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Preface

The Nineteenth International Free Electron Laser Conference and the Fourth FEL Users’
Workshop were held on 18-21 August 1997 in Beijing, China. The conference and the workshop
were organized jointly by: Institute of Applied Electronics (CAEP), Institute of High Energy
Physics (CAS), China Institute of Atomic Energy, University of Electronic Science and Techno-
logy of China, Peking University, and Institute of Applied Physics and Computational Mathe-
matics (IAPCM). They were attended by about 150 scientists from 13 countries: France (4),
Germany (6), India (1), Israel (3), Italy (3), Japan (24), South Korea (5), P.R. China (40), Poland (1),
Russia (6), The Netherlands (11), United Kingdom (9), USA (37). Of the more than 200 papers that
were presented, either in oral sessions or in poster sessions, 164 papers are published in this
volume, covering the following subjects: New lasings (4), Theory and modeling (35), Experiments
in progress (23), Accelerators for FELs (29), Optics and undulators for FELs (23), Storage-ring
FELs (12), SASE and short-wavelength, high-gain FELs (17), New concepts and proposals (14),
FEL applications (6). Besides these contributions, Charles Brau gave the FEL prize talk discuss-
ing bright beams and small FELs. This was received with great interest.

Technical visits were arranged on Wednesday afternoon to the Institute of High Energy
Physics (CAS), where the Beijing Electron—Positron Collider with the parasitic Synchrotron
Radiation Facility and the Beijing FEL Facility are located.

Because of the limited amount of journal pages allotted to the Proceedings and our wish to
include as many significant contributions as possible, it was decided that the Proceedings should
consist of two parts: Part I, comprising the oral talks, appears as both a special issue of Nuclear
Instruments and Methods in Physics Research A and in the book edition Free Electron Lasers
1997, Part 11, consisting of camera-ready copy contributions, only appears in the book edition.

The FEL Proceedings that appeared as special issues of Nuclear Instruments and Methods
give a comprehensive account of the developments of FELs. About 20 years have passed since
FEL oscillation was first realized. During these 20 years we have witnessed different stages of
FEL development. The pendulum swung between the extremes of overexcitement and impa-
tience. Thanks to the endurance and enthusiasm of the researchers in this field, we understand
more and more about the physics as well as the technology of the art and science of FELs. Hence,
steady, impressive progress has been made in every respect. We are sure that in these Proceedings
you will find many new facilities, new experimental results, new applications, new theoretical
developments and new simulation results.

The recent progress in SASE is worth special mention. The SASE mode of operation does not
require an optical resonator and hence lacks a high damage threshold; high reflectance mirrors do
not restrict their operation at very short wavelengths. Theoretical works on SASE were initiated
more than 10 years ago. Because the requirements on the quality of the electron beam and the
undulator are very stringent for SASE operation, experimental observations at short wavelengths
are very scarce. In these Proceedings you will find clear indications of the progress in experi-
mental observations of SASE. The operating wavelength has been reduced from about 10 pm in
previous experiments to about 1 pm.

The application of FELs to scientific investigations and industrial processing is of critical
importance to win the support of society. For the former, some laboratories have already served
as reliable user facilities, and the number is growing. For the latter, the development by Jefferson
Laboratory (USA) of an IR demo FEL will be a significant milestone.

PII S0168-9002(98)00323-4



viii

Editorial

The FEL has already established itself as the fourth-generation light source because of its
unique features, such as high brightness, coherence and short pulse. Just like a human being, it has
grown from a newborn child to mature manhood. We have learned of its characteristics, which
offer new opportunities to the users, and of its technical limitations.

This is the first time that the FEL Conference and FEL Users’ Workshop were held in China.
We appreciate the opportunity that this gathering brought to us. Undoubtedly, it will stimulate
and encourage FEL developments in China.

We would like to express our thankfulness for the technical support from different sources that
made this meeting possible. The sponsors are: National Laser Technology Committee (China),
Office of Naval Research (USA), International Center for Theoretical Physics (ICTP), and
Elsevier Science B.V.

We also want to thank the members of our local organizing committee, especially the
conference secretary Zhi Wei Dong, for their hard work and wonderful accomplishments. Finally,
the editors gratefully acknowledge the help from Elsevier Science B.V. that makes the Proceed-
ings a beautiful yellow volume in your hands.

Jialin Xie
Xiangwan Du
Guest Editors
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Doctor Kwang-Je Kim wins the 1997 International
Free-Electron Laser Prize

The International Free-Electron Laser Prize is awarded annually to recognize significant
contributions to the field of free-electron lasers. At the 19th International Free-Electron Laser
Conference held in Beijing, P.R. China, the 1997 prize was awarded to Doctor Kwang-Je Kim of
the Lawrence Berkeley Laboratory. Dr. Kim received the prize in honor of the impact his
research has had in the advancement of FEL science and technology, and in recognition of his
support of FEL projects and facilities worldwide.

For more than fifteen years Dr. Kim’s career has been dedicated towards exploring
the frontiers of FEL science and technology. He has worked on FEL gain analysis and
simulation, on the understanding of FELs using hole outcoupling, on an analysis of laser
driven RF photocathode guns, and on problems related to self-amplified-spontaneous-emission
(SASE).

His pioneering analysis of the electron beam dynamics in laser-driven RF photocathode guns
led to an understanding which has played an important role in the development of these guns as
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FEL prize

sources of high brightness electron beams. Every group involved in research on RF photocathode
RF guns has a copy of his paper close at hand.

