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ABSTRACT
1o® 124 2.4 124 0124
We present a design concept and simulation of
the performance of a compact x-ray, free electron ez
laser driven by ultra-high gradient rf-linacs. The - /%'
accelerator design is based on recent advances in 10 FEL peak {1 -Gev!
high gradient technology by a LLNL/SLAC/LBL ]
collaboration and on the development of bright, - T <FEL>(1-Gev)
high current electron sources by BNL and LANL. 0 zZz
The GeV electron beams generated with such accel- é - 7 Gev
erators can be converted to soft x-rays in the range 3 ——— ™ (undulotors
from 2 - 10 nm by passage through short pericd, E 10" u,:;f,gz’“ i \\\ AR
high field strength wigglers as are being designed at e i A
Rocketdyne. Linear light sources of this type can B // =~ 7.5""f
produce trains of picosecond (or shorter) pulses of 72 o™t / NS TRE
extremely high spectral brilliance suitable for flash - - \
holography of biclogical specimens in_vivg and for -
studies of fast chemical reactions. 7; “ SSRL %4~ pole wiggler
1 10 /;5\
. Introduction g
£
Over the past decade the material, chemical, E 0%k ﬂ_\
and biological science research communities have 3
demonstrated an ever increasing interest in using E Tontatus Malybdenum X
sources of radiation of XUV and soft x-ray radi- “ ook Copper K
ation. The most important sources in this spec- Conper k
tral region are storage ring facilities which pro- Aluminum &
duce broad band, incoherent synchrotron radiation. Carbon x
The spectral brilliance of storage ring sources is re- {log Bremsstrohlung
stricted both by the incoherence of the radiation | contirum
process and by limitations in beam density. More-
over, the minimum pulse lengths available exceed 10" . : L
20 ps. 10°* 107 10" 1 10 10!
Photon energy, keV
TWork pert d der the pices of the U.S. Dept. ) . 9 :
of Energy by LLNL under coatract W—7405-ENG—48. Fxgure 1 n l q Cw s I



As an alternative to storage ring sources, it is
now feasible to deve\op ¢>mpact sources of intense,
coherent soft x-rays with extremely high peak and
time average spec:ral brilliance (Figure 1}, very
short pulse duration { picosecond or less), and broad
frequency tunability. The x-rays are generated by
self -amplified spontanteous emission from an in-
tense electron beam traversing a wiggler in a sin-
gle-pass free electron laser (FEL) architecture. X-
ray FEL’s driven by ultra-high gradient, rf-linacs,
should find a wide range of uses due to the possibil-
ity of constructing instruments with unique char-
acteristics tailored to the specific needs of the user.

The basic elements of the linear x-ray source
as illustrated in Figure 2 are, 1) a laser driven,
high gradient r.f. electron gun plus a conventional
S-band post accelerator, 2) an ultra-high gradient
linac to produce a GeV beam, 3) and a high field
strength, short wavelength wiggler with a precision
beam control system.
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Figure 2

This report describes the prospects for the de-
sign of a compact, X-ray FEL and of the various
component sub-systems. It includes recent simul-
tations plus rules for scaling the FEL performance
to other wavelengths. Finally, the critical issues
for the construction of an instrument in the near
future are addressed.

II. Scaling Basis For the X — Ray
FEL Design

Building a compact, soft x-ray FEL presents
two main design difficulties: a) producing a high
energy electroa beam with sufficiently high den-
sity and sufficieatly small momentum spread as re-
quired to generate high gain, b) producing high
precision, high field strength wigglers. The archi-
tecture for the FEL relies on single pass growth
from self-amplified spontaneous emission (SASE)
starting from beam noise in a long undulator?.
This process can be viewed as the natural sxten-
sion of the emission of synchrotron radiation from
an undulator. If the undulator is long enough and if
the beam intensity is high enough, the spontaneous
emission will be amplified by the beam itself, and
the output radiation will grow exponentially until

" the FEL a'mpliﬁer. saturates. This process has been

demonstrated in a quasi-optical experiment with 2
mm radiation in the ELF experiment at LLNL3,

The usual resonance condition connecting the
beam energy, 7, the wiggler wavelength, Aw, and
the signal wavelength, A, is

Aw
A= (537) (0 +aws) (1)
where aw is the dimensionless vector potential of

the planar wiggler,

a _ CAW Be
v 2y2xm.c?

