined here as that portion of the radiation that Is dif
fraction-] [ml ted and has a coherence length of 1 nm, Is shown in Fig 4. 



High-Gain Free-Electron Laser* 
Electrons passing through a simple undulator are initially un-

correlated, and they remain uncorrected a s they continue along the de
vice. As the number of the undulator periods, N, increases, however, the 
interaction between the undulator radiation and the electron beam can 
lead to density modulations— "bunching"— in the electron beam and to 
an exponential amplification of the radiation. The undulator thus be
comes a so-called high-gain free-electron laser (FEL), and the radiation 
emitted is called self-amplified spontaneous emission (SASE) by analogy 
to laser terminology. The transition from simple undulator to high-gain 
FEL Is Illustrated schematically in rig- 5. 

Since high-gain FELs operating In the SASE regime do not re
quire the use of high-reflectivity mirrors to form optical cavities, they are 
promising alternatives to FEL oscillators a s generators of intense, coher
ent radiation at wavelengths shorter than 1000 angstroms. At micro
wave wavelengths, the principle of SASE has been experimentally con
firmed at the Lawrence Llvermore National Laboratory. 

Recently, we have made substantial progress In understanding 
how SASE emerges and propagates in long undulators. Our analysis, 
based on the Maxwell-Klimontovich equation, differs from earlier work In 
two respects. First, we use a microscopic description of electrons in 
terms of the Klimontovich particle distribution function. Second, the 
analysis is three-dimensional so that Important Issues such as guiding 
and transverse coherence can be clarified. Finding an explicit expression 
for the amplitude of the coherent amplification in terms of the input am
plitude was a hitherto unsolved problem in three dimensions. 

An important parameter characterizing high-gain FELs is the di-
mensionless parameter p. which is typically of order 10"3. Figure 5 sum
marizes the evolution of simple undulator radiation to SASE. ForpN « 1, 
the radiation is an incoherent superposition of radiation from individual 
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Fig. 5. Schematic Qlustration of the evolu
tion/mm an undulator toahigh-gainfree-
electron laser. The appearance of elec
tron 'microbunching" is accompanied by 
an exponential gain in the intensity of 
emitted radiation. Saturation follows 
when electron motion ceases to remain in 
phase wtth the wavelength of the emitted 
tight 



electrrns. and it is only partially coherent transversely, owing to finite 
electron beam emittances. The bandwidth is about 1/N. For larger N 
but with 0.1 < pN < 1. the FEL Interaction produces bunching of the 
electrons, resulting in enhanced radiation Intensity and coherence. 
Typically, the radiation is dominated by a single transverse mode, which 
grows exponentially with length. The relative bandwidth is smaller than 
that of undulator radiation by a factor of (pN) 1 / z . As seen in Fig. 5, 
exponential growth saturates when pN ~ 1. This occurs because of the 
increased momentum spread induced by the FEL action. 

i o ' 5 - — 

1 0 " -

' 1 ' I ' ! ' 

^^-^•"""^ Compact syncliroiron \ 

f 0 63GeV aMmA \ 

l , , 3 _ Ec - ' 2 «ev 10 ' ' fluty citie \ 

i - 1 \ -

i, \ 

J " uoev / \ J% in 

1 black bod/ / \ ITOS 

J - - / Fulu'e No 1 
/ ot KrF tase-

10 ' " / -

! 0 9 , i 
10 ' 0 2 tO3 1 ' 

Pholon energy |eV) 

Fig. 6. Plot of delivered average photon 
Jluxasafunctionofphotonenergyfora 
compact synchrotron radiation, source 
and a moderate-sized laser-plasma 
facility, assuming significant advances 
in laser technology. The computation 
assumes a peak power of10 '"Wanda 
I-kHz repetition rate for the laser. 

Sources for X-Ray Lithography 
Synchrotron radiation facilities are well established a s suitable 

sources for x-ray lithography. Of Interest are more compact versions, 
perhaps less costly, that would be more suitable to a manufacturing 
environment. Also of Interest is the possible use of x rays emanating 
from hot-dense laser-generated plasmas. Laser plasmas are well estab
lished for the efficient (20-80%) production of a quasi-continuum of sub-
kiJovolt radiation, and the fairly efficient (order 0.1%) production of indi
vidual (bound-bound) lines of photon energy in excess of 1 k V. The 
achievement of these high laser light to x-ray conversion efficiencies re

quires intensities of order IO 1 4 W / c m 2 a t 0.25 to 1 ̂ m la
ser wavelengths on appropriate target material;*, and 
high peak powers of order I 0 1 0 watts for reasonable pulse 
duration and spot size. These plasmas produce exceed
ingly high photon flux levels in these very short temporal 
bursts (0.1 to 1 nsec), but a very low repetition rate. 

To compete with synchroiron radiation facilities 
a s compact x-ray lithography sources, the laser-plasma 
x-ray sources mus t now be extended to higher repetition 
rates, perhaps of order 1 kHz, combining previous high 
peak laser power, with new capabilities for high average 
laser power, of order 10 3 watts. Leading candidates for 
such an advanced compact source are KrF and Nd lasers. 
Substantial advances are needed for both classes of laser 
systems to advance to a competitive average photon flux 
level a t the kilovolt photon energies required for microcir-
cuit (chip) lithography. The solid state systems (Nd) re
quire the development of a new host material, capable of 
maintaining low nonlinear refractive index properties for 
high peak power performance, while advancing sub
stantially in pump efficiency and heat removal for high 
average power performance. The excimer gas lasers (KrF) 
must advance a factor of order 100 in peak power, 
through the use of sub-nanosecond pulse techniques, 
and another factor of order 10-100 in repetition rate and 
average power. 

Assuming that one of these laser systems Is de
veloped In the next few years, we show in Fig. 6 how the 
synchrotron and laser systems would compare on the ba
sis of x-ray photons per second (photon flux), within a 1% 
bandwidth T\Af2 « 2 x 10 =). For the laser plasma x-ray 

sources we assume 40% energy conversion to a 140-eV black body contin
uum, and a 1% conversion to a single x-ray line of highly stripped ions 
within the plasma. For peak photon flux the lasers gain an advantage of 
order 10 4 at 1 keV. 
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X rays pose unique problems for optics designers because they X-Ray Imaging and 
cannot be focused by conventional means: Images cannot be formed by AtJOlicatlons 
refraction, and specular reflectivity at near-normal angles Is negligible. "* 
Fortunately, several other techniques are available for use at short wave
lengths. Fresnel zone plates, for example, are circular structures whose 
alternating opaque and transparent zones serve to focus soft x rays by 
diffraction. And mirrors can be used effectively to focus higher-energy x 
rays by glancing-angle reflection. In addition, by using multilayers of 
atomic thicknesses, the usefulness of reflective optics can be substantial
ly extended in several ways. During the past year, we made significant 
strides In developing each of these techniques, and we are successfully 
extending their practical application In experimental science. Other 
experiments In x ray Imaging have included holographic studies and pre
liminary work with a new contact- microscopy station. 