Kwange-Je was the first to show explicitly how the radiation-electron beam system evolves
from an initial incoherent regime to an exponential gain regime in a long undulator. He was one
of the early investigators to study 3-D effects in SASE systems. Further, he led the effort to
disseminate complex results in simplified forms suitable for quick calculations of basic parameters
in SASE designs.

He has been a constant supporter of FEL projects and proposals worldwide, and as a recog-
nized expert in both FEL and synchrotron radiation he has been an active participant in many
facility designs. His insights are always helpful and his enthusiasm is always infectious.

Todd I. Smith
Chairman FEL-Prize Committee
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High-brightness electron beams — small free-electron lasers’

C.A. Brau*

Department of Physics, Vanderbilt University, Nashville, TN 37235, USA

Abstract

At the present time, the normalized brightness of electron beams available for use in free-electron lasers is of the order
of 101! A/m?-steradian. Needle cathodes emitting by field emission have demonstrated high current density, low electron
temperature, small emittance, and peak currents exceeding 1 A in microsecond pulses. Photoelectric field emission can be
used to control the pulse length. Measurements are underway to measure the emittance and electron energy spread of
beams produced by field emission. Using beams with very high brightness, as much as five orders of magnitude beyond
those in use now, it is possible to construct compact free-electron lasers at wavelengths from the far infrared to the
ultraviolet. Cherenkov and Thomson lasers are discussed in detail. © 1998 Published by Elsevier Science B.V. All rights
reserved.

1. Introduction where x is the transverse position of an electron at

the point z along the beamline, x’ = dx/dz, and the

The development of newer, shorter-wavelength
and more powerful free-electron lasers has been
paced by the development of better electron beams,
i.e., electron beams with higher current and smaller
emittance. The need for smaller emittance follows
from the fact that the electron beam must be fo-
cused inside the laser beam for the interaction to
take place. For the purposes of this discussion, we
define the effective emittance ¢ by the formula [1]

g = 4m/{x2){(x'2) — (xx'D?, (1)

* Corresponding author. Tel.: + 1 615 322 2559; fax: +1 615
343 1103; e-mail: c.a.brau@vanderbilt.edu.

! This work was supported by Office of Naval Research under
Contract N00014-94-1-1023.

brackets { ) indicate an average over all the elec-
trons in the beam. To focus the electron beam
inside the laser beam, in the absence of gain guiding
of the laser beam by the electron beam, it is neces-
sary that [2]

e< /1[‘. (2)

For beams in a time-independent field, the emit-
tance decreases with increasing electron energy.
Thus, it is useful to define the normalized effective
emittance and the normalized brightness [3]

en = Pe, 3

d’, 21,
By = B s~

dQdA = &%’ “)

0168-9002/98/$19.00 © 1998 Published by Elsevier Science B.V. All rights reserved
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where B = v/c is the velocity of the electrons nor-

malized to that of light, y = 1/./1 — B2 is the elec-
tron energy normalized to its rest energy, I, is the
total current, and the approximate formula is valid
for a top-hat beam [4]. The normalized quantities
are generally dependent only weakly on the elec-
tron energy. In addition, the brightness is generally
a weak function of the total current.

In the past, dc thermionic emitters, rf linacs, and
storage rings have been used to provide the elec-
tron beams for free-electron lasers. The status of
these three technologies is summarized in Fig. 1.
We see there that the highest brightness among
conventional sources is still achieved by dc thermi-
onic technology, albeit at low current. Storage rings
offer the most graceful means of obtaining high
energy, but rf linacs now provide higher normalized
brightness. As discussed below, it appears possible
using field emission to improve on the brightness
by more than five orders of magnitude.

2. Field emission

Near the tips of sharp needles the electric field
can take on very high values even for modest volt-
ages. For example, for a tip radius Ry, ~ 1 um,
a needle length a ~ 1 cm protruding from the sur-
face of the cathode, and an anode-cathode separ-
ation of 2 cm, at 50kV, the electric field at the tip of
the needle is Eg, ~ 5x 10° V/m.

Around the turn of the century, anomalous emis-
sion of electrons was observed under such con-
ditions. A satisfactory explanation was finally
developed when the concept of quantum mechan-
ical tunneling was introduced [5]. When the elec-
tric field is very strong, the potential barrier at the
surface of the metal becomes thin enough for the
electrons near the Fermi level to penetrate through
the classically forbidden region. The quantum
mechanical theory was first derived by Fowler
and Nordheim, who showed that the emission at
low temperatures (room temperature and below)
is given by the formula which now bears their
names [6]:

E2 3/2
J.=1.54x 10‘6?D—exp[ — 6.83 x IOQ%ﬂy)], (5

1.E+13

1.E+12

1.E+11 ¢ o

1.E+10

Normalized brightness
&

[m]

1.E+09

1.E+08 . . !
1.E-04 1.E-02 1.E+00 1.E+02 1.E+04

Total current

Fig. 1. Normalized brightness of various electron-beam sources
used for free-electron lasers: diamonds — rf linacs; squares — stor-
age rings; triangles — thermionic emitters.

1.E+01
Gain
z 1.E+00 | quiding Quantum
o limit limit
c
e
5 1.E-01
o
3
- 4.E-02 | Emittance
limit \
1.E-03 + 1 t !

