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Saturation of a high-gain harmonic-generation free-electron laser (HGHG-FEL) at 266 nm has been
accomplished at the Brookhaven National Laboratory/Deep Ultra Violet Free Electron Laser Facility
(BNL/DUV-FEL) by seeding with an 800 nm Ti:sapphire laser. We describe the diagnostics used to
characterize the electron beam and the FEL output. Analytic and simulation calculations of the HGHG
output are presented and compared with the experimental data. We also discuss the chirped pulse
amplification of a frequency chirped seed by an energy chirped electron beam. The third harmonic at
88 nm accompanying the 266 nm fundamental has been used in an ion pair imaging experiment in
chemistry, the first application of the BNL/DUV-FEL.

DOI: 10.1103/PhysRevSTAB.7.050701 PACS numbers: 41.60.Cr
The accelerator consists of a 1.6 cell BNL/SLAC/
UCLA rf photocathode gun operating at 2856

ponents for the HGHG experiment, the modulator undu-
lator, the dispersive magnet, and the radiator undulator.
I. INTRODUCTION

There is considerable interest in producing coherent
radiation using single-pass FELs from deep UV down to
the x-ray regime [1]. In this Letter, we present a detailed
experimental investigation of a high-gain harmonic-
generation free-electron laser (HGHG-FEL) in the
ultraviolet at 266 nm seeded at 800 nm [2]. An earlier
proof-of-principle experiment in the infrared was carried
out at the Brookhaven National Laboratory Accelerator
Test Facility [3] by seeding with a 10:6 �m CO2 laser and
amplifying the second harmonic at 5:3 �m. The opera-
tion of a single-pass FEL in the self-amplified sponta-
neous emission (SASE) mode has been the subject of
many recent studies [4–7]. In this case, the radiation
starts from shot noise; therefore, the pulse-to-pulse en-
ergy fluctuation is large and the light is not temporally
coherent. In the HGHG-FEL [3,8,9], the electron beam is
seeded by a conventional laser, which results in a stable
central wavelength, excellent temporal and spatial coher-
ence, and high pulse energy stability of the output radia-
tion. Stability of the output pulse energy is limited by
fluctuations in the accelerator, not the intrinsic shot noise
of the electron beam. The central wavelength is set by the
seed laser and inherits its stability. Coherence of the seed
laser leads to coherence of the HGHG pulse, which can be
Fourier transform limited. The output pulse length can be
controlled by the seed laser, thus enabling the production
of femtosecond pulses short compared with the electron
bunch length.

II. OVERVIEW OF THE DUV-FEL FACILITY
ding author.Email address: doyuran@bnl.gov
dress: MIT Bates Linear Accelerator Center,
, MA.

1098-4402=04=7(5)=050701(12)$22.50 
MHz with a copper cathode, four SLAC-type linac tanks
operating at the same frequency, a 4-dipole chicane, two
dipole magnets, as well as a number of quadrupole and
trim magnets (Fig. 1). The photocathode rf gun is illumi-
nated by a frequency tripled Ti:sapphire laser at 266 nm
producing electron bunches with 300 pC charge, 4 ps
FWHM bunch length, 4.5 MeV energy, and normalized
projected emittance of 4–5 �m (Table I). Usually the
accelerator is operated at a repetition rate of 2.5 Hz but
it can be operated at a maximum of 10 Hz at the current
configuration. The phase of the drive laser can be inde-
pendently controlled with respect to rf. The first klystron
powers the gun and the first two linac tanks. Two me-
chanical phase shifters are used to adjust the phase of the
gun and the second tank with respect to the first tank. A
low-level phase shifter changes the phase of all three
sections. The first two linac tanks accelerate the electron
beam with the second tank off-crest by 25� to introduce
an energy chirp. A 4-dipole chicane compresses the
bunch to about 1 ps FWHM, the third linac tank is used
to remove the remaining energy chirp with additional
acceleration, and the fourth tank accelerates the bunch
to 177 MeV. The third and the fourth linac tanks are
powered by two separate klystrons so that they can be
independently powered and phased. The dipole down-
stream of the linac is used as the spectrometer for the
electron beam. Energy, energy spread, slice emittance,
and bunch length can be measured after the dipole at
the pop-in monitor located at the upstream beam dump
[Fig. 1]. The bunch length is measured with the zero-
phasing technique [10].

Downstream of the linac, there are three major com-

The parameters for the modulator and radiator are shown
in Tables II and III, respectively. The dispersive section is
a 30 cm long chicane, which converts energy modulation
to density modulation.
2004 The American Physical Society 050701-1



TABLE II. Modulator wiggler parameters.