A simple expression for the amplification in a pla-
nar wiggler can be estimated in the cold beam limit
of the one-dimensional FEL theory!. The power
grows exponentially with an e-folding length of

(2)

= 2w
| S 41'P’ (3)
where
_ (Awuwp
o=(-0% (4

In Equation (4), wp is the beam plasma frequency
divided by v* and wyw is the wiggler frequency. The
power at saturation will be Prrz, = pPbesm; for the
parameters of interest for x-ray FELs the efficiency
at saturation can be approximately 0.1%. At this
point additional energy can be extracted from the
electron beam by tapering the wiggler, or the elec-
trons can be diverted to a second converter for the
production of harder, incoherent x-rays.

The resonance condition constrains the allow-
able spread of longitudinal velocities of the elec-
trons in the beam such that the electrons do not
slip more than a small fraction of an optical wave-
length per gain length. This consideration leads to
constraints on the beam emittance, ¢, and energy
spread; namely,

ar _
~

) (5)

win

and

Ay

€n < ; (6)
Equation (5) should be applied in the restrictive
sense of a constraint on the spread in the longitu-
dinal component of 4. Another design condition
for the FEL comes from requiring that diffraction
does not take energy out of the beam in a distance
equal tc a gain lenth, L. Hence, the gain length of



the laser must b= sharter than the Rayleigh range,
ZR;

ra?
Zp = T {7)
Hence,
AgA
2 s NW
> 4x2p’ (8)

where a is the size of the beam in the wiggler. If
the wiggler employs natural focussing, the betatron
wavelength in the wiggler and the beam size are
related by

Awv2
,\,=_‘”a.;’v_— (9)

Additional focussing may be employed to increase
¢ as long as the constraints on longitudinal velocity
spread remain satisfied. If enough focussing can be
added to keep Ag constant with increasing energy,
than one can show that

p~Ak, (10)

a far more favorable scaling with wavelength than
obtains for atomic lasers.

III. Simulation of the X — Ray FEL
Performance & Undulator Design

To go beyond the estimate of FEL performance
based on scaling laws, the Rocketdyne simulation
code, FELOPT, was used to calculate the perfor-
mance of a 2.5 nm SASE amplifier and to assess the
sensitivity of the gain to energy spread, emittance,
and wiggler errors. Two sets of parameters, listed
in Table I, were chosen that differ in the assumed
electron beam energy and in the wiggler magnetic
field strength and period. In both cases, the wig-
gler poles are assumed to be curved so as to provide
natural focussing in both iransverse planes. Tke
electron beam has a parabolic radial distribution
of charge and is uniformly distributed in transverse
phase space with 90 % of the electrons in the energy
interval £0.05 %.

As illustrated in Figures 3 and 4, both am-
plifiers saturate in =5 800 wiggler periods to yield
powers of a few hundred megawatts. The sensitiv-
ity of the performance to increase in energy spread
or emittance is indicated in Table II. Doubling ¢,
or A~ significantly decreases the saturated output.
Still, the output is adequate for most purposes.
Sensitivity to wiggler phase errors is presented in
Table III. Steering errors are neglected; l.e., per-
fected corrections to the trajectory are assumed.

" The results indicate that an rms Seld error of = 0.1

% is adequate.

PARAMETERS
CASE1I |CASED
Wavelength (&) 28 28
Energy (GeV) 1.02 1.44
Wiggler Wavelength (¢m) 1.0 2.0
Magnetic Field (T) 1.514 0.757
Wiggler Length (m) 8.1 11.5
Current {A) 400 400
Energy Spread (%) 0.1 0.1
Normalived Emittance (mm -mrad) 1.0 1.0
Table I

Ags the simulations show, eflicient conversion
of the high energy electron beam to soft x-rays re-
quires the fabrication of long, high accuracy, high
field strength wigglers with precision beam control.
Considerable progress in precision wiggler design
using diverse magnet technologies has been made
over the past four years. For example, the 25-m
long Paladin wiggler at LLNL - a hybrid electro-
magnet design with curved pole faces® and 8§ cm
period — has ss 300 periods with a measured un-
correlated field error of < 0.1 %. An alternative
approach, especially attractive for wigglers with a
periodicity shorter than 4 cm, is 2 pure permanent
magnet (PPM]) structure.
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An 80 period, 2 m long, PPM wiggler built by
Rocketdyne for experiments at the Stanford Mark
III accelerator® has demonstrated precision control
of electron trajectories equivalent to an uncorre-
lated field error of 0.055 %. A photograph of the
functioning wiggler is given in Figure S.