Zone Plates and Soft X-Ray Microscopy 
Circular diffractlve structures known as Fresnel zone plate lens

es are one means of circumventing the difficulty of focusing soft x rays 
with wavelengths In the 10- lo 100-angstrom region. When used with a 
suitable source of x rays, a zone plate can focus radiation to a resolution 
roughly equal to the outer zone width (see Fig. 7). In collaboration with 
colleagues a l IBM's Watson Research Center, we have been fabricating 
gold zone plates of ever-improving quality and resolution. Fig. 8 shows a 
57-mm-diameter zone plate with an outer zone width of 700 angstroms. 

Fig. 7. Schematic diagram of Fresnel zone plate lens for dijfractivefocusing ofx rays. 
Note that the outer tine width (&r) sets the spatial resolution of the microscope tens. 

Fig. 8. Views of a gold Fresnel zone plate. 
The opaque outer zones are spaced 70O 
angstroms apart. Zone plates such as 
this have been used in an undulator 
based sofi x-ray mien scope at 
Brookhaven's NSLS to achieve a resolu
tion approximately equal to the zone 
spacing. IZone plates are fabricated in 
collaboration with IBM/Yorktown 
Heights.! 

8 



Fig. 9(a). One cf ourJlrst views of an unaltered subcellular 
1 -\impancreaticgranule, resolved to 0.1 um using a zone plate 
microscope and undulator radiation at 32 A . Sample ts in 
aqueous environment without fixation, staining, or sectioning. 
Because the aqueous environment was inadequately main
tained in this dryer ueslcle, the protein concentration, indi
cated by the blue regions, appears to be concentrated near In 
the center. The red areas indicate less x-ray absorption and 
thus lower protein concentration. The black area reveals 
minimal x-ray absorption in the surrounding water.llncoUabo-
ration with UC San Francisco, SUNY Stony Brook, IBM, and 
NSLS Brookhaven} 

Fig. 9(b). High resolution soft x-ray im
age of a subcellular vesicle that trans
ports digestive enzymes of the pun-
creas. Resolved to better than 0.1 mi
crons, this is thejirst view ever obtained, 
by any method, cfan unaltered subcel
lular component The approximately 1-
\xm diameter pancreatic granule was 
imaged in an aqueous environment 
without recourse to sectioning, staining, 
or fixation. Blue Indicates the areas of 
greatest x-ray absorption and corre
lates with areas of high protein concen
tration. Red and black areas indicate 
less absorption and thus lower protein 
concentration. The fact that the blue 
areas (high protein concentration) are 
more prevalent away from the granule's 
center suggests that protein concentra
tion ts highest near the surface (mem
brane) of the wet vesicle.fln collabora
tion with UC San Francisco, SUNYStony 
Brook, IBM, and NSLS Brookhaven! 

The lens has 156 working zones and a 1.3-mm focal length at 31 ang
stroms. The 1300-angstrom-thick zones res ton a I OOO-angstrom-thick 
silicon nitride substrate. A similar lens, with a 1000-angstrom outer 
zone width had a measured diffraction efficiency of 5.2%. The zone plate 
of Fig. 6 is expected to perform as well, with even better resolution. A 
500-angstrom zone plate is nearing completion, and preliminary work 
has begun on 300-angstrom lenses. 
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The promise of these devices is to allow us, for the first time, to 
obtain images of Intact living biological cells, as well as to probe inorgan
ic materials with elemental specificity. Soft x-ray microscopes based on 
zone plates will be used, for example, to form subcellular images, re
solved to better than 1000 angstroms and highlighting the concentra
tions of specific elements. The same microscope could also be used to 
study surfaces, thin-film formation, and material properties, with like 
capabilities. As an example of a biological application, consider one po
tential use. Models of enzyme secretion and vesicular transport in cells 
are widely accepted but only weakly and indirectly supported by experi
mental evidence. This is largely because it is not possible to follow such 
processes with the electron microscope in real time, and the objects In 
question (the vesicles) cannot, for the most part, be resolved by light mi
croscopy. Our Initial at tempts to develop the means to carry out x-ray 
microscopy experiments involve the use of the scanning x-ray micro
scope at Brookhaven's National Synchrotron Light Source (NSLS), 
equipped with a zone plate of the kind jus t described, to Image secretory 
cells from the pancreas of a rat. About 90% of the nitrogen In cells is 
contained within various proteins; as a result, measurements at the ni
trogen K edge may provide us with the first direct estimation of the dis
tribution of protein within various subcellular compartments of intact 
cells. Our first experiments along these lines, in collaboration with UC 
San Francisco, SUNY Stony Brook, IBM, and NSLS, produced prelimi
nary results in early 1987 (Fig. 9). These new results included the first 
view of an unaltered subcellular component In its natural aqueous envi
ronment. The image, which was resolved to better than 1000 A, did not 
require sectioning or the use of stain or fixation. 