Length 0.8 m
Period 8 cm
Peak field 0.22 T
Wiggler parameter (aw1) 1.18
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FIG. 1. The National Synchrotron Light Source DUV-FEL layout: 1: gun and seed laser system, 2: rf gun, 3: linac tanks, 4:
focusing triplets, 5: magnetic chicane, 6: spectrometer dipoles, 7: seed laser mirror, 8: modulator, 9: dispersive section, 10: radiator
(NISUS), 11: beam dumps, 12: FEL measurement area.
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The NISUS [11] wiggler (radiator) consists of 16 sec-
tions (Fig. 2). Every section is equipped with a pop-in
monitor, a four-wire system, and pancake magnets. Pop-
in monitors utilizing cerium doped yttrium aluminum
garnet crystals are used to monitor the electron beam
[12]. The four-wire system at each section can produce
quadrupole fields providing additional focusing and a
dipole field for trajectory corrections. Pancake shaped
magnets located at the top and bottom of the wiggler
provide a vertical magnetic field and can be used in a
horizontal trajectory correction [13,14]. A fiber coupled
He-Ne laser is used for alignment through NISUS. The
position of the laser at each monitor is recorded and these
positions are used as a reference for the electron beam
trajectory. The He-Ne laser is coupled into the beam line
by an insertion mirror, which blocks the electron beam.
The accuracy of the electron beam position is therefore
limited by the reproducibility of the position of the pop-
in monitors. On average the pop-in monitors have 30 �m
reproducibility, but with optimized mechanical tuning
5 mm reproducibility can be achieved. The position and
the beam size of the electron beam at each pop-in monitor
are measured and the trajectory of the beam is corrected
using automated MATLAB and EPICS routines. This
way we also can easily calculate the emittance and the
Twiss parameters of the beam and adjust the upstream
quadrupole currents to have proper matching into the
wiggler (Fig. 3). A number of sections are also equipped
with detectors to measure the energy growth along the
wiggler. A calibrated Joule meter is used to measure the
total energy at the exit. The spectrum of the SASE and
HGHG light is measured by a spectrometer with a reso-
lution of 0.025 nm.
TABLE I. Electron beam parameters.

Energy 177 MeV
Charge 300 pC
Normalized projected emittance 4 mm mrad
Normalized sliced emittance 2.5 mm mrad
Uncompressed bunch length �4 ps (FWHM)
Compressed bunch length �1 ps (FWHM)
Energy spread 1 � 10�4

050701-2
III. ELECTRON BUNCH LENGTH
MEASUREMENT USING ZERO-PHASING

TECHNIQUE

We use the zero-phasing technique to measure the
longitudinal bunch profile. In this method the electron
beam is put on the zero degree phase of the tank 4 rf
curvature where there is no net energy gain. Because of
the almost linear slope, while the head is being acceler-
ated the tail is decelerated or vice versa depending on the
sign of the rf slope. This introduces an energy spread that
is correlated with the longitudinal position in the bunch.
The energy chirp is proportional to the applied field in the
accelerator tank. After passing through the upstream di-
pole magnet, this energy chirp is converted into a hori-
zontal size on the pop-in monitor at the upstream beam
dump [Fig. 1]. The longitudinal pulse shape is estimated
by measuring the energy of the electron beam and the rf
amplitude in the tank. To optimize the resolution of the
measurement one has to minimize the horizontal beta
function at the monitor using the upstream quadrupoles.
Also the energy spread has to be minimized before tank 4.

From the measured energy spectra in Fig. 4, the bunch
length is calculated to be 400 fs (rms). The resolution at
the spectrometer is optimized by minimizing the beta-
tron beam size. Considering very small intrinsic energy
TABLE III. Radiator wiggler parameters.

Length 10 m
Period 3.89 cm
Peak field 0.31 T
Wiggler parameter (aw2) 0.8
Resonant wavelength 266 nm
Betatron wavelength 25 m
Electron beam rms size (4 mm mrad) 250 �m

