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Motivation: repetition rates of LINACs vs 
high-energy lasers

I. Jovanovic, L-470 8/18/2006

Matching the repetition rate of the LINAC 

and the interaction drive laser is challenging

fLINAC~1 GHz fLaser~10 Hz

fLINAC/fLaser ~ 108

~ ns, GHz

. . . . . .

~ 100 ms, 10 Hz~ns

! = 0.665x10-24 cm2, "<10-8-10-10
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Prior work: resonant cavity enhancement 
of mode-locked lasers

Phase-Coherent Frequency Combs in the Vacuum Ultraviolet via High-Harmonic Generation
inside a Femtosecond Enhancement Cavity

R. Jason Jones,* Kevin D. Moll, Michael J. Thorpe, and Jun Ye†

JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440, USA
(Received 7 April 2005; published 20 May 2005)

We demonstrate the generation of phase-coherent frequency combs in the vacuum utraviolet spectral
region. The output from a mode-locked laser is stabilized to a femtosecond enhancement cavity with a gas
jet at the intracavity focus. The resulting high-peak power of the intracavity pulse enables efficient high-
harmonic generation by utilizing the full repetition rate of the laser. Optical-heterodyne-based measure-
ments reveal that the coherent frequency comb structure of the original laser is fully preserved in the high-
harmonic generation process. These results open the door for precision frequency metrology at extreme
ultraviolet wavelengths and permit the efficient generation of phase-coherent high-order harmonics using
only a standard laser oscillator without active amplification of single pulses.

DOI: 10.1103/PhysRevLett.94.193201 PACS numbers: 39.30.+w, 42.62.Eh, 42.65.Ky

Recent developments in short-wavelength light sources
have been rapid, with significant advances in temporal
resolution, spectral coverage, and brightness [1,2]. A num-
ber of approaches have been proposed and/or are under
active investigation, ranging from large scale systems such
as free-electron laser-based x-ray generation [3] to smaller
laboratory-based femtosecond amplifiers for high-
harmonic generation (HHG) via photo-ionization dynam-
ics, or extreme nonlinear optics [4,5]. However, the spec-
tral resolution (or the corresponding temporal coherence)
of these short-wavelength light sources remains poor in
comparison with laser sources in the visible. Furthermore,
system complexity and cost have prevented the widespread
use of these short-wavelength light sources. In this work
we address both issues using a standard femtosecond laser
coupled to a completely passive optical cavity. Phase sta-
bilization of a femtosecond optical frequency comb ena-
bles such a development.

Femtosecond laser-based optical frequency combs have
played a remarkable role in precision measurement and
ultrafast science [6]. Phase control of wide-bandwidth
optical frequency combs has enabled numerous advances
in optical frequency measurement and synthesis [7], opti-
cal atomic clocks [7,8], direct frequency comb spectros-
copy [9], coherent pulse synthesis and manipulation [10],
and deterministic studies in subcycle physics [1]. Phase
stabilization of femtosecond pulses has also led to a certain
degree of control capability in the HHG process, allowing
generation of isolated, single attosecond pulses in the
extreme ultraviolet (XUV) region [11]. However, the origi-
nal frequency comb structure is lost due to the reduction of
the pulse train repetition rate required to actively amplify
single pulses to the energies needed for the HHG process.
In this work we utilize phase stabilization of optical fre-
quency combs as the necessary technological base for
precise manipulation of femtosecond pulses such that
they are coherently added inside a ‘‘femtosecond (fs)
enhancement cavity’’ (Fig. 1). The enhanced intracavity

field provides the necessary peak intensity for ionization of
atoms or molecules for HHG where the liberated photo-
electron recollides with the parent ion resulting in coherent
light emission. The advances documented in this Letter
enable a unification of these research fields, generating a
high repetition rate (at the laser’s original 100 MHz repe-
tition frequency) and phase-controlled frequency comb in
the XUV region, which is shown to maintain a definitive
phase relationship with respect to the original comb in the
near infrared. The spectral resolution demonstrated here
can extend direct frequency comb spectroscopy [9] into the

FIG. 1 (color). Schematic setup of intracavity high-harmonic
generation. The incident pulse train is stabilized to a high finesse
cavity, enhancing pulse energy nearly 3 orders of magnitude
while maintaining a high repetition frequency. A gas target at the
cavity focus enables phase-coherent HHG, resulting in a phase-
stable frequency comb in the vacuum utraviolet (VUV) spectral
region. The photo inset shows the actual spatial mode profile of
the 3rd harmonic coupled out of the cavity.
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A frequency comb in the extreme ultraviolet
Christoph Gohle1, Thomas Udem1, Maximilian Herrmann1, Jens Rauschenberger1, Ronald Holzwarth1,
Hans A. Schuessler1, Ferenc Krausz1,2 & Theodor W. Hänsch1,2