1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01
Interaction length (m)

Fig. 2. Window in parameter space where a Thomson free-
electron laser can be operated. The intersection labeled (1) cor-
responds to the maximum length and minimum current before
quantum effects become important. The intersection labeled (2)
corresponds to the minimum length and minimum current be-
fore emittance effects become important.

where J. is the current density (in A/m?), E
the electric field at the surface (in V/m), ¢ the
work function of the metal (in eV), and
y =3.79 x 10‘5\/E/¢. The function f(y) is a dimen-
sionless elliptical function introduced to account
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for image forces near the surface. It varies from 1 at
y=0to0aty=1,and is actually closely approxi-
mated by cos(ny/2). Current is typically emitted
over the tip of the needle out to about 30° [7].
Using as an example the needle introduced above,
we find that for a work function ¢ ~ 4.5¢V, which
is characteristic of tungsten, the current density is
J. ~ 10° A/m?, and the total current is I, ~ 1 mA.

At sufficiently large current density, space charge
becomes important. For a spherical geometry, the
space-charge limit is [8]

4ey [2e V2
Jo=o3 [5—— ©)
9a M Fcathode

where ¢, is the permeability of free space (SI units
are used throughout), m the electron mass, e the
electron charge, V is the voltage, and a? is a slowly
varying function of the ratio of the anode and
cathode radii. For 103 < Fanode/Tcathoge < 10%, it is
found that 5 <a®? <10. In the case discussed
above, the space-charge limited current density is
J. ~3x10'* A/m?. The energy spread of the elec-
trons is predicted to be of the order of a volt in the
longitudinal direction, and smaller in the transverse
direction [9]. At higher needle temperatures the
emission increases due to faster tunneling by elec-
trons thermally excited to higher energy [10].
The experimental results confirm the theoretical
predictions in remarkable detail. The current
density has been observed to follow the
Fowler-Nordheim relation over more than six
orders of magnitude, up to a current density
Je ~ 101 A/m? [11]. Above this value, space-
charge effects reduce the field at the surface. Never-
theless, a current density J, ~ 3 x 10'' A/m? has
been observed in microsecond pulses. The longitu-
dinal energy distribution has been carefully mea-
sured, and confirms both the predicted shape and
the predicted width of about 1eV [12]. The largest
total current which has been observed is 6.5A,
obtained in microsecond pulses from a cathode
with a tip radius of 3 um [13]. The emittance has
not been measured directly. However, the resolving
power of field-emission microscopes, about 3 nm,
supports the predicted transverse electron temper-
ature of less than 1eV at low currents [14,15]. If
this persists to higher currents, the corresponding

normalized brightness will exceed 107 A/m*-
steradian.

Recently, it has been observed that shining
a laser on the tip of a needle turns on field emission
at surface electric fields well below those otherwise
required for significant emission [16,17]. This phe-
nomenon is attributed to a photoelectric effect, in
which the electrons are excited to levels above the
Fermi level where the electrons can tunnel through
a thinner part of the barrier. The largest total cur-
rent that has been observed so far is I, ~ 2 A, ex-
tracted in nanosecond pulses from needles with
R;ip ~ 50nm [18]. The corresponding current den-
sity is Je ~ 10'* A/m?, which is near the space-
charge limit for a needle of this size. The current
pulse was observed to follow the laser pulse.

To determine the electron temperature and emit-
tance of beams produced by field emission, experi-
ments are being undertaken. To measure the energy
spread, the electrons are collected in a Faraday cup
connected to the cathode through a variable bias of
the order of a few volts. As the bias is increased,
electrons with increasing energy are reflected from
the cup. By differentiating the current collected as
a function of the bias voltage, the electron energy
distribution function is obtained. The resolution of
the measurement is limited by the focusing of the
electrons into the Faraday cup. To achieve an en-
ergy resolution better than 100 meV, which corres-
ponds to about ten parts per million at a total
energy of 10keV, the diameter of the aperture at the
focusing lens (1 m from the focus) must be less than
6 mm. The total current transmitted by the aperture
at the lens is expected to be about 100nA out of
a total emitted current of 30 pA.

To measure the emittance, the solenoidal lens is
used to focus the beam at a point 1 m beyond the
lens. The emittance-limited spot radius here is
We ~ 0.2 um, which is too small to measure conve-
niently. The beam is therefore magnified by a sec-
ond solenoidal lens to a spot radius w, ~ 10 um at
a point 1 m away. This beam is large enough to be
scanned across a knife edge and the current mea-
sured by the Faraday cup. The emittance is then
determined in the usual way, by varying the current
in the second lens and observing the spot size. The
principle source of error is spherical aberration in
the first lens [19]. To avoid this, the radius of the
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aperture at the first lens must be reduced to
w. ~ 1 mm. The total current at the Faraday cup is
correspondingly reduced to about 10 nA.

The initial experiments are being conducted us-
ing a 2-W cw argon laser to generate total currents
up to 30pA. This avoids problems due to space
charge. Later measurements will use a Q-switched
Nd:Yag laser to generate higher peak currents.
The effect of space charge at the cathode is dis-
cussed above, and may alter the actual brightness
and energy spread of the electron beam. Elec-
tron—electron collisions (Boersch effect) may also
be important [20].

3. Laser applications

With a 5-order-of-magnitude improvement in
electron-beam brightness, several new types of
free-electron lasers become possible. We discuss
here Cherenkov and Thomson free-electron lasers.

A Cherenkov free-electron laser consists of a di-
electric waveguide on a conducting substrate.
A wave propagating through the dielectric extends
into the vacuum above the waveguide, called the
evanescent region. Since it is not an infinite plane
wave, the evanescent wave has a longitudinal com-
ponent of the electric field. When an electron beam
travels near the surface of the waveguide parallel to
and synchronous with the wave, it interacts with
the longitudinal field, which causes the beam to
bunch at the optical wavelength in the dielectric
and amplify the wave.