»L

¢ Demas-

Figurz §

The design used an innovative optimization algo-

rithm, “simulated annealing”®, to compensate for

normal production tolerances in the field strength
and polarization angle of individual magnets.

Rocketdyne is now extending this technique to
minimize phase errors between the electrons and
the optical field in the design of new higher field
PPM arrays for retrofit into the 2-m wiggler.

SENSITIVITY TO CHANGES IN ELECTRON
EMITTANCE AND ENERGY SPREAD
4 = 2830, WIGGLER LENGTH, Lw = 20 m
NORMALIZED
ENERGCY SPREAD | EMITTANCE |POWER OUT
(%) (mm ~ mr) (W)
0.1 1 5.8 x 10°
0.1 2 3.0x 100
02 1 3.8 x 107
Table I

The high field wiggler design has been vali-
dated in full -scale laboratory models. Special mag-
net module assembly fixtures and insertion/ex-
traction tools have been developed for safe han-
dling and accurate positioning of magnets in the
presence of strong magnetic forces. Improved mag-
net measurement procedures have in turn lead to
improved field models and improved wiggler opti-
mization algorithms.

IFFECT OF PHASE ERRORS
RESULTING PROM WIGGLER FIELD ERRORS

Power at Peak of Gain Curve (8 m & 17 m, Respectively)

WFE (%) 0 o3 |os 1.0

Case 1 {7 = 2001) (x10* W) |4.9 {4.2 |3.6

Case 2 (v = 2830) (x10* W) (5.8 |5.7 |5.5 4.0

Table IIT

The basic PPM wiggler design is readily scal-
able subject to some practical limitations. First, all
magnet dimensions scale directly with Aw . Hence,
the minimum period is limited to = 1 cm by the
difficulties in handling, assembling, and clamping
fragile wafers of powerful SmCos magnets. The
replacement arrays for the 2-m wiggler have a pe-
riod of 2.4 cm. This high field configuration has
been extended in a detailed design to even shorter
periods (1.2 cm). Another critical dimension, the
minimum gap, g, between the poles may be set
by optical aperture requirements or by r'pechanica.l

i



limitations in the vacuum chamber design. Since
B, ~ exp(—¢/Aw), “ae minimum practical gap
height constraias th: choice of B, and Aw for a
given beam energy.

The PPM wicgler for the x-ray FEL will have
several hundred periods and an overall length from
several to twenty meters. The wiggler coald be
built in sections to be assembled and aligned on
site. The structure will consist of a series of linked,
kinematically mounted space frames (Figure 6) or
tables depending on the desired orientation of the
wiggle plane {and consequent polarization of the
x-rays).

Figure 6

The magnet arrays themselves will also be
built in optimised sections of 100 periods and join-
ed in a way that maintains the prescribed peri-
odicity and field strength across each joint. Me
chanical support and gap adjustment are also pro-
vided at each joint. Beam position monitors and
steering correction coils are also provided at 100
period internals. Since the PPM array is iron-
free and the relative permeability of SmCos is near
unity, fields superimpose linearly. Therefore, steer-
ing coils and additional distributed quadrupole fo-
cusing coile can be mounted externally along the
wiggler.

The separate aluminum vacuum chamber will
consist of extruded segments in the shape of an I-
beam with an elliptical beam aperture through the
center of the web. The I-beam shape is sufficiently
strong that the chamber can be supported indepen-
dently of the magnet arrays. Wigglers longer than
a few meters will require vacuum joints in the beam
tube welded in situ. Access ports drilled through
the web to the beam aperture allow for diagnostic
access and provide vacuum ports.

IV. Description of Accelerator Components

Although the use of SASE eliminates the need
for mirrors, single pass architectures will require
> 10% small signal gain to yield x-ray beams of
high spectral brilliance. A pre-requisite for such
high gains is the generation of extremely bright,
high current electron beams. Recent advances at
LANL, BNL, and other laboratories in developing
electron guns with a brightness exceeding that of
operating storage rings such as the SLC damping
ring (greater than 10'® A/m?-rad?). These elec-
tron injectors are based on the technology of laser

driven photo-cathodes {both metallic and semi-
conductor) in cavities with very high accelerating
fields (10 to 100 MeV/m) followed by magnetic
compression to reduce space charge effects at low
beam energy. For example, the rf -gun built at Los
Alamos’, using a Cs3Sb cathode in a 1.3 GHz cav-
ity, has produced a beam of ~ 300 A with a nor-
malized rms emittance of 107% m-rad at a beam
energy of 1.1 MeV and a pulse length of ~ 50 pas.
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Figure 7