Hard X-Ray Microprobe 
At higher photon energies zone plates become progressively more 

transparent, and thus less effective. Fortunately. In the hard x-ray re
gion mirrors can be used to focus x radiation. We have constructed sev
eral Instruments using multilayer-coated optical surfaces for Imaging In 
x rays, including a laboratory x-ray microscope operating at 8 keV and 
an x-ray microprobe for use with synchrotron radiation. The latter In
strument has been used at both NSLS and SSRL with encouraging re-

Synchroiron 
Source (white 
radiation) 

Muiwayer s 

coated mirrors =-,,,,, A 0 , a r , n r 

•x Sample 

-<\ - 5 cm 

Focal spot ••" -

Scanning 
stage 

Fig- 10. A schematic of tlie geometry for 
the x-ray microprobe using synchrotron 
radiation. 
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suits. At both facilities it is possible to focus the radiation down to a spot 
of approximately 10x10 \im. This result is achieved through the use of a 
pair of mirrors In a Kirkpatrick-Baez geometry (Fig. 10), a configuration 
that eliminates the severe astigmatic aberration associated with a single 
glancing incidence reflector. At Brookhaven, the instrument operates in 
white radiation and the multilayer mirrors, acting in a manner analogous 
to Bragg crystals, select a slice of the spectrum about 1 keV wide at 10 
keV. Focused on a sample, these x rays produce fluorescent x rays 
characteristic of the elements contained in it, which are analyzed by a 
solid-state detector to reveal the composition and elemental concentra
tion of the sample, The instrument has high sensitivity to elements rang
ing u p to zinc. Figure 11 Is the spectrum of the fluorescent radiation from 
a 10 x 10 \im area of an NBS spectroscopic (wheat flour) s tandard show
ing the detection of elemental masses of the order of 200 femtograms. 
Figure 12 shows the spatial resolution capability s of the instrument; a 
scan along a blue-green algae filament reveals variations in the iron con
centrations at the ppb level as the filament is scanned. Finally, Fig. 13 
shows a scan of a fluid inclusion embedded in a simulated geological 

Fig. 11. The x-ray microprobe can also 
be used to measure trace element pro
files along a sample with high sensitiv
ity. This figure shows the variation of 
Iron concentration along a photo-actiue 
blue-green algae Jllament. In biological 
samples elemental concentrations of 
parti per million and Jemtogram sensi
tivity can be easily measured. Iln col
laboration with SSRL.I 
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Fig. 12. Concentrations of elements in 
an NBS wheat flaw standard sample 
showing sub-plcogram sensitivity. Iln 
collaboration with NSLS and University 
of Chicago.! 
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Fig. 14. The x-ray microprobe is used to study the microscopic structure of mate
rial. These two pictures show the results of scans on a pair of ZnO ceramic 
samples. The scale bar represents 25 \im. (Left} SIC particles with diameters 
smaller than 20 am dispersed throughout the sample volume. Black represents 
greatest concentration of SIC (Right) Cracks and voids within another sample. 
Blue represents greatest concentration of ZnO; yellow to black are d£creaslr.g 
coneentratlons.The study of the creation and propagation of these microscopic im
perfections Is important to the understanding of the mechanical properties of ad
vanced ceramic materials. 

(quartz) sample. The scan clearly maps the calcium content of the inclu
sion, which has dimensions of the order of a few tens of microns. Since 
the inclusion Is microns below the surface, it Is Inaccessible for analysis 
by other methods. Thus the x-ray microprobe promises to provide a new 
analytical method that will yield insight into important geophysical proc
esses. 

Solar Phytic • 
Another of our multilayer optical Instruments was recently used 

with a source of a very different sort. During the past year, we success
fully collaborated with the Lockheed Palo Alto Research Laboratories to 
obtain an x-ray photograph of a solar active region, using for the first 
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time a normal-Incidence x-ray telescope. The Instrument was flown as 
part of a comprehensive rocket payload to study the sun 's soft x-ray and 
extreme ultraviolet emissions. The telescope's passband covered two 
emission lines of S i ' l * a t 44.02 and 44.16 angstroms. Since ionization 

Fig. J 5. An x-ray photograph of a solar active region 
taken with a rocket-home normal-incidence telescope 
developed tn collaboration with the Lockheed Palo Alto 
Research Laboratories. Black represents no x-ray 
emission; red to yellow represents Increasing 
amounts ojx-ray emission. 

> :L 
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Fig. 16. Experimental arrangement for 
recording a contact micrograph and 
three holograms at distances of 400, 
300. and 1200umfrcmthesample. This 
setup was designed to allow three-di
mensional reconstruction with better 
than WOO-angstrom transverse resolu
tion. 

of silicon to SI"* requires temperatures oi !Ve order of 2.0 x 10 s K, the 
photographs we obtained {see Fig. 15) show only the hottest part of the 
solar corona. Images such as these promise to yield a wealth of informa
tion on the structure and dynamics of the upper solar atmosphere, and 
we expect to continue this program using sounding rockets and. eventu
ally, the space shuttle. 

Holographic Microscopy 
In earlier years, we have been successful in demonstrating that 

holographic methods, as used in the visible region, could be applied In 
the soft x-ray region. We showed that a hologram of a sparse, two-di
mensional test object could be recorded on photographic film using 31-
angstrom x rays and reconstructed using a helium-cadmium visible-
light laser to give a final image resolution of about 1 jim. During 1986 
we sought to take the Important and difficult step Into the regime of spa
tial resolutions below 1000 angstroms. Our approach was to coherently 
illuminate the sample and a stack of resist detectors, as shown In Fig. 
16. The first detector records a contact micrograph of the sample, and 
the three subsequent ones record a superposition of the partially attenu
ated incident beam and the diffracted beam from *iie sample; in other 
words, we get three holograms. Our eventual intention Is to digitize and 
computer- process these redundant recordings to give values for the am
plitude and phase of the diffracted field over the whole area of the re
cording. These data, plus similar data from different Illumination direc
tions, should allow a numerical reconstruction of the three-dimensional 
object. 

Our earlier recordings were made using bending magnet radia
tion from the 750-MeV storage ring at NSLS. which required exposure 
times of about one day. However, late in 1986. we made about 2 5 mul
tiple holograms of pancreatic cells, using the 10-pole undulator beamllne 
(X-17) on the 2.5-GeV ring at NSLS. Exposures with the new undulator 
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radiation typically required about one hour and showed considerable im
provement in quality. A further experiment in early 1987 generated an
other 75 holograms 

The best recordings are of zymogen granules about I pm in di
ameter, which are enzyme-carrying vesicles of rat pancreatic cells. The 
holograms are recorded on copolymer resist layers deposited about 2000 
A thick on a thin (1200-A) silicon nitride substrate and placed 200 jun 
downstream of the sample. The hologram consists of an interference pat
tern formed by coherent superposition of the approximately plane-wave 
incident beam with the roughly spherical-wave signals scattered by the 
sample. The holograms were recorded in a Gabor (in-line) geometry. The 

effect is to create patterns reminiscent of a 
Fresnel zone plate a s shown in Fig. 17. The 
recording process was carried out using a 
spatially and temporally coherent (1.8 ^im 
coherence length) beam of 24.7-A x rays. 
For the sample shown In Fig. 17 the expo
sure time was 90 minutes. The hologram re
quired approximately 10 1 2 coherent photons, 
and corresponded to a radiation dose of or
der 200 megarads. After exposure the resist 
was developed and then metallized to en
hance the relief image. The transmission 
electron micrograph shown in Fig. 17 indi
cates that Information is recorded to a reso
lution level of about 500 A. We are now ad
dressing the problem of image reconstruc
tion. 