The longitudinal electric field in the evanescent
region has the form

E, = Eqexp( — y/2s)sin(kz — wt), (7

where E, is the field at the surface of the dielectric,
y the distance above the dielectric-vacuum inter-
face, z the distance in the direction of propagation,
and t the time. The wave vector in the waveguide is
related to that in free space by k = k., /B, w = k,cis
the frequency, and the scale height of the evan-
escent wave is

Br v
2k, ®)

By matching this to the solution inside the dielec-
tric, we find that the velocity of propagation of the
guided wave is

Rl (TR
kot = nz—ﬂ;—_—larctan<n2 nz—ﬂ—ﬁﬁ——l>’ )

where t is the thickness of the dielectric, and n the
dielectric constant, and the ratio of the power flow-
ing through the dielectric to that flowing through
the evanescent region is

_tan 6 20 + sin26

~n* 14 cos(20y (19)
where
n2
0= arctan(z——z—z——). (11)
YR/1 PR — 1

The electron dynamics are described by the same
pendulum equation as in conventional free-electron
lasers, with two differences. In the first place, the
electron velocity is synchronous with the wave ve-
locity, so here is no slippage aside from synchrotron
motions. In the second place, the electron velocity
is typically less than the velocity of light, so it is not
valid to make the assumption =~ 1. Nevertheless,
we may cast the pendulum equations in the same
dimensionless form as for a conventional free-elec-
tron laser:

du/dt = —esiny, (12)
dy/dr = p, (13)
and
de . .
P Je<sinyr, (14)
where

kL
U =—I;°2—(ﬂ—ﬂa) (15)

R

is the dimensionless energy,
T = Bget/L (16)

the dimensionless time, in which L is the length of
the grating, and ¥ the phase. The dimensionless
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electric field is

k Lz eEo h
- 1
= B33 me? XP< 25), (17)

where E, is the longitudinal electric field at the
surface of the dielectric, and h is the height of the
electron beam above the surface, and the dimen-
sionless current density is

2 I, k3 L3 < h>
o = ————exp| —— ), 18
J 1 +XIoﬂRVR0x P s (18)

where o, is the transverse width over which the
electron-beam current I, must be averaged and
I, = gomc3/e = 1356 A is a characteristic current
[27]. Since the dimensionless equations are the
same as for a conventional free-electron laser, we
may take advantage of the solutions which have
been worked out for the conventional case.

When the gain is very large, it may be expressed
by the formula [21]

Go = sexpl3j)'3/31 (19)

To reach saturation in a single pass, beginning from
noise, the overall gain must be very large. For
conventional free-electron lasers, Kim finds that
saturation occurs when j, ~ 2(4m)® &~ 4000, which
corresponds to G ~ €2° [22]. In the high-gain re-
gime, diffraction spreading of the laser beam in the
transverse direction is controlled by gain guiding
[23]. In this case, the effective width of the optical
beam corresponds to a Rayleigh range of the order
of the gain length, Lg;, =L/InGy,, so that
0 ~ «/2BL/koIn Gy. It is, however, important to
focus the electron beam inside the evanescent part
of the laser beam. In the absence of space charge,
the radius of the electron beam at the focal point is

W, = ./&L/2m, which must be smaller than the scale
height [24]. For this reason, Cherenkov free-elec-
tron lasers are most useful at long wavelengths,
typically in the far infrared and beyond.

To illustrate these ideas with an example, we
examine a laser L ~ S5cm in length, operating at
a wavelength 1; ~ 250 um with an electron energy
of 50keV. The scale height of the evanescent wave
is s ~ 10 um. Using an e-beam with a total current
of I, ~10mA and a normalized brightness
By ~ 10'5 A/m?-steradian, the focused spot radius

of the electron beam is w, ~ 10 pm, which satisfac-
torily matches the scale height. The energy band-
width of the laser is mc*§y ~ 500eV, which is much
larger than the expected energy spread. The dimen-
sionless current density is then j. > 4 x 103, which
satisfies the requirement for reaching saturation in
a single pass.

As another application, we consider the possibili-
ty of operating in the ultraviolet regime. If we use
a laser as the wiggler, in which case the FEL is
really stimulated Thomson backscatter, then the
laser wavelength is given by the double Doppler
shift [25]

1-5
1+ 8

where 1p is the pump wavelength. The analysis is
similar to that of a conventional free-electron laser,
except that since y is not large, the slip length is not
small and we cannot separate distances inside the
bunch from the overall length of the laser. Never-
theless, in the time independent case we again ob-
tain the pendulum equations. The dimensionless
current density in the moderate-f case is [26]

e ail’J,
eomc> YB3 0p’

A =——1p, (20)

Je =4n——>3 (21)
in which L is the length of the interaction region,
and

2

e
e e 22

ag =

the dimensionless wiggler vector potential, where
Ip is the pump laser intensity.