Resonant wavelength 800 nm

050701-2



Pancake Magnet
at maximum current

Pancake Magnet
at operational current

for trajectory correction

e beam direction

NISUS pop-in
Monitors

Detectors

Ion Pair Imaging
Experiment

Measurement Area
* Joulemeter
* Spectrometer
* Streak Camera
* Autocorrelator

4-wire system

FIG. 2. (Color) 10 m long Nisus wiggler (radiator) and its diagnostics. The four-wire system is used for additional focusing and
trajectory correction. The pancake magnet system is used for the horizontal trajectory correction and beam kicking.
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spread of the beam, which is about 1 � 10�4, the resolu-
tion at the spectrometer is estimated as 10–20 fs. Clearly,
Fig. 4 contains a spiky structure, which, if it results from
a modulation of the peak current along the bunch, could
degrade the FEL performance. The spikes observed in the
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FIG. 3. (Color) Beam matching into the Nisus wiggler using au
emittance, � and 	 are Twiss parameters, and 
 is the beam size.
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measurement are about 100 fs apart. In this case only
spikes with high peak current would effectively partici-
pate in the FEL process, decreasing output power. Also,
since the apparent spike width is comparable to or less
than the FEL slippage length, which is 70 �m (230 fs),
6 7 8 9 10
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tomated MATLAB routines. In figure "n is the normalized
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FIG. 4. Current profile measured by zero phasing. The two
curves represent two measurements separated by 180. The
ripples at the peak are most likely due to small energy modu-
lation; they do not necessarily represent spikes in the time
domain [14].
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the radiation might not achieve saturation due to slippage
between electrons in the spike and radiation in the undu-
lator. In fact, there was no observed degradation of the
FEL output observed. This motivated a more detailed
inquiry into the proper interpretation of the spiky struc-
ture observed on the monitor.

It was shown in Refs. [15,16] that the observed struc-
ture results from an energy modulation along the bunch
(Fig. 5). Small clusters in electron density, introduced by
nonuniformities in the rf gun laser, drive such energy
modulation while the beam travels through the accelera-
tor. Since the intrinsic energy spread is small, the energy
spectrum of the chirped beam shows a spiky structure
2 1. 5 1 0. 5 0 0.5 1 1.5 2

64.8

64.9

65

65.1

65.2

Time (ps)

E
n

er
g

y 
(M
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)

FIG. 5. (Color) Illustration of an electron bunch longitudinal
phase space produced by a simulation of a zero-phasing mea-
surement. The horizontal axis is time (ps); the vertical axis is
energy (MeV). The space charge wake induces variations of
the energy along the chirped bunch leading to deeply modu-
lated energy spectra. The red curve is the distribution of
electrons in time-energy phase space. The zero-phasing method
measures only the projection on the energy axis whereas there
is only a small modulation in the time projection.

050701-4
resulting from phase space modulation. It was experimen-
tally demonstrated [15] that the observed structure does
not represent real bunching in the electron beam longitu-
dinal current.

IV. HGHG PROCESS

The three major components of the experiment are
modulator, dispersive magnet, and radiator. The modula-
tor is tuned to the wavelength of the seed laser. The 800
nm seed laser derived from the Ti:sapphire laser with 9 ps
FWHM pulse length interacts with the electron beam. A
local bump introduced by four trim magnets is used to
bypass the seed laser insertion mirror. The Rayleigh
range of the seed laser is estimated to be 2.4 m from
the beam sizes measured at two pop-in monitor locations
in the modulator. Interaction with the seed in the modu-
lator introduces an energy modulation in the electron
bunch. The zero-to-peak energy modulation is given by
[17]

�� �
kr1aw1FB1

�
ar1z1: (1)

Here � is the electron beam energy, kr1 and ar1 are the
wave number �2�=�r1� and the dimensionless (rms) vec-
tor potential eAr1=mc of the input laser field, respectively,
while aw1, FB1, and z1 are the dimensionless (rms) vector
potential, the Bessel factor, and the length of the modu-
lator, respectively,

aw1 �
e
mc

Brms

kw1
;

with

kw1 �
2�
�w1

;

FB1 � J0��� � J1���, with

� �
a2
w1

2�1 � a2
w1�

:

We estimate �� 	 0:5 for the seed power of 30 MW and
�� 	 0:1 for the seed power of 1.8 MW.

When the electron beam passes through the dispersion
magnet the energy modulation is converted into a density
modulation. We measure the maximum excursion xm �
2:1 mm in the dispersion magnet for a typical current in
the coil of 110 A. This corresponds to a dispersion of [9]�

d 
d�

�
dis
� 32�

x2
m

3s��
	 5:4; (2)

where � is the wavelength of the radiator and s is the
dispersion magnet length. The radiator [18] is tuned to the
3rd harmonic of the seed laser at 266 nm.

Transverse alignment is established by overlapping the
electron and the laser beams on the two pop-in monitors
050701-4



TABLE IV. Typical FEL parameters from analytical
calculation.