Fig. 18(a). The procedure for performing soft X'tay 
contact microscopy of biological samples. Image 
contrast depends onx-ray absorption of biologically 
important elements. 

5 = ^ 
I 

Fig. 17. X-ray hologram of 'several zymo
g e n granules. Thefigure shows a 19 x 15 
amfield of a 200 x 200 um hologram. Tlic 
recording is a shallow relief pattern in 
the x-ray resist and has been shadowed 
with heavy metal at a glancing angle to 
give Increased contrast. The exposure 
was about 1 hour, which provided about 
1012 spatially and temporally coherent x 
rays of 24.7-A wavelength. The resist is 
spun on a tliin (1200 A) window of Si3N4 

and was consequently obscnxiblc by 
transmission electron microscopy, 
which was the teclmtque u sed to pro
duce this micrograph. The figure sliows 
great numbers of interference fringes 
that comprise (fie hologram and deter
mine its resolution. From the narrowest 
observable fringe spacing one can infer 
that sample information on a size scale 
less than 1000 A is recorded. Iln Col
laboration with SUNY, Stony Brook.l 

Fig. 18(b). A soft x-ray micrograph of 
stained normal red blood cells. An x-ray 
contact image (carbon-K alpha at 44 A) 
of a normal cell has been made onto a 
resist (copolymerPMMAiMAA 90:10), 
which has been magnified (5600x) by a 
scanning electron microscope. The resist 
and blood cells were exposedfor 6 hours 
to the soft x rays. The normal red blood 
cells were fixed in glutaraldehyde and 
statned with lead citrate, osmium 
tetroxide, and uranyl acetate for imag
ing contrast. 
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Fig. 19. Student making adjustments to 
sputtering apparatus used to fabricate 
high quality multilayer structures for use 
as moderate bandpass x-ray mirrors. In 
the vacuum chamber at the left are three 
magnetron sputtering targets with a sub
strate rotation stage above. Controls and 
poufer supplies ore in the background. 

K f multilnyer 
<i -V£ B » J : i 5-1 A 

Fig. 20. Measured angular response of 
the reflectivity of a W/C multilayer is 
compared with acatculatedfit. The multi
layerconsists of 20 layer-pairs oj"IV'and 
C with a period of 42.5 A. More interface 
mixing at the WonCcompared to the Con 
W interface is predicted by this Jit. 

Contact X-Ray Microscopy 
Soft x-ray contact microscopy is a high-resolution imaging tech

nique that may also be used to look at biological materials in a living 
slate. The technique has traditionally been used to "write" integraled-
circuit patterns. For biological samples, image contrast is clue to 
absorption at the car' on and nitrogen K edges. Figure 18 illustrates the 
technique. A biological sample is placed on a resist, usually polymeth
ylmethacrylate (PMMA) on a silicon or S i 3 N 4 substrate, then exposed to 
x rays. After development in methyl isobutyl ketone a relief map is ob
tained that can be viewed by electron microscopy. The resolution of this 
technique depends on a number of factors, including wavelength, 
sample thickness, and source size. Typical resolution is about 300 ang
stroms. Apparatus for use of this technique is now operational in our 
laboratory. Work with biological samples, mainly sickled and normal red 
blood cells, has just begun. 

Multilayer Mirrors 
Facilities for Ihe fabrication and characterization of multilayer 

structures for use as x-ray optical coalings were active in their first full 
year of operation. Students played a major role in these developments. 
Performance of the sputtering system was characterized in many ways. 
Many materials were sputtered, and their rates characterized, in search 
of Improved material combinations for x-ray optical multilayers. Thf- lat 
eral uniformity of our multilayers was investigated and improved to pro
vide for coating larger areas with more uniform structures. Interfacing of 
various subsystems of the sputtering apparatus with a computer was be
gun to better control and monitor the deposition process. 

Detailed characterization of multilayei s t ructures is important 
for a thorough understanding of the limits lo their x-ray optical perfor
mance. These characterizations take many forms, some of which are 
performed in-house while others require outside facilities and collabo
rations. Characterization of multilayers is important, as is an under
standing of the limits of performance. Our characterization capabilities 
in 1986 included a diflractometer capable of measuring multilayer reflec
tivity at hard x-ray wavelengths (1.54 A). Measurements at these short 
wavelengths allows us to sample many orders of multilayer reflectivity, 
which can then be analyzed to study the composition profiles across the 
layers. Figure 20 shows a measured performance for one of our tung
sten-carbon multilayers and a model fit to the measured reflectivity. 
This fit is achieved by assuming that the interfaces were not infinitely 
sharp, and that the W on C Interface had a different width than the C on 
W interfaces. 

A new apparatus, described in a later section, is capable of mea
suring multilayer reflectivities In the longer wavelength region from sev
eral angstroms to several hundred angstroms at near normal incidence. 

Fig. 21. High resolution, transmission electron micrograph along the layers of a Mo/ 
Si multilayer provides a direct image of the quality of the layering process. The silicon 
wafer substrate and amorphous silicon buffer layer are seen at the bottom right and 
the Ma layers ofthe multilayer are the darker of'the two layers. The image was ob
tained at the Center for X-Ray Optics. 



Currently this apparatus is equipped with a source for work in the 150-
375 angstrom range, an especially Interesting region for the development 
of free-electron and x-ray laser cavity mirrors. We have also initiated a 
collaboration with LBL's National Center for Electron Microscopy to use 
their complimentary techniques for visualization of multilayer profiles. 
An example is shown in Fig. 21 . Use of synchrotron radiation scattering 
techniques to s tudy atomic arrangements within amorphous multilayer 
samples was also begun. 