Although these expressions are derived using the
one-dimensional approximation, they should be
satisfactory for the case of interest here. The diffrac-
tion-limited spot size of the UV beam in the high-
gain regime is controlled, again, by gain guiding. In
this case, the diffraction-limited spot radius corres-
ponds to a Rayleigh range of the order of the gain
length, ie., to a radius wy ~ /AxL/xnln G,. But in
a space-charge dominated beam the radius of the
beam at the focus is w, ~ L\/E/2 where the di-
mensionless perveance is K = I./2n*yI,. So long
as the gain-guided radius is no larger than the
electron-beam radius, the actual laser spot size
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approximates that of the electron beam, and the
current density is J, = I./aw? ~ 88%y*I,/L?. Since
this current density is independent of the total
current, we are free to choose the lowest current for
which gain guiding is sufficient to make the guided
laser radius equal to the electron-beam radius.
When this is substituted into the dimensionless
current density, we see that j. is proportional to the
interaction length L. Unfortunately, the length of
the interaction region cannot be made arbitrarily
long because quantum effects (Compton recoil) re-
duce the gain [28]. Electron bunching occurs on
a dimensionless length scale [29]

15 = \/3/In (9Go). (23)

If we argue that the electron phase shift in one
bunching length caused by the electron recoil must
be less than unity, then we obtain the restriction

4
n/3 1+ B AcL <1 4
In9Go) By ek

Combining these ideas, we arrive at the formula

A By \*?
(2L PP
Je 16ap</1C1 T ﬁ) (25)

for the optimized performance of a Thomson free-
electron laser. To reach saturation, we again re-
quire that j, ~ 2(4n)®. For an electron energy of
150keV (B ~ 0.6), and a pump wavelength 1p =

353nm (tripled Nd: YAG), the laser wavelength is
AL ~ 80 nm, which is in the ultraviolet. The elec-
tron-beam current is only I, ~ SmA. The difficulty
is that the pump laser intensity must be constant in
time and space. Although the dimensionless wiggler
intensity is only aZ ~ 3 x 1073, the wiggler is quite
long (Nw ~ 3 x 10* wiggler periods), so the laser
intensity must be constant to about one percent,
even allowing for the expansion of the laser band-
width by the high gain. The required pump uni-
formity can be achieved by making the laser pulse
longer than the minimum necessary to fill the laser
volume during the electron transit, and by making
the pump laser Rayleigh range longer than the
interaction region. To keep the phase shift in one

bunching length less than unity, we require that

1+BL /3
2 ey < 1 26)

If we estimate the effects of diffraction and pulse
length by the formulas

Aag = L*/823, (27)

where zp is the Rayleigh range of the pump pulse,
and

Aag = 5273, (28)

respectively, where 74, = (1 + f)L/fc is the min-
imum length and 7, the actual length of the pump
pulse, we find that the pump laser pulse energy
required to reach saturation is

(1 + B> L2
B

Up = 27'C410 V() (29)

where Vo = mc?/e ~0.511 MeV. In the case dis-
cussed above, this corresponds to Up ~ 4001J in
tp ~ 100 ps. Clearly, we can reduce the pump en-
ergy by decreasing the interaction length, at the
price of increasing the electron-beam current.
There is a limit to this, however, when the focal
region becomes so short that the emittance be-
comes important in determining the beam waist.
This occurs when

_ 4,4 10
= 326% I BN (30)

As the focal radius becomes shorter, the required
current increases to maintain gain guiding. The
sum of all these restrictions leaves a window in
parameter space as shown in Fig. 2. The operating
point discussed previously corresponds to the min-
imum total current at the length limit imposed by
quantum effects. If we decrease the interaction
length to the point where emittance becomes im-
portant, the pump laser energy is only Up ~ 10J in
7p ~ 3 ps, but the required electron beam current is
increased to 200 mA.
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4. Conclusion

Due to the enormous current density possible by
using field emission from needle cathodes, it ap-
pears possible to extend the brightness of electron
sources for free-electron lasers by five orders of
magnitude or more. Photoelectric field emission
has demonstrated nanosecond control of electron-
beam currents in excess of 1A, but the detailed
properties of field-emission sources (energy spread
and emittance) have not been measured at high
current. Experiments are underway to determine
these properties at total currents up to about 1 mA.
Beyond this point, space-charge makes it imposs-
ible to focus the beams as required to resolve the
expected energy spread and emittance.

Using beams with normalized brightness as high
as 10'°-10'7 A/m?-steradian, it is possible to build
compact lasers at wavelengths from the infrared to
the ultraviolet. For example, a Cherenkov free-elec-
tron laser operating at a wavelength of 250 um can
reach saturation in a single pass at a total electron-
beam current of only 10 mA. Similarly, a Thomson
free-electron laser operating at a wavelength of
80 nm can reach saturation in a single pass at a total
electron-beam current of only 5mA.

References

[1] J.D. Lawson, The Physics of Charged-Particle Beams,
Clarendon Press, Oxford, 1988, p. 192. I include the factor
of n, making this the phase-space area. Then the effective
emittance becomes equivalent to the wavelength of a light
beam.

[2] C.A. Brau, Free-Electron Lasers, Academic Press, Boston,
1989, p. 173.

[3] J.D. Lawson, The Physics of Charged-Particle Beams,
Clarendon Press, Oxford, 1988, p. 160.

[4] C.A. Brau, Free-Electron Lasers, Academic Press, Boston,
1989, p. 164.

[5] R.H. Fowler, L.W. Nordheim, Proc. Roy, Soc. A 119 (1928)
173.

[6] W.P. Dyke, W.W. Dolan, Field emission, in: L. Marton
(Ed.), in: Advances in Electronics and Electron Physics,
Vol. 111, Academic Press, New York, 1956, pp. 89-185.

[7] W.P. Dyke, W.W. Dolan, Field emission, in: L. Marton
(Ed.), Advances in Electronics and Electron Physics, Vol.
111, Academic Press, New York, 1956, p. 104.

[8] I. Langmuir, K. Blodgett, Phys. Rev. 24 (1924) 49.

[9] E.W. Mueller, Z. Physik 120 (1943) 261.

[10] W.W. Dolan, W.P. Dyke, Phys. Rev. 95 (1954) 327.

[11] W.P. Dyke, W.W. Dolan, Field emission, in: L. Marton
(Ed.), Advances in Electronics and Electron Physics, Vol.
111, Academic Press, New York, 1956, p. 106.