D 0.016
k	 0:264 m�1

kw 161:5 m�1

kr 2:36 � 107 m�1

�!�!r�=!r �1:57 � 10�3

LG 0.75 m

PRST-AB 7 ADNAN DOYURAN et al. 050701 (2004)
in the modulator. The synchronization between the elec-
tron beam and the seed laser is measured with a pico-
second resolution streak camera at the end of the beam
line. The SASE and the seed laser pulses are then tempo-
rally overlapped by adjusting a delay stage in the seed
laser path. The synchronization is further optimized by
observing the HGHG output.Varying the dispersion mag-
net current optimizes the HGHG power. The wiggler is
not long enough for SASE FEL to saturate because the
typical gain length is about 0.8–1 m and SASE needs
more than 20 gain lengths to reach saturation. Since
HGHG starts from a prebunched electron beam, the ra-
diation process begins coherently with an effective power
large compared with the shot noise and saturates within
the length of the wiggler.

The TDA code [9,19] has been utilized to estimate the
HGHG power along the wiggler for given initial electron
and laser beam conditions. This code is a 3D FEL code
which assumes the radiation field to be axially symmetric.
It solves numerically the evolution of the Lorentz factor �
and the electron phase � � �kr � kw�z�!rt coupled
with the Maxwell’s equations. The code uses the Runge-
Kutta method to solve these coupled equations and to find
the particle position, momentum, and radiation field, step
by step in the z direction.

For HGHG-FEL design purposes we developed a
MATHEMATICA program, which calculates the proper in-
put parameters for TDA. We use an analytical estimate
developed by Yu et al. with scaled parameters [20] and
solve Eq. (9) of Ref. [20] numerically which calculates the
power gain length of the FEL:

Da2

�
�
D

�
�1 � e�"� � "
1 � �1 � "�e�"�

�
Z 0

�1

sds
cos�#s=D�

exp

�
�i

�
�
D
�
!�!r

!rD

�
s

� 2

�

�
D

�
2
s2

�

�

�
1 � e���

��

�
1 � e���

��

�
; (3)

with " � �a
����
�

p
H�1�0

0 �a
����
�

p
�=H�1�

0 �a
����
�

p
�; and

�� � 3is
�
#
D

�
�kr"� �

"
2

�
1 � cos

�
#
D
s
��
;

D �

�
4eZ0

�mc2

K2=2

1 � K2=2

I0
�0

�
1=2


JJ�;


JJ� � J0

�
K2=2

2�1 � K2=2�

�
�J1

�
K2=2

2�1 � K2=2�

�
;

K �
���
2

p
aw � eBpeak=kwmc 	 0:934�w�cm�Bpeak�T�;

a �
���������������
12krkw

p

x; Z0 � 377�;

# �
k	
kw
; k	 �

Kkw
2�

:
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Here kr � �2�=�� is the radiation wave number, 
x is the
rms electron beam size, 
� is the rms relative energy
spread, k	 � �2�=�	� is the betatron wave number, J0

and J1 are the Bessel functions and H�1�
0 is the Hankel

function.
Equation (3) can be solved to determine the complex

parameters " and �
D which yields the power gain length

LG of the FEL as �1=kw2LG� � Im���. As can be seen
from Eq. (3), the gain function can be written in scaled
form as [20]

G
�
kr";


�
D
;
k	
kwD

;
!�!r

!rD

�
�

Im���
D

�
1

kw2LGD
:

This is useful to organize parameters for computer simu-
lation codes. Using the MATHEMATICA program, we nu-
merically solve Eq. (3) for a given set of FEL parameters
such as emittance, energy spread, and detuning. We start
with a scaled detuning of

!�!r

!rD
� �3

�
k	
kwD

�
kr"

which yields near maximum gain as indicated in Ref. [20].
Then the program optimizes the detuning to get the
shortest gain length. The typical values for this calcula-
tion are shown in Table IV.

The program also calculates the seed laser power and
dispersion magnet current for maximum bunching at the
beginning of the wiggler [9]. The HGHG power output
along the radiator before saturation is

P � CPcohe
z=LG ; (4)

where Pcoh is the coherent power at star up and it is
proportional to 


R
2Lg bn�z; r�dz�

2. Here bn�z; r� is the
bunching parameter [17] for the nth harmonic averaged
over the transverse space. To optimize the initial growth
of the HGHG radiation one should maximize the bunch-
ing parameter in the first two gain lengths of the radiator.
The bunching parameter is

b�z; r� � exp

�
�

1

2

�
d 
d�

�z�
��
�

2
�
Jn

�
n;
d 
d�

�z����r�
�
;

(5)

which is a function of dispersion d =d�, local energy
spread
��, and energy modulation �� introduced by the
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TABLE V. Two experimental cases.