Several projects Involving the use of multilayers for specific ap
plications were in.dated in 1986. Multilayer mirrors forx-ray imaging 
systems were fabricated by our laboratory and were used in a wide vari
ety of experiments, as described previously in this report. 
The application of multilayers as pre-monochromalors in synchrotron 
beam lines to reduce thermal loads on delicate monochromalor crystals 
was also considered. Monochromator crystals that are used in the spec
tral region below 2000 eV are generally fragile and need to be protected 
even from the bending magnet radiation of a modern storage ring such a s 
the NSi-S x-ray ring. The Center is providing an experimental optical 
system to prefilter the radiation used on the X24A (National Bureau of 
Standards) beamline at NSLS in order to give this protection. The system 
comprises a water cooled metal substrate coated with a multilayer coat
ing that is suited to the geometry of the beamline. which Includes a 
pivoted downstream section. The multilayer chosen to meet these rather 
special requirements is a S1C/V structure. The material and parameter 
choices provide for a narrower filtering passband and better isolation of 
the Bragg reflection from the specular reflection compared to a conven
tional high-Z/low-Z combination. These advantages must be traded off 
against diminished Bragg reflecting efficiency. The overall optimization 
of the system in the present case leads to a fourfold reduction in power 
loading on the main monochromator Tor a tolerable loss of throughput. 
Even better performance will be achievable in future systems where the 
geometrical constraints are not determined in advance. 
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Soft X-Ray Spectroscopy A major thrust of the Center's technological efforts is the devel
opment of tools and techniques for high resolution soft x-ray spec
troscopy, based on the use of many x-ray sources. Including storage 
rings, laser-produced plasmas, and x-ray lasers. We have, as examples, 
proposed high resolution monochromator designs for the Advanced Light 
Source, designed a high-throughput x-ray monochromator for use with 
plasma sources, made measurements of molecular x-ray spectra at NSLS. 
and, in a collaborative effort with the Lawrence Llvermore National Labo
ratory (LLNL), begun efforts to measure x-ray laser line widths. A study of 
the absolute response of x-ray photographic films has also been com
pleted. Our development of efficient x-ray photocathodes based on thin 
films of condensed rare gases has provided quantum yields above unity 
in broader spectral regions than previously possible. Finally, we applied 
some of our picosecond spectroscopic techniques to measurements of 
compression and transport in large laser plasma studies at the University 
of Rochester. 

High Resolution Spect roscopy 
The increased interest in intense coherent sources of soft x-ray 

and extreme ultraviolet radiation is motivating the development of new 
spectroscopic instruments operating in the grazing incidence region 10-
500 A. X-ray holography, photoelectron spectroscopy, and grating mi
croscopy all require monochromators with spectral resolving power 
X / M = 10 3 to 10 1, or even higher. Existing spectroscopic instruments are 
incapable of this performance without severe compromises In other ar
eas. For example, a conventional Rowland circle spectrometer/mono -
chromator using a grating with equidistantly ruled grooves has severe 
astigmatism (i.e., long spectral lines) and an oblique focal surface requir
ing a complicated motion to scan wavelength. Other instruments, such 
as those using toroidal or holographic gratings, fail to achieve 
simultaneously high resolution, freedom from astigmatism, and an erect 
focal plane. 

Recent advances in grating fabrication now make It possible to 
vary the groove spacing continuously across the surface. This allows 
precise correction of the optical aberrations that limit spectral resolu
tion, and makes it possible to construct high resolution spectrometers 
arid monochromalors free from astigmatism and with a flat spectral 
field. Furthermore, the surfaces of the mirrors and gratings in these in
struments are simple easily fabricated planes and spheres. Varied-space 
grating technology h a s already been exploited In the fields of space as-
trophysical instrumentation and laboratory plasma spectroscopy, and an 
instrument for the time-resolved measurement of line widths from the 
LLNL soft x-ray laser is under construction. The technique will also be 
valuable in the construction of high resolution Instruments for syn
chrotron radiation beamlines. 

High Throughput Soft X-Ray Monochromator 
Efficient collection and utilization of the soft x-ray and extreme 

ultraviolet radiation (30-300 eV) from laser-produced plasma sources of
ten requires a monochromator with high throughput (solid angle accep
tance x efficiency) but only moderate resolution. We have designed, con
structed, and tested a novel Instrument meeting these requirements. 
Simple in principle, it uses a spherical grating that rotates about an axis 
to perform the wavelength scan, while focusing In the sagittal direction is 
achieved with a pre-mlrror set orthogonally to the grating, as shown In 
Fig. 22. This pre-mirror can be a simple strip of glass, bent to the cor
rect radius. For synchrotron radiation applications, the high throughput 
feature of this monochromator can be traded for high resolution, leading 
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Fiff. 22. Schematic diagram of a htgh-tlvoughpul monochromator, based on a cylin
drical glass "premtrror' and spltcrtcal, conventionally ruled gratings. 

to performance better than that of conventional instruments such a s 
toroidal grating monochromators. 

X-Ray Laser Line-Width Measurements 
In a joint project with LLNL, we have undertaken a project to 

measure the lime-dependent line width of the Llvermore selenium laser 
(206 and 209 angstroms). The spectral resolution (X/AX) required for this 
experiment is very high— in excess of 10,000. At the x-ray laser wave
length, such resolution is difficult or Impossible to obtain using conven
tional spectroscopic techniques; consequently, we are constructing a spe
cial spectrometer (Fig. 23) that uses a varied line space grating, together 
with crossed mirrors to eliminate astigmatism, forming an image of the 
emitting region for each spectral line. A picosecond streak camera at the 
focal plane will be used to examine the time structure of the laser pulse. 
The resolulion of the instrument will be limited by the streak camera to 
about 10.000. With a higher-resolution detector such as film, the resolu
tion would approach 30,000, but would not reveal lime-de pendent line 
narrowing features. 