[12] E.W. Mueller, Z. Physik 120 (1943) 261.

[13] W.P. Dyke, W.W. Dolan, Field emission, in: L. Marton
(Ed.), Advances in Electronics and Electron Physics, Vol.
II1, Academic Press, New York, 1956, p. 168.

[14] W.P. Dyke, W.W. Dolan, Field emission, in: L. Marton
(Ed.), Advances in Electronics and Electron Physics, Vol.
I11, Academic Press, New York, 1956, pp. 129-132.

[15] J.F. Hainfeld, Understanding and using field-emission
sources, in: Scanning Electron Microscopy/1977, Vol. 1,
ITT Research Institute, Chicago, 1977, pp. 591-604.

[16] M. Bousoukaya et al., Nucl. Instr. and Meth. A 279 (1989)
405.

[17] G. Ramian, E. Garate, Presented at the 16th Int. Free-
Electron Laser Conf.,, Stanford, CA, August 23, 1994.

[18] M. Bousoukaya et al., Nucl. Instr. and Meth. A 279 (1989)
405.

[19] P.W. Hawkes, E. Kasper, Principles of Electron Optics,
Vol. 1, Academic Press, London, 1989, Section 24.3.

[20] J.D. Lawson, The Physics of Charged-Particle Beams,
Clarendon Press, Oxford, 1988, pp. 265-269.

[21] W.B. Colson, Classical free-electron laser theory, in: W.B.
Colson et al. (Eds.), Laser Handbook, Vol. 6, North-Hol-
land, Amsterdam, 1990, p. 143.

[22] K.-J. Kim, Nucl. Instr. and Meth. A 250 (1986) 396.

[23] G.T. Moore, Opt. Commun. 52 (1984) 46.

[24] C.A. Brau, Free-Electron Lasers, Academic Press, Boston,
1989, p. 173.

[25] L.D. Landau, E.M. Lifshitz, The Classical Theory of
Fields, Pergamon Press, Oxford, 1975, Section 48.

[26] C.A. Brau, unpublished.

[27] J.D. Lawson, The physics of Charged-Particle Beams,
Clarendon Press, Oxford, 1988, p. 117.

[28] C.A. Brau, Free-Electron Lasers, Academic Press, Boston,
1989, p. 55.

[29] W.B. Colson, Classical free-electron laser theory, in: W.B.
Colson et al. (Eds.), Laser Handbook, Vol. 6, North-
Holland, Amsterdam, 1990, p. 143.

FEL PRIZE TALK



NUCLEAR
INSTRUMENTS
& METHODS
IN PHYSICS

RESEARCH
Section A

Nuclear Instruments and Methods in Physics Research A 407 (1998) 8—15

First UV/visible lasing with the OK-4/Duke storage ring FEL

V.N. Litvinenko™*, B. Burnham? S.H. Park?® Y. Wu?, R. Cataldo®, M. Emamian?,

J. Faircloth®, S. Goetz*, N. Hower?, J.M.J. Madey?, J. Meyer?, P. Morcombe?, O. Oakeley?,
J. Patterson?, G. Swift*, P. Wang?, L.V. Pinayev®, M.G. Fedotov®, N.G. Gavrilov®,
V.M. Popik®, V.N. Repkov®, L.G. Isaeva®, G.N. Kulipanov®, G.Ya. Kurkin®,

S.F. Mikhailov®, A.N. Skrinsky®, N.A. Vinokurov®, P.D. Vobly®,

A. Lumpkin®, B. Yang®
*FEL Laboratory, Physics Department, Duke University, Durham, NC 27708, USA

® Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
©APS, Argonne National Laboratory, Argonne, IL 60439, USA

Abstract

In this paper, we report first lasing results in the near-UV and visible spectral ranges with the OK-4/Duke storage ring
— the first storage ring FEL operating in the United States. The OK-4/Duke FEL was commissioned in November 1996
and demonstrated lasing in the 345-413 nm range with extracted power of 0.15 W. In addition to lasing, the OK-4/Duke
FEL generated a nearly monochromatic (1% FWHM) y-ray beams. In this paper, we describe initial performance of the
OK-4/Duke storage ring FEL and y-ray source in this demonstration experiment. We briefly discuss the present status of

the project and its future user program. © 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

The Duke University Free Electron Laser La-
boratory (DFELL) and the Budker Institute of
Nuclear Physics (BINP) have collaborated on the
OK-4/Duke storage ring XUV FEL project since
1992 [1]. The OK-4 FEL was built and operated in
the 240-690 nm range using the VEPP-3 storage
ring at Novosibirsk [2]. After commissioning the
1.1 GeV Duke storage ring in November 1994 [3],
the OK-4 FEL made a trip around the globe and
came to Duke in May 1995.

* Corresponding author. E-mail: vi@phy.duke.edu.

The OK-4/Duke FEL was prepared for the first
demonstration experiment in November 1996. An
UV streak-camera was brought to Duke from
Argonne National Laboratory (APS) and has been
used to measure electron bunch length, optical cav-
ity length, and FEL pulse length [4].

After commissioning all critical OK-4/Duke
FEL subsystems, the very first run on 13 November
1996, was successful. The OK-4/Duke storage ring
FEL demonstrated operation in the near UV/vis-
ible range with a tunability of + 18% around the
center wavelength of 380nm. Two days later we
demonstrated the generation of nearly monochro-
matic 3-15 MeV y-rays [5] by tuning both the laser
wavelength and the energy of the electron beam.