Limitations on the emittamce of an electron
gun are imposed by several physical effacts: the
maximum current density available from the cath-
ode, non-linear electro-magnetic forces in the rf-
cavity and space charge forces. One means of re-
ducing the space charge forces is to apply a very
strong rf-field at the cathode surface in order to
accelerate the beam rapidly to relativistic veloci-
ties. This approach is being followed in an injec-
tor now being built at BNL. The BNL gun, illus-
trated in Figure 7, is expected to produce a beam
of 200 A in 3 ps with a normalized rms emittance
of m 3 x 10™® mrad with a pulse length of < 5 ps.
In the BNL gun a mode locked, frequency doubled
Nd:YAG lager is used to drive a metallic photo-
cathode in a 2.87 GHs cavity (11 cells) to emit a
beam with a current density < 600 A/cm3. A sin-
gle master oscillator locks the phase of the electron
bunch with the rf-power drive of the irjector. Ac-
celerating fields as high as 100 MeV/m raise the
beam energy to 4.8 MeV in < 8 cm. Such a gun
could produce a useful x-ray FEL based on SASE
in the range from 5 - 10 am. Combining this ap-
proach with magnetic compression at high energies,
it should be practical to construct guns with ~ 1
kA of peak current in 1 ps at a normalized rms
emittance of 10~° m-rad. Such a bright gun should
extend the accessible wavelength range to 1 nm.

The GeV-class linear accelerator that drives
the x-ray FEL can be made far more compagt than
present rf-linacs through the use of the ultra-high
gradient structures now under investigation by a



SLAC/LLNL/LBL <cLabotation for a linear col-
lider at TeV enerqies The performance goals® for
. these structures are jradients exceeding 200 MeV/m
and cost < 1 M$/GeV. The peak currents will
be ~ 1 kA at a normalized brightness of about
10'2A/(m2-rad?) in a train of ~ 20 micro-pulses
each of ~ 1 ps duration and spaced by 0.1 to 1
ns. The pulse train is repeated at a frequency of
100 ~ 1000 Hz; the rms energy spread through the
macro -pulse must be < 0.1 %.

The physical phenomenon which forms the ba-
sis for scaling the gradient in rf-linacs from the 17
MeV/m of the Stanford Linear Colider to the de-
sired = 200 MeV/m for compact linear light sources,
is the increase in peak electric field that can be
sustained without breakdown® with increasing rf-
frequency and with shortening duration of the rf-
power. For disk-loaded waveguide structures the
peak field that can be maintained is

I
2.87 GHz

The accelerating field is a factor of =5 2 less than
the peak value. The total peak rf-power needed to
drive the accelerator based on a 27x/3 disk-loaded
waveguide can be estimated as

Epx = 120 MV/m ( (11)

Prt ~ 6 GW(E5MeV/m)?(5555)($55mm)$. (12)

For compact 1 GeV linacs to be practical and
affordable a new class of rf -power sources is needed.
One of the most promising approaches to power
compact linacs is the relativistic klystron!® driven
by an induction linac, as illustrated in Figure 8.

Schematic of a relativistic klystron "

Figure 8
In the relativistic klystron a multi-kA, multi-MeV
beam produced with a linear induction accelerator
(LIA) is modulated at the desired rf-frequency (10
to 15 GHz); the modulated high current beam then
excites an rf-generating transfer structure. The

high pez'xk power 1f is then fed via waveguides to
the miniaturized rf -cavities of the high gradient rf -
linac.

Initial experiments!! at LLNL have extrap-
olated a conventional, high gain klystron design
using velocity modulation to < 1 MV operation
to produce a source of more thaa 200 MW of rf-
power at 11.4 GHs (X-band). This source has been
used to power a 25 cm long section of X-band, disk
loaded waveguide structure to obtain an accelerat-
ing gradient exceeding 135 MeV/m in a demonstra-
tion earlier this year.