This type of instrument has great potential for achieving high 
spectral resolution with both bending magnet and undulator radiation at 
synchrotron radiation facilities. Indeed, some of its practical advantages, 
which include an erect field, simple scanning mechanism, and use of 
simple optical surfaces make it appear an attractive alternative to exist
ing monochromator designs. We are undertaking a design study to 

X-ray streak camera-, 

Nova target chamber , 

Nova beamy / Bent mGtal mirror-, 

" ^ / ^ y l /-X-ray laser / 

^Spherical mirror ^ - s s s ^ ^ C i j T j 

rail—C-^-fffrr^t J ^ ^ 

i #7 si" 
*~ Varied line space grating 

plane or 500 meter convex 

^ / ^ ^ - ^ s ^ '-BenI glass mirror 

-̂Nova beam 

Fig. 23. Proposed method fcr high spec
tral resolution, tlme-resolietl measure
ment of x-ray laser line wlith using a 
varied line space grating. {In Collabora
tion with Lawrence Uixrmore National 
Laboratory.! 
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Pig. 24. to) Secondary electron emission 
Is illustrated. Typically the secondary 
electron escape depth, Xg is small com
pared to length, Cup)"1, so that only a 
smallfraction of the secondary electrons 
are emitted, (b) Preliminary results for 
the absolute quantum yield of Xe vs. 
energy. The energy dependence mas 
calculatedfrom the known \L(E) andflt to 
a measurement at 1254 eV. Also shown 
is the measured quantum yield for Csl 
andAu. Iln collaboration wUhAT&TBeU 
Laboratories.} 

determine the suitability of these advanced optical designs for applica
tion at both Aladdin and the Advanced Light Source. Incorporation of 
such designs in future beamllnes will require close collaboration with in
dustry. 

Rare Gas Solids as "Super" X-Ray Photocathodes 
An on-gotng effort has been the development of high efficiency 

photocaihode materials for time-resolved measurements In the 100 to 
10,000 eV region. In the past few years we have developed accurate mod
els and experimental procedures for the characterization of x-ray photo-
cathodes. We have demonstrated that the alkali halides. particularly ce
sium iodide, can constitute highly efficient and stable photocathodes at 
room temperature (10 to 100 times more efficient than earlier photocath
odes such a s gold). In a collaboration with AT&T Bell Laboratories we 
have participated In a similar development of condensed rare gas (Xe 
and AT) photocathodes, where very long secondary electron escape 
depths promise high quantum yield photocathodes. Our preliminary re
sults are shown in Fig. 24 for the absolute quantum yield. Y electrons 
per Incident photon, versus photon energy, E. These results Indicate 
that the rare gas solids will have secondary electron yields that are an 
order of magnitude greater than those of the relatively high efficiency al
kali halides. These RGS "super* photocathodes will be of critical Impor
tance for measurements of very low level x-ray Intensities. 

Our present work on the characterization of solid Xe and Ar 
photocathodes Is In collaboration with Eric Gullikson and the AT&T Bell 
Laboratories. 

Characterization of Multilayer X-Ray Analyzers 
There has been an historic need In x-ray optics for large-angle 

mirrors that selectively reflect and analyze the long wavelength x-rays 
and that complement the grazlng-lncldence diffraction gratings. An Im
portant recent development h a s been the sputtered/evaporated multilay
er mirrors on alternatively high and low atomic-number materials with 
regular spacing in the 10 to 100 angstrom range that provide strong dif
fraction intensities at large angles in the 20 to 200 angstrom x-ray re
gion. We are now completing a systematic and detailed study of 2 5 state 
of the art multilayer analyzers that have been designed for bandpass re
flection In specific x-ray regions for such applications as x-ray mono-
chromators and for selective, high efficiency reflecting optics for x-ray 
telescopes and x-ray microscopes. 

The objective of this study has been to develop relatively simple 
analytical descriptions of the reflectivity characteristics of these multi
layers. We accomplish this by fitting seml-empirical model relations to 
detailed experimental data for the integrated reflectivity, R, the peak per
cent reflectivity. P. the angular width, ra and the resolving power. E/AE, 
for the first few orders of diffraction lines ((see Fig. 25(a)!. We model the 
multilayers using fixed parameters, the volume of the unit cell, the geo
metric d-spaclng, and fitting parameters T , r , and a l * , the fractional 
thicknesses of the unit cell for the high atomic number layer and of as
sumed linear transition layers of the heavy element. Into the light ele
ment regions, where a is an asymmetry factor. We assume linearly vary
ing transition layers that may represent either interface roughness and / 
or simple diffusion layer characteristics, iin example of the output plots 
for R, P, w, and E/AE is also shown In Fig. 25(b) for the assumed model. 

Picosecond X-Ray Spectrometry of Laser Fusion Targets 
Illustrated in Fig, 26 are x-ray Intensities versus time for various 
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Fig. 25. (a} Reflectivity vs. angle for a 
tungsten-carbon multilayer. The Bragg 
peak is parameterized by the integrated 
reflectivity, R, the peak percent rejlectiu-
ity. P, and the angular width, co. (b) The 
energy dependence of R, P, u, and 
&AE i s calculated and Jit to measure
ments at a few photon energies spanning 
the region of interest. 
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emission lines from a laser-Irradiated mlcroballoon target. These spectra 
were obtained with a picosecond x-ray streak camera and our elliptical 
analyzer x-ray spectrograph (the SPEAXS system), which is now In use at 
the OMEGA laser facility a t the University of Rochester. Such time-re
solved spectral measurements, using layered target techniques, allow the 
experimental determination of thermal transport and mass ablation rates 
on spherical targets by the emergence of various spectral line intensities 
versus lime. These results are of considerable importance to the de
velopment and understanding of energy absorption and transport in in-
ertlal fusion implosion experiments. 

Response of X-Ray Films 
The most ofien applied position-sensitive detection technique In 

x-ray optics Is photographic film. We have developed relatively simple 
two-parameter models for the accurate absolute characterization of x-ray 

|H|I-1*SfHMlA) 
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Fig, 26. The x-ray emission spectrum vs. time for a laser-
irradiated micwbaUoon obtained with an x-ray streafc camera 
and our elliptical x-ray spectrograph. Iln collaboration with the 
University of Rochester.! 
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Alms. Last year work was completed on the development of efficient an
alytical relations and new experimental calibration methods for their 
evaluation In the region of 100 to 1000 eV. We have Just extended this to 
analytic models a id experimental procedures for the absolute character
ization of x-ray films for the 1000 to 10,000 eV region. Illustrated here 
in Fig. 27 is an example of the description by a single universal analyti
cal model relation (smooth curves) of the density versus exposure data 
for 930 eV and 8050 eV photons normally incident upon the new Kodak 
two emulsion x-ray Direct Exposure Film (DEF). 