Input seed power 30 MW 1.8 MW
Dispersion 3.5 8.7
Energy modulation 0.5 0.1
Dispersion magnet current 90 A 140 A
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seed laser. The dispersion as a function of distance is
[9,17]

d 
d�

�z� � n
kw1

�
z1 �

�
d 
d�

�
dis
�

2kw2

�
z; (6)

where the first term comes from the modulator, the second
term [Eq. (2)] from the dispersive section, and the last
term from the radiator.We should note that Eq. (6) is valid
only in the first two gain lengths of the radiator before
exponential growth. At the end the program produces an
input file for the TDA code. This procedure is very effi-
cient, since it does not require iterating parameters in
TDA. In a single run we can obtain the HGHG output
power as a function of distance.

In Fig. 6 we plot the calculated bunching parameter as
a function of distance within the first two gain lengths
of the radiator. We obtain maximum bunching when the
seed laser power is 30 MW and the dispersion magnet
current is 140 A, which corresponds to �d =d��dis � 8:7.
Similarly for the seed power of 1.8 MW we obtain maxi-
mum bunching at 235 A dispersion magnet current, which
corresponds to �d =d��dis � 24:9. However, these cases
cause rapid saturation and the total output is reduced due
to oversaturation. Therefore, we adjust the dispersion
magnet current to optimize the output at the end of the
wiggler. Because of a limitation in the dispersion magnet
0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

0.5

z (m)

b(
z,

σ x)

30  MW   90 Amp
30  MW 140 Amp
1.8 MW 140 Amp
1.8 MW 235 Amp

FIG. 6. Calculated bunching factors as a function of the
radiator distance within the first two gain lengths using
Eq. (4). The solid gray curve is for the maximum bunching
where the seed laser power is 30 MWand the dispersion magnet
current is 140 A (d =d� 	 8:7); the dashed black curve is for
1.8 MW seed laser power and 140 A dispersion magnet current;
the solid black curve is for 30 MW seed laser power and 90 A
dispersion magnet current (d =d� 	 3:5); the dashed gray
curve is for 1.8 MW seed laser power and 235 A dispersion
magnet current ( d =d� 	 24:9). Gray curves represent the
maximum bunching within the first gain lengths of the radia-
tor, whereas black curves are calculated using parameters
actually used during the experiment at each seed power case.
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current of 200 A, we cannot reach maximum bunching in
the 1.8 MW case. Figure 6 also shows the bunching
parameters for 30 MW seed laser power, �d =d��dis �
3:5 dispersion and for 1.8 MW seed laser power,
�d =d��dis � 8:7 dispersion corresponding to the condi-
tions for which we present the experimental data
(Table V).
V. HGHG OUTPUT MEASUREMENT

We have employed two methods to measure the gain of
the FEL. One is measuring the energy using the detectors
along NISUS and the other is measuring the energy at the
exit Joule meter while kicking the electron beam at
different sections using the pancake magnets. Both meth-
ods are proven to be consistent with each other.

Figure 7 shows the energy of the HGHG output as a
function of the distance in the radiator using the kicking
method and simulations of the gain with the TDA code for
two input seed powers. We measure the projected emit-
tance of the electron beam as 4.7 mm mrad. For the
1.8 MW case the dispersion section current is set to
140 A, which corresponds to a dispersion d =d� 	 8:7.
HGHG saturates near the end of the wiggler. For the
30 MW input seed laser power the dispersion section
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(a) 1.8 MW
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FIG. 7. (Color) Pulse energy vs distance for two values of the
input seed laser power: (a) 1.8 MWand (b) 30 MW. The red dots
are measurements and the solid curves are TDA simulation
results.
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current is set to 90 A, which corresponds to dispersion
d =d� 	 3:5. HGHG saturates halfway down the wig-
gler. In each case the dispersion was optimized by mea-
suring the HGHG signal at the end of the wiggler. In
the 1.8 MW case, since the dominant contribution to the
output comes from the highest current portion of the
electron beam, we use the slice emittance of 2.7 mm mrad
for the TDA calculation to fit the experimental gain length
of about 0.8 m. In the 30 MWcase, we approximately take
into account the fact that the entire electron bunch con-
tributes by using the projected emittance of 4.7 mm mrad
in the simulation to fit the observed experimental gain
length, which is about 0.9 m. We see a reasonable agree-
ment between the experiment and the TDA simulation
results. We should again note that the dispersion is not
optimized for maximum bunching in two gain lengths
but it is optimized for maximum total energy at the end of
the radiator. In the high seed power case (30 MW) the TDA