0168-9002/98/$19.00 © 1998 Published by Elsevier Science B.V. All rights reserved
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The main problem for these experiments was the
“blind-folded” alignment due to the absence of elec-
tronics for beam position monitors (BPM). The
relatively high gain of the OK-4 FEL helped to
overcome this problem. Experiments, dedicated
mostly to the production and characterization of
v-ray beam, continued for about a month. In paral-
lel with the y-ray production, we had performed
a number of measurements of the OK-4/Duke FEL
parameters. In this paper, we focus on the first
lasing with the OK-4/Duke storage ring FEL and
its main parameters. The first unsuccessful attempts
to lase with the OK-4/Duke FEL in August 1996
without several critical systems in place were pre-
sented at the previous FEL Conference and pub-
lished elsewhere [6]. Initial performance and pre-
dictions for the OK-4/Duke monochromatic y-ray
source, a pleasant side-product of intracavity
Compton scattering, are described in Refs. [5,7-9].
Details of the OK-4/Duke FEL micro-temporal
structure are also discussed elsewhere [4,10].

Operation of the OK-4/Duke FEL was interrup-
ted in the middle of December 1996 by an adminis-
trative decision of the DFEL laboratory to condi-
tion a klystron used to drive the last four sections of
the linac-injector. This break continued for seven
months. During this period of time, the Duke stor-

age ring and the OK-4 FEL diagnostic systems
were undergoing modifications.

2. The OK-4/Duke XUYV storage FEL

Schematic layout of the 1.1 GeV Duke storage
ring and the OK-4 XUV FEL facility is shown in
Fig. 1. The OK-4 FEL is installed in the south
straight section dedicated for FEL operation. The
present lattice is optimized for maximum OK-4
FEL gain and has both transverse f-functions of
4m at the center of the OK-4. The 11m long
vacuum chamber for the OK-4 magnetic system
has 8m of constant cross-section and two 1.4m
long smooth transitions from the 2.2cm X 7.5cm
flat shape to the 10cm round pipe. Three
ion pumps are located at the center and two ends
of the OK-4 system, providing vacuum in the
10" '°Torr range. For installation on the Duke
storage ring, the magnetic system of the OK-4
FEL was slightly modified. The gap in the OK-4
was increased to 2.25cm to accommodate a
new vacuum chamber. The buncher was shifted
from the center of the OK-4 to provide a magnetic-
field-free collision point for the Compton y-ray
production.

J L L 1 L L 1 1 1 Lt [ I T I 1 111}
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e-beam

NIST
undulator  RF Cavity
Duke/OK-4
storage ring FEL
OK-4 FEL

Linac

MIII FEL

Future
KECK Science -
Control Laboratory -
Room =

-
|-

Fig. 1. Layout of the Duke/OK-4 storage ring FEL facility. The 1.1 GeV Duke storage ring is surrounded by 2’ concrete shielding. Two
mirrors of the 53.73m long OK-4 optical cavity and its diagnostics are located outside of the shielding in the optical shacks. These
shacks and a flex-lab will be used for pilot OK-4 FEL user experiments prior to the completion of the construction of the dedicated Keck

Science Laboratory by 1999.

I. NEW LASINGS



10 V.N. Litvinenko et al./Nucl. Instr. and Meth. in Phys. Res. A 407 (1998) 815

Table 1
Duke storage ring electron beam parameters

Table 2
Some of the OK-4 FEL parameters

Operational Energy (GeV) 025 - 1.1
Circumference (m) 107.46

Impedance of the ring, Z/n, (Q) 275 +0.25
Stored current (mA)*

Multibunch 155

Single bunch 20%/8°
Bunch length, os (ps)?

Natural (low current) 15

With 5maA in single bunch 60
Relative energy spread, cE/E®

Natural (low current) 29x1074

At 5mA in single bunch 1.1x1073
Peak current (A)¢

With 5maA in single bunch 12

With 20mA in single bunch® 31
Horizontal emittance (nm x rad)

5mA/bunch @ 700 MeV <10

3mA/bunch @ 500 MeV <8

*Maximum current at 1 GeV is limited to 2-3 mA before crotch-
chambers with absorbers are installed;

°Per bunch using standard thermionic gun;

°In single bunch mode with photocathode gun;

4At 500 MeV, Vg = 500kV; measured by the streak-camera [4]
and dissector;

‘Expected from the broad band impedance model with
Z/n=275%;

"Extracted as the top limit from the OK-4 spontaneous radi-
ation spectra.

The main parameters of the low emittance Duke
storage ring are published elsewhere [3,11] and
briefly summarized in Table 1. For experiments
reported in this paper we have operated the Duke
storage ring in energy range from 270 MeV (injec-
tion energy) to 550 MeV. We were not able to
operate at wavelength of 380 nm above 550 MeV
due to the limitation of wigglers power supply (see
the note attached to Table 2).

The existing injection system limited the max-
imum stored current to 8 mA/bunch. In future, we
plan to improve efficiency of injection and increase
the current to 2040 mA/bunch.

The storage ring RF system [12] operates at
178.5 MHz which is the 64th harmonic of the revol-
ution frequency. The RF frequency is generated by
a SAW master oscillator which is controlled by
a 16-bit DAC via the Duke storage ring control
system [13]. Typical OK-4 FEL operation mode

Optical cavity

Optical cavity length (m) 53.73
Radius of the mirrors, measured (m) 27.27
Rayleigh range in OK-4 center (m) 33

Angular control accuracy (rad) better than 10~7

OK-4 wiggler [1,14]

Period (cm) 10
Number of periods 2x335
Gap (cm) 2.25
Kw/I (1/kA) 1.804
Kw 0-5.4°

*At the time of November 1996 experiment Kw was limited to
3.8. At present time, Kw is limited to 4.5 by the power supply.

used RF voltage of 500-550kV. A short list of
up-to-date OK-4 FEL parameters is summarized in
Table 2. Other parameters and expected perfor-
mance of the OK-4 FEL are described in previous
publications [2,14].