MolecuUr X-Rmy Spectroscopy 
X-ray emission and absorption spectroscopy permits detailed 

Fig. 27. The cross section of a DEF 
emulsion imaged by SEM. The model 
used to calculate the response of the 

JUm is illustrated. The calculated den
sity vs. exposure is Jit to data taken/or 
930-eV arid 8050-eV normally incident 
photons . 
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study of the electronic structure of molecules. In particular, synchrotron 
radiation promises the capability of studying the electronic states of in
dividual elements within compounds and alloys, and of impurities, clus
ters, and minor constituents embedded In solid systems. X-ray emission 
spectroscopy has already been used to study dilute metal alloys, rare gas 
solids, and fragile compounds that are damaged by electron excitation. 
Molecular x-ray spectra are rich In overlapping strong and weak struc
tural details arising from the complex atomic environment of the mole
cule. 

Recently, CI-K p emission and Cl-K absorption spectra from Fre-
on 11, 12, and 13 were measured at NSLS. These molecules are of par
ticular Interest because of their suggested role In the chemistry of the 
upper atmosphere. For the first time, an x-ray emission spectrum of a 
molecule was obtained solely with excitation below the ionization thresh
old. 



Since its inception the Center h a s been host to the Laboratory's 
programs In synchrotron radiation optical systems. This activity has in
cluded extensive engineering programs involving the design of beamlines 
and beamline components for facilities now operating or soon to be built. 
During the pas t year, we continued to put significant effort into the de
sign and testing of components that can tolerate high x-ray fluxes— 
fluxes high enough to melt or badly distort common mirrors and crystals. 
A water-cooled copper mirror that can absorb several kilowatts of power 
has been delivered to Brookhaven's National Synchrotron Light Source 
(NSLS) and is now in use with its new X-17 soft x-ray undulator, a s seen 
in Fig. 28. A second system will be installed soon on the new VUV 
branch of Beamline VI at the Stanford Synchrotron Radialion Laboratory 
(SSRL). At a more fundamental level, studies of thermally loaded mirrors 
and crystals, including finite-element computational modeling and meas
urements of actual temperature contours, were conducted at both SSRL 
and Cornell. We have designed a new high-resolution spherical grating 
monochromator for use at SSRL as well a s future facilities such a s the 
Advanced Light Source. 

The thermal load associated with the intense photon beams 
available from new insertion device beamlines imposes very demanding 
requirements on focusing elements and monochromators. The total 
thermal power and the localized heat density from these new syn
chrotron sources can easily distort mirror surfaces and significantly re
duce monochromator performance. During the last year, we measured 
temperature contours on the first crystal of the LBL-Exxon-SSRL wiggler 
beamllne at Stanford, one of the world's most Intense synchrotron radi
ation sources. We conducted similar measurements a t Cornell's CHESS 
facility. To aid in the design of these systems, we have developed com
puter programs that calculate photon power distributions produced by 
wiggler and undulator sources, power losses in various beamllne compo
nents (graphite filters and beryllium windows), temperature distributions 
on mirrors and monochromator crystals, and resultant stresses and sur
face distortions of optical elements. 

These computer programs were used in the design of water-
cooled mirrors for both the X-1 beamline at NSLS. and the VUV branch 
of uV LBL-Exxon beamllne at SSRL. At SSRL the peak absorbed power 
density on the optical surface of this mirror Is expected to be S.aW/mm 2 . 
An analysis of the water-cooled mirror indicates that the maximum sur
face slope error due to thermal distortion will be acceptable at less than 
oOO iirad in the sagittal direction. Each mirror was fabricated using a 
dispersion-strengthened copper alloy for high strength and high thermal 
conductivity. The polished surface of chemically plated nickel has irreg
ularities of less than lOangst roms rms, which minimizes x-ray scatter
ing. 

The high flux from fnsertion device beamtlnes also demands new 
monochromator designs. Accordingly, we arc developing a high-resolu
tion spherical grating monochromator that will also be used on the VUV 
branch of Beamllne VI a t SSRL (Fig. 29). Special attention is being given 
to the factors that influence the resolving power of the monochromaton 
optical aberrations, fabrication tolerances for the spherical gratings, dis
tortions due to thermal stresses in the grating, and stability and 
alignment of the overall sllt-grating-sllt triangle. This work requires es
tablishing new standards for figure and mlcroroughness tolerances. At 
LBL we carry out tests on the quality of witness samples and delivered 
end products, making mlcroroughness and flatness measurements and 
performing thermal cycling tests. Thermal distortions are a particular 

Synchrotron Radiation 
Projects 

Fig. 28. A water-cooled minor, installed 
for testing on the X-17 undulator beam-
line at NSLS. This mirror will be perma
nently Installed on theX-1 beamline. and 
a second will be used on the 54-pole wig
gler beomline at SSRL. 
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concern. For this reason, we have 
used direct water-cooled metal grat
ing substrates to minimize thermal 
deformation. This is the first time 
this technique has been applied to a 
soft x-ray monochromator. 

Our participation in the de
velopment of beamlines for SSRL also 
continued throughout 1986. Our ef
fort on the VUV branch of the 54-
pole wiggler beamline (Beamline VI) 
is now well under way, and incorpo
rates the developments in optical 
component and monochromator de
sign already mentioned. 

Fig. 29, Schematic drawing of the ac
tively cooled grating used in the spheri
cal grating monochromator and aphoto-
graphqfamodel ofthis component The 
kinematic mounting system provides 
sub-arcsecond adjustment of the graV 
ing in ultra-high vacuum. 
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The Center was involved in the Advanced Light Source program Advanced Light Source 
in three main areas: the scientific program, insertion devices, and beam- A / » H V I H » « 
lines. We consider these separately, although they are closery related. Activities 

The Center has long been active in promoting and organizing the 
ideas of the intended light source user community, and this activity 
came to a major focus during FY 1986 with ihs November 1985 Users 
Workshop held In the Berkeley Conference Center. This gathering gave 
an authoritative statement of the community's need for a soft x-ray syn
chrotron radiation source and provided valuable documentation of the 
scientific direction and technological requirements of the program. 

Once the basic character of the ALS was established, it became 
possible to study the technical possibilities for providing the highest 
quality radiation beams. These are generated mainly by tunable undula-
tors. The first attempt to define the Initial complement of Insertion de
vices following the workshop was designed to cover the entire spectral 
range of Interest with five insertion devices: four undulators and a wig-
gler. Anticipated performance of these devices with regard to spectral 
brightness, photon flux, and coherent power are found in the section on 
Undulators and Wlgglers for the Advanced Light Source at the beginning 
of this report. Center personnel devised specific designs for these 
sources and worked out schemes for realization of the magnetic struc
tures and conceptual designs for the engineering of the mechanical sys 
terns. Studies of the required quality, mechanical accuracy, tuning 
speed, photo power output, etc., were carried out to show that this set of 
devices was compatible with the storage ring environment and capable of 
delivering the kind of soft x-ray beams that earlier calculations had 
promised. In carrying out this work the Center was able to call on Its 
wide experience In designing and fabricating these kinds of structures. 
This general effort will continue and expand as plans for the scientific 
program are refined. 