code predicts that the power should decrease after satu-
ration but the measurement shows the energy still grow-
ing very slowly. Since the electron beam has varying
current and emittance along the bunch, different parts
of the beam reach saturation at different instances result-
ing in the observed growth in total power after saturation.
Figure 8 shows the TDA simulation of energy vs distance
for various input seed powers and dispersions. For each
case when the dispersion is set to maximum bunching
within the first two gain lengths, HGHG saturates rapidly
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FIG. 8. TDA simulation showing the energy of the HGHG as a
function of radiator distance for various seed laser and dis-
persion magnet currents. For the gray curves the maximum
bunching occurs within the first two gain lengths of the
radiator, whereas the black curves are simulated using the
experimental parameters of each seed power case. The gray
curves oversaturate and thus the output power is reduced. For
this reason the dispersion is optimized for the maximum output
at the end of the wiggler.
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and the output power reduces due to oversaturation. As
discussed earlier, in the experiment we set the dispersion
to optimize the output at the end of the radiator.

The HGHG output power stability is limited by the
accelerator stability but not the intrinsic shot noise in the
electron beam. The typical average output is approxi-
mately 100 �J. Figure 9 shows the statistics of the pulse
energy measurement. The rms intensity fluctuation is
found to be 7% over a half minute. The SASE fluctuation
is about 41% for the same electron beam conditions. In
the HGHG case the FEL process starts from a nonzero
radiation whereas SASE starts from shot noise. Thus the
stability of the HGHG output is greatly improved com-
pared to the SASE process. Taking advantage of this
stability, the third harmonic at 88 nm, which accompa-
nies the 266 nm, is being used for an ion pair imaging
experiment since January 2003 [21]. The typical phase
and amplitude instabilities in the various sections of the
accelerator cause some small jitters or drifts but these can
be solved as accelerator technology improves or by em-
ploying feedback systems.
VI. SPECTRUM MEASUREMENT

The spectrum of the FEL output was measured with a
high-resolution spectrometer at the end of the beam line.
Figure 10 shows the single shot HGHG and SASE spectra.
The FWHM bandwidth of the HGHG pulse is 0.23 nm.
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FIG. 9. (Color) Single shot energy measurement of SASE and
HGHG for a time interval of 30 s for the same electron beam
conditions. Top row is the SASE measurement and the bottom
row is the HGHG measurement. The left column shows the
actual measurements and the right one shows the histograms of
SASE and HGHG output pulse energy with 30 MW seed power.
Removing a few data points, which are away from the average
due to some machine instability, reduces the 
 fluctuation
to 3.5%.
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spikes in the SASE spectrum is used to estimate the pulse
length.
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Since the seed laser is 9 ps long and the electron beam is
1 ps long only 1=9 of the spectrum is seen by the electron
beam. The seed laser has �6 nm bandwidth of which
0.7 nm is interacting with the electron beam. At the third
harmonic this corresponds to 0.23 nm bandwidth, which
is precisely what was measured. The HGHG spectral
brightness is 2 � 105 times larger than SASE because
NISUS is not long enough to saturate. To do a fair com-
parison between SASE and HGHG, we used the GENESIS

1.3 code [22] to calculate what would be the spectrum of
SASE after 20 m of the NISUS structure (Fig. 10). Note
that due to the larger bandwidth of SASE, HGHG has
still an order of magnitude larger spectral brightness
than SASE.
VII. PULSE LENGTH MEASUREMENT

The average spacing between the spikes in the SASE
spectrum gives an estimate of the radiation pulse length
according to [23]
Reference
Detector

Wedged beam splitter

266 nm HGHG
light

FIG. 11. (Color) The layout of the two-photo
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Tb �
�2

0:64c��
� 1 ps: (7)

The measured electron pulse length (from the zero-
phasing method) is 1 ps FWHM which is in good agree-
ment with the above formula.