Two Trans-Rex power supplies, donated by
Fermi Lab, have been repaired, equipped with ex-
ternal LC filters and are presently used to drive the
OK-4 wigglers and buncher. Overall performance
of the power supplies is close to specifications (with
about 100 ppm stability) and will be improved in
the near future by using a second stage of regula-
tion and an active feedback from the OK-4 FEL
diagnostics. We also plan to extend the operation
range of the wiggler power supply from the present
limit of 2.5kA to 3 kA required for full range OK-4
FEL tunability.

The controls of the OK-4 FEL systems are part
of the Duke storage ring control system [13]. The
control system provides flexible operation of the
OK-4 and the possibility to ramp the energy of
the storage ring without changing the OK-4
wavelength. A number of lattices (snapshots in con-
trol system terminology) were created to operate
the OK-4 FEL. Once created, the snapshots can be
used to re-establish lasing. In addition, we have
demonstrated continuous lasing in the OK-4 FEL
during the ramping from the injection energy to
500 MeV.

The RF-smooth crotch chambers providing pas-
sage of the optical beam have been designed but are
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still in the process of manufacturing. In order to
facilitate commissioning of the OK-4 system, we
have installed temporary crotches without absorb-
ers. A rather large vacuum chamber impedance
due to the non-smooth transitions of the tempor-
ary crotch-chambers causes microwave bunch-
lengthening to begin at ~ 0.1mA per bunch at
500 MeV. This is the main factor limiting the OK-4
FEL gain. We have used the APS streak-camera
[4], a dissector with 15 ps resolution, and spontan-
eous radiation spectra from the OK-4 to determine
the parameters of the electron beam in the
single bunch mode (Table 1). According to the
bunch-length and the OK-4 FEL gain measure-
ments, the impedance of the vacuum chamber is
about 2.75Q.

One of the main challenges for the OK-4/Duke
storage ring FEL was a 57m long optical cavity
which required mirrors with extremely high pre-
cision radii and a sophisticated mirror control and
stabilization system. Description of the mirror con-
trol and feed-back system as well as brief descrip-
tion of the OK-diagnostics can be found elsewhere
[6]. A 30-m-long mirror radii measurement system
similar to that described in Ref. [15] has been used
to measure 27.26 m radii of the custom made mir-
rors (by Lumonics Optics Group, Canada) with an
accuracy of a few cm. We found that the original
clamping scheme of the mirrors had reduced their
radii below stability limit for the OK-4 optical
cavity. At the present time we are using a different
clamping technique.

3. Commissioning of OK-4 FEL

During the preparation for the OK-4 operation,
we have established three main storage ring modes
at energies of 270 (injection), 500, and 700 MeV and
a number of supplementary modes (at 350, 400, 550,
600, 650, and 750 MeV). In addition, we have meas-
ured the -functions in the OK-4 FEL and created
computer tools to vary OK-4 wiggler current while
keeping betatron tunes stable. The main problem
was the absence of electron beam position measure-
ment electronics which could have provided us
with information about electron beam orbit. We
were forced to use labor intensive and inaccurate

ways to find approximate position of the electron
beam.

Fortunately, the OK-4 FEL has a rather high
gain and demonstration of lasing in the near UV
was a relatively easy task. It took about 2h of
e-beam and optical cavity alignment to obtain first
lasing at 380 nm. Knowledge of the optical cavity
length obtained with the use of the streak-camera
[4] proved to be very useful. Lasing at 400 and
500 MeV was demonstrated during the same shift.
Later we achieved lasing at 550 MeV using the
maximum current available (at that time 2.1 kA) in
the OK-4 wigglers.

Two days after first lasing, the monochromatic
y-rays (with 1% FWHM resolution, mono-
chromatized by a lead collimator) were produced
by operating the OK-4/Duke storage ring FEL
with two equally separated electron bunches. This
mode provides for head-on collisions of the optical
and electron beams at the center of the optical
cavity, and the generation of y-rays via Compton
backscattering [8,9]. Most of our shifts were dedi-
cated to the study and characterization of the y-ray
beam, and the results are published elsewhere [5,7].
Most of the OK-4 FEL parameters reported here
were measured in parallel with the y-ray experi-
ments. Tuning within the reflectivity bandwidth of
the optical cavity was straightforward by variation
of the wigglers current. A typical tuning wavelength
range and one of many measured lasing spectrum
are shown in Fig. 2. Optical cavity losses were
determined by a measurement of the optical cavity
ring down time. Lasing was reasonably easy be-
cause the OK-4 gain was at least 10-20 times high-
er than losses at 380 nm. The start-up current for
lasing was 0.3mA, and with 3mA/bunch we were
able to lase in both optical klystron (buncher on)
and conventional FEL mode (buncher off). In all
cases the use of the buncher increased the FEL gain
and allowed us to lase with one or, if desired, two
lasing lines.

FEL power reaches maximum electron beam
and optical pulse when the round-trip times are
equal, ie. at perfect synchronism. We measured
dependencies of the OK-4 FEL power on detuning
0 = Co/B — 2L, (where C, is circumference of the
ring, L. is the optical cavity length and g = v./c)
from exact synchronism by varying the RF
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