In view of the extremely wide variety In the user community and 
its interests, the initial schemes for beamllnes concentrated on showing 
that very general purpose optical systems could be designed that pro
vided In one beamllne the capability for all possible choices in the reso-
lution-fiux trade-off. This study was carried out using only flat and 
spherical surfaces to guarantee that surface fabrication accuracy would 
be the best attainable. A series of schemes was developed that provided, 
on paper at least, an unprecedentedly high resolution and a unique ca
pability to accept the entire photon beam from the source without loss 
due to phase space mismatch. This latter capability, unequaled any
where, Is possible for lO-jim spectrometer slits, which give, for example, 
a resolving power of I0 4 at the oxygen edge. This kind of optical per
formance depends on the outstanding emlttance properties of the 
source. The Center staff worked out specific beamline configurations for 
each Insertion device and verified their theoretical performance by exact 
computerized ray tracing. They are continuing to study these design 
questions and are also proving their ideas in practice by building pioto-
type systems for use at the SPEAR storage ring. There is also an ongoing 
program of studies and design work that has already solved problems of 
photon beam thermal loading that are more severe than those antici
pated at the new light source. 
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Magnet Structures for 
Undulators 

and Wigglers 
Fig. 30. Cutaway elevation of the SSRL 
Bearrdtne X wlggler currently under con
struction at IBL and photograph of the 
nearly complete wlggler. 

Iron pole ••**•_ s£ 

Significant effort In 1986 went into the conceptual design of the 
five candidate insertion devices for the Advanced Light Source. The foun
dation of this effort, however, was an ongoing program that h a s produced 
a number of Insertion devices for operating facilities and a succession of 
technological design innovations, some now part of operational wigglers 
and undulators, some still conceptual. The latest of our designs to reach 
the fabrication stage is a neodymium-lron wlggler intended as the source 
for Beamline X at SSRL. This insertion device h a s 15 periods, each 12.8 
cm long, and will achieve 1.40 T at the 2.1 -cm operating magnet gap. 

The magnetic structure, support and drive system, 
and vacuum system for the Beamline X wlggler Is shown in 
Fig. 30. Neodymium-iron was selected as the permanent-
magnet material because it has a 16% higher coercive force 
than rare earth-cobalt, it chips less, it is easier to bond to 
common materials, and it is less expensive. The basic 
building block of the magnetic structure is a half-period 
pole assembly, each of which includes a n electromagnetic 
coll that is used to correct the wlggler vertical field integral. 

Looking beyond such designs, we continued to de
sign still better undulators and wigglers for use In synchro
tron light sources and free-electron lasers. A most promis
ing approach Is to Incorporate permanent-magnet material 
Into electromagnetic undulators or wigglers in such a way 
that the magnetic field that can be produced is a s large as 
(or larger than) the field produced with short-period perma

nent-magnet insertion de
vices. In addition, the 
most recent embodiment of 
this concept Is general 
enough to be applicable to, 
for example, quadrupole 
magnets, a s well as wi£-
glers and undulators. The 
basic Idea Is the following: 
If one goes from the useful 
field volume of an electro
magnet deeper and deeper 
into the coil slot, one finds 
that more and more mag
netic flux enters the iron, 
leading to debilitating 
saturation of the Iron 
when the structures are 
small. However, by break
ing the coll up Into a num
ber of sections, and by 
placing appropriately mag
netized permanent-magnet 
blocks between the coll 

sections, one can take magnetic flux out of the iron, thus preventing 
saturation. This basic design concept is illustrated in Fig. 31 

Ftg. 31. Cutaway view of a dipole magnet based on a "laced electromagnet' 
design. The permanent-magnet material (dotted) ts placed so as to remove Jlwc 
from the Iron pole piece, thus preventing saturation of the {ran. 

—'./v. 
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A new course. Introduction to X-Ray Physics (Physics 198), was 
offered during 1986 in the Physics Department at the University of Cali
fornia, Berkeley. This course emphasized modem developments in the 
physics, technology, and applications of soft x rays. Open to both 
undergraduate and graduate students, topics included generation of x 
rays with laboratory tubes, synchrotrons, black-body radiation, and la
ser-plasma sources; concepts of coherence and 
partial coherence, with examples at visible and 
x-ray wavelengths: techniques for the genera
tion of partially coherent radiation at extreme 
ultraviolet and x-ray wavelengths, Including la
ser harmonics and mixing techniques, x-ray la
sers, and relativistic electrons interacting with 
periodic magnet structures (undulators); x-ray 
interaction with matter, atomic scattering fac
tors, and the relation to refractive index; reflec
tive optics, Imaging systems, microscopes and 
telescopes; interference coatings; dlffractive op
tics, gratings, and zone plates; resolution of Im
aging and dispersive systems: uses of crystals; 
zone plate x-ray microscopy resolved to 500 A; 
element-specific applications, coherence re
quirements, and the relation to undulators and 
interference coatings; x-ray interferometry with 
crystals, gratings, and interference coatings; 
and, flnally, application to plasma physics, short-wavelength lasers, biol
ogy and medicine, and material and chemical sciences. 

A separate graduate seminar, the Soft X-Ray Physics Seminar 
(290R), was also given to supplement the Physics 198 lectures. This 
brought many good outside speakers to the campus and to the Center. 
Students working in the Center received research assignments related to 
the above subjects, worked closely with a member of the scientific staff. 
and in some cases co-authored published scientific papers. A likely out
growth of these activities Is the emergence of a new interdisciplinary pro
gram in Applied Science and Tech
nology within the UC Berkeley Col
lege of Engineering. 

Student Training 
Activities 

Fig. 32. University of California students 
from Physics 198- "Introduction to X-
Ray Physics"— while attending the 
nearby conference on "ShortWavelength 
Coherent Radiation: Generation and Ap
plications." Seveml students presented 
papers that were later published In an 
American Institute of Physics conference 
proceedings. 

Fig, 33. Some of the students who 
worked on various projects wUhin the 
Center for X-Ray Optics during 1986. 
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