To measure the HGHG pulse length we used a multishot
two-photon absorption (TPA) pump-probe autocorrelator
[24] (Fig. 11). A fused silica wedge was used to split the
beam into pump and probe. The advantage of using a
wedge is that the second reflection beam does not disturb
the autocorrelation trace. The transmitted beam serves as
the pump and the reflected as the probe. The smaller the
ratio of the probe pulse energy to the pump pulse energy,
the more sensitive the TPA autocorrelator is. A ratio of
4% was used for convenience of alignment in our case.
The pump and probe beams were focused by two plano-
convex fused silica lenses with focal lengths of 72 and
31 cm, respectively. The angle between the pump and the
probe beam was about 10�. The temporal overlap of
the pump and the probe was achieved by manually tuning
the micrometer of the delay stage. The resolution of the
micrometer is 10 �m. A 5 mm beta barium borate crystal
was used for the measurement. The error caused by the
thickness of the crystal was about 5 fs, which could be
neglected. As shown in the layout of Fig. 11, one photon
detector was used to measure the reference signal and
another detector was used to measure the transmitted
probe pulse signal. By analyzing the ratio of the probe
signal to the reference signal vs the delay, one can get the
TPA autocorrelation trace.

Assuming the HGHG pulse shape was a Gaussian one,
the autocorrelation data were fitted with the least-square
method by using the following function:

A�t� � C0 exp

�
�2 ln2

�
t� tmax

0

�
2
�
�C1t� C2; (8)

where 0 is the FWHM pulse length of the HGHG pulse
BBO Crystal

Detector

Micrometer
delay stage

n absorption pump-probe autocorrelator.
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FIG. 12. (Color) Pulse length measurement of the HGHG out-
put using two-photon absorption pump-probe autocorrelation
for a seed power of 1.8 MW.
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and tmax is the time when pump and probe pulses are
fully overlapped. The linear part accounts for a drift in
the pump.

To reduce the jitter in the measurement signal intro-
duced by fluctuations in the HGHG pulse energy, we
used an energy window to reject outliers from the aver-
aging process. We obtained 0.63 and 0.8 ps FWHM
(Figs. 12 and 13) for the 1.8 and 30 MW input seed laser
cases, respectively.

For the 1.8 MW case, we expect that the pulse shape
is close to Gaussian with a slight flattop due to satura-
tion. In the 30 MW case, the pulse should be more like a
square shape due to oversaturation. The Fourier transform
limited time-bandwidth product depends on the pulse
shape. For a Gaussian Fourier transform limited pulse
having the measured FWHM bandwidth of 0.23 nm, the
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FIG. 13. (Color) Pulse length measurement of the HGHG out-
put using two-photon absorption pump-probe autocorrelation
for a seed power of 30 MW.
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FWHM pulse length is 0 � 0:44 ps, while for a square
Fourier transform limited pulse, the FWHM pulse length
is 0 	 1 ps. The measured pulse length of 0.63 ps for the
1.8 MW seed power is larger than for the Gaussian
Fourier transform limited case. This means either the
pulse is not fully Fourier transform limited or its peak
is flatter than the Gaussian. For the 30 MW seed power,
the measured length of 0.81 ps is closer to that of a square
Fourier transform limited pulse. As we see in Fig. 7,
HGHG reaches saturation in the middle of the wiggler
and then the energy grows slowly until the end of
the wiggler, indicating that the high current part of the
electron beam reaches saturation in the middle of the
wiggler, while the lower current parts of the electron
beam reach saturation farther down the wiggler and con-
tinue to contribute to the total energy. This early satura-
tion of the center and later saturation of the wings suggest
the pulse shape should be quite flat.

VIII. AMPLIFICATION OF A FREQUENCY
CHIRPED SEED BY AN ENERGY CHIRPED

ELECTRON BEAM

There are significant efforts in producing lasers with a
pulse length in the femtosecond region. Usually, the pho-
tocathode electron guns driving a FEL produce 4–5 ps
electron bunches. These bunches can be compressed to
0.1–1 ps; however, it is not trivial to compress electron
bunches down to a femtosecond level. By inducing a
frequency chirp along the HGHG pulse, we can use con-
ventional laser pulse compressors to shorten the optical
pulse duration down to the 10 fs level [25].

In this experiment the seed laser pulse length was
adjusted to 1 ps FWHM, which is approximately equal
to the electron bunch length. The delay is optimized to
fully overlap the seed laser pulse with the electron beam.
This way the electron bunch sees the full bandwidth of
the seed laser. The FEL process does not amplify the full
1% bandwidth of the chirped seed. The resonant condi-
tion for FEL to radiate is

� �
�w
2�2 �1 � K2=2�; (9)

where K is the wiggler parameter and �w is the wiggler
period. In order to satisfy this condition along the full
electron bunch, we need to introduce an energy chirp to
the electron bunch so that every slice within the bunch
will be in resonant. Equation (9) yields a relation between
the wavelength chirp of the seed laser and the energy
chirp of the electron as ���=�� � ����=2��. This im-
plies that for full resonance electron energy chirp should
be equal to half of the laser wavelength chirp. We calcu-
late the energy chirp of the electron bunch as follows. The
energy of the electron beam after the linac tanks is