Characteristics of drive for x-ray FEL

Beam parametars Accelirator

Beam Egergy (GeV) 1 Precuency (GBs) {11.49
Peak Cusrest (A) 1000 ol efBiciency 50 %
Palse Lexgth (po) 1.2 Iris a {mm) 4.35

Pulse Length (mm) 0.4 Fill T/stwa. T | 015

Noem Emit (mm-rad) | 0.001 | Bumch (*full phase} | 5.1
N-part 7.2x10° v-grosp/c 0.049
Sise in Linac (um) 2.1 Energy/m (3/m] | 289
A/ (%) 0.1 E-max (MV/m) | 375
n Bunches 5 Grad (MeV/m)  |155.1
Bunch Space (as) 0.28 Leagth (m) 6.59
Rep Rate 200 Cavity Sise (mm) | 10.7
Fill Leagth (m) | 0.4¢
Induction Drive Fill Praction 0.85
I-iaduction (A) 3000 | APMW/m) |12
Overall length (m) 9.5 Loading % 0.8
V-induction {MeV) [ X} Beam Efficiency (%) | 3.1

Leagth Induction Drive 71 rf-supply (ns) 28

Table IV

For the 1 GeV linac needed to drive the FEL
described by the FELOPT simulation, one injects
the beam from a photo-cathode gun into a linac at
a conventional gradient which acts as a matching
section for bringing the beam into the high gra-
dient structure operating at 11.4 GHs. The char-
acteristics of the X-band linac with its relativistic
klystron power supply can be determined from well
known scaling laws®!2 and are listed in Table IV.
This linac would produce a train of five micropulses
spaced by 0.46 ns. Operating at a repetition rate
of 200 Hz, the FEL driven by such an accelerator
would produce x-rays with a peak spectral bril-
liance &~ 3 x 10%® (photons-sec~!-mm?-mrad=2)
per 0.1 % bandwidth. The time average bnllxa.nce,
for this design is =~ 4 x 10*°.




V. Critical Issues apd Conclusions

The x-ray FEL relies on the performance of
components that nave been shown to operate well,
although not necessarily in the required parame-
ter range. The ultimate performance of the laser
will depend not just on the component level perfor-
mance, but also on the integrated system of high
precision beam generation, guidance, and control.
The issue most critical to the extension of free elec-
tron laser technology to the x-ray regime can be
summarized as :

0) generation of extremely high brightness
electron beams and preservation of beam qual-
ity during the acceleration and energy conver-
sion process

In addition to the difficulties of beam generation,
the following four areas will be critical to the ul-
timate performance of the FEL in that they pro-
foundly affect beam quality:

1) pulse-to-pulse reproducibility and stability

of the electron beam

2) phase and amplitude stability of the rela-

tivistic klystron power drive with respect to

the electron pulses from the photo-injector

3) beam transport into and through the wig-

gler

4) wake-field suppression in the high gradient

rf -linac
Each of these areas must be studied in the lab-
oratory at the component level and eventually in
integrated sub-scale tests at longer wavelengths.

Compact x-ray FELs will require precise me-
chanical alignment of the cavities, beam tube, mag-
. netic centerline, and optical axis. Laser alignment
techniques used for large optical systems may be
useful. Insertable screens and steering correction
may provide initial alignment of magnetic mechan-
ical axes. In the wiggler, the beam should not de-
viate from the centerline by more than a fraction
of the beam size. A key to the success of this pro-
gram will be the development of fast beam position
monitors with an accuracy of = 20 microns.

Industrial applications of compact sources of
coherent x-rays with very high time average bril-
liance include integrated circuit lithography using
imaging masks and soft x-ray (4 — 5 nm) reflective
optics. This technique offers ultimate feature size
of about 50 — 150 nm, well below that currently
achieved (2 to 1 microns).

X-ray FELs driven by compact linacs could
also provide sources of extremely high peak bril-
liance. Imaging of biological samples with x-rays
in the wavelength range of 4 - 5 nm will allow
resolution of cellular sub -structures in the natural

state without dehydration or staining. This wave-
length regime is also the most suitable for holo-
graphic imaging of proteins in vivo. Moreover, the
picosecond duration exposures at multi-GHz rates,
obtainable with linear light sources, will allow dy-
namic measurements of specimens. Such studies
of samples in a normal physiological environment

‘would be complementary to ordinary scanning elec-

tron microscopy. X-ray spectroscopy in the range
of 2 -~ 4 keV accesses the K-edges of P, S, Na, K,
Ca, and Cl - all elements of considerable biological
significance. Based on the cost algorithm of Refer-
ence 11, the expected cost of such high brilliance
x-ray instrumenta is expected to be under 10 MS$.
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