E � ET1 � 34 cos�22� � 52 cos�23� � ATank4 cos�24�;

(10)
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where ET1 is the energy after tank 1 which is fixed during
the experiment, ATank4 is the amplitude of tank 4, and
each term represents the energy gain at each linac tank in
units of MeV; the angles are the tank phases measured
with respect to the crest of the rf. The phase of tank 2 is
set to 22 � �22 to �26 by the compression require-
ments. Tank 3 is operated on crest (23 � 0), and the
tank 4 phase (24) is varied to produce different energy
chirps in the beam. The amplitude of tank 4 is adjusted so
that the total energy is the resonant energy for HGHG-
FEL. The energy chirp can be derived by taking the
derivative of Eq. (10) and dividing by the total energy

��
�

�
�E
E

� �
34! sin��22��tuncomp

E

�
ATank4! sin�24��tcomp

E
; (11)

where ! is the rf frequency, and �tuncomp 	 5 ps and
�tcomp 	 1 ps are the uncompressed and compressed
electron bunch lengths, respectively. Figure 14 shows
the FWHM percentage energy chirp as a function of the
tank 4 phase angle.We observe a good agreement between
the measurement and the calculation.

IX. FREQUENCY CHIRPED HGHG SPECTRUM
MEASUREMENTS

We scan the phase of tank 4 from 24� to �2� and
measure the spectrum in each case. We expect to have
the largest bandwidth when the electron energy chirp is
half of the seed laser wavelength chirp. Figure 15 shows
the spectra for different amounts of chirp. Note that the
smoothness of the chirped spectra indicates that the
electron density profile is smooth. This is in agreement
with the conclusion we reached earlier that the spikes
observed in the zero-phasing measurements are due to the
induced energy modulation rather than being due to den-
sity modulation.
050701-10
The bandwidth as a function of chirp is shown in
Fig. 16. The largest bandwidth is observed when the chirp
of the electron beam is matched to the seed laser chirp.We
measured the seed laser FWHM bandwidth during the
experiment as 5.5 nm, which is about 0.7%. Thus we
expect to have the largest radiation bandwidth at 0.35%
electron energy chirp and the radiation bandwidth should
be 1.8 nm, one-third of the seed bandwidth. The largest
050701-10
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radiation bandwidth was obtained for an energy chirp of
0.58% rather than the expected value of 0.35%. This may
suggest that the electron bunch length is longer than what
we measured by the zero-phasing technique [10]. Another
possibility is that this is due to the nonlinear energy chirp
on the electron beam such as energy modulation due to
space charge or rf curvature. At present this is not well
understood.

The widest radiation bandwidth achieved was 1.4 nm,
not far from the expected value of 1.8 nm. The observed
discrepancy may result from the longitudinal jitter of the
system since for chirped electron and optical beams the
time jitter corresponds to frequency mismatch. We esti-
mate that the time jitter between the electron beam and
the seed laser pulse is about 0.15 ps. Considering 1 ps long
electron and seed laser beams, 0.15 ps jitter is significant
for the performance of the system. The observed intensity
and central wavelength fluctuations were larger than in
the usual HGHG operational condition. In order to obtain
meaningful data in the presence of this jitter, we accu-
mulated a number of spectra for the same electron energy
chirp conditions and chose the ones with high output.
Currently we are considering a method, which would
reduce this jitter by illuminating the cathode with
HGHG output at 266 nm. This would reduce the jitter
by the compression ratio, which is about 4–5 times.

We are in the process of building a compressor to
shorten the CPA-HGHG output and a SPIDER to analyze
the output in more detail.
X. CONCLUSION

The DUV-FEL experiment has successfully reached
saturation. The output energy is measured to be 100 �J
corresponding to a power more than 100 MW. The output
is longitudinally nearly Fourier transform limited and the
shot to shot stability is limited by the accelerator perfor-
050701-11
mance and not the intrinsic shot noise. The spectral
bandwidth is very narrow and as expected and the central
wavelength is very stable. We observe a good agreement
between the analytic calculations, TDA simulations and
experimental data. First steps toward the chirped pulse
amplification (CPA) HGHG-FEL have been taken.
Spectrum widening has been observed when the electron
beam is properly chirped. The results are encouraging for
the future compression of the CPA-HGHG output to
produce pulses with pulse length in the femtosecond
region. A first user experiment at DUV-FEL has started
using the 88 nm third harmonic, which accompanies the
266 nm HGHG.
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