Since 1998, the interaction of precision spectroscopy and ultrafast
laser science has led to several notable accomplishments. Femto-
second laser optical frequency ‘combs’ (evenly spaced spectral
lines) have revolutionized the measurement of optical frequen-
cies1,2 and enabled optical atomic clocks3. The same comb
techniques have been used to control the waveform of ultrafast
laser pulses, which permitted the generation of single attosecond
pulses4, and have been used in a recently demonstrated ‘oscillo-
scope’ for light waves5. Here we demonstrate intra-cavity high
harmonic generation in the extreme ultraviolet, which promises to
lead to another joint frontier of precision spectroscopy and
ultrafast science. We have generated coherent extreme ultraviolet
radiation at a repetition frequency of more than 100MHz, a
1,000-fold improvement over previous experiments6. At such a
repetition rate, the mode spacing of the frequency comb, which is
expected to survive the high harmonic generation process, is large
enough for high resolution spectroscopy. Additionally, there may
be many other applications of such a quasi-continuous compact
and coherent extreme ultraviolet source, including extreme ultra-
violet holography, microscopy, nanolithography and X-ray atomic
clocks.
For more than three decades, laser physics and laser spectroscopy

have evolved along two seemingly opposite and disconnected
frontiers, pursued by different communities of researchers. In the
field of high resolution spectroscopy, scientists have learned to build
ultra-stable continuous wave (c.w.) laser sources and they have
perfected spectroscopy of laser-cooled atomic systems to reach
extremely high spectral resolution7. In the field of ultrafast science,
researchers have demonstrated ever-shorter pulses from mode-
locked laser systems and ways of amplifying such pulses to very
high intensities8. By focusing intense amplified pulses into a gas,
coherent radiation down to the X-ray region can be generated by high
harmonic generation (HHG)9. Since this process requires very high
intensities (.1013W cm22), the available laser power had to be
concentrated into a small number of ultrashort pulses per second,
limiting repetition rates for HHG to typically a few kHz.
To overcome this limitation, we couple the driving laser pulses

from the oscillator into a high finesse optical resonator that contains
the nonlinear medium. Inside this resonator, the circulating power is
enhanced by a factor P (the resonator finesse divided by p) so that it
can drive the nonlinear process (HHG) inside a gas target. For c.w.
lasers, resonators with a finesse exceeding 100,000 can be con-
structed10 and overall nonlinear conversion efficiencies approaching
unity can be achieved11. In the case of a mode-locked ultrafast laser,
however, complying with the extra requirements discussed below is
more difficult: the output spectrum of a mode-locked laser contains
not just a single c.w. mode but a comb of such modes, with
frequencies

qn ¼ nqr þqCE ð1Þ
Hereq r is the pulse repetition frequency andqCE the carrier envelope

(CE) frequency12. Both q r and qCE reside in the radio frequency
domain, whereas the optical frequencies of the comb are given by qn.
The two frequency regions are connected by virtue of the large integer
n ¼ 105…106 that enumerates the modes. An optical resonator for
such radiation has to be simultaneously resonant for each mode qn

that originates from the laser. This can be accomplished with a
resonator of appropriate length and zero group velocity dispersion,
whose CE frequency is matched to the laser13,14. Rephrased into time
domain language, coherent pulse addition in a resonator occurs if (1)
the round trip time of the pulse is the same as the period of the laser,
(2) the pulse envelope does not change its shape during one round
trip, and (3) the carrier phase shift with respect to the envelope of the
circulating pulse is the same per round trip as the pulse to pulse
change from the laser. For increasing finesse, the stored pulse
undergoes an increasing number of round trips and therefore
dispersion compensation becomes more critical. Nevertheless, such
cavities have been demonstrated to enhance nonlinear conversion for
100-fs pulses15, and recently a resonator for sub-50-fs pulse duration
has been demonstrated to provide an enhancement factor of up to 70,
resulting in pulse energies of more than 200 nJ (ref. 16).
Instead of dumping the power from the resonator as has been done

in earlier experiments16, we have placed a low-density xenon gas
target as the nonlinear medium for HHG inside such a resonator. In
contrast to the usual HHG schemes, the power that is not converted
into the extreme ultraviolet (XUV) after a single pass through the
medium is ‘recycled’ and can contribute in subsequent passes, so that
higher total conversion efficiencies than for conventional schemes
can be expected. Moreover, it becomes possible to use the high power
at the full repetition rate of the laser. As a result, in addition to the
comb of odd laser harmonics that stem from the periodicity of the
carrier wave in one pulse, a nested frequency comb with a spacing
given by the repetition frequency originates from the periodic pulse
train. If the HHG spectrum contains only frequency components
that are the sum of the original frequencies from equation (1), as
expected from energy conservation, then the XUV comb structure of
the kth laser harmonic (that is, the sum of k laser photons) is given by

q
0
n ¼ nqr þ kqCE ð2Þ

where the integer n now runs over k times larger values than in
equation (1). With such a widely spaced frequency comb, single
modes that are effectively c.w. lasers may be isolated for high
resolution spectroscopy. If a mode qn of the comb is tuned into
resonance with a two-photon transition, any pair qn2‘ þqnþ‘ (with
integer ‘) is simultaneously resonant. This allows the use of the entire
(broadband) power of the combwhile maintaining the linewidth of a
single mode17.
Direct frequency comb spectroscopy has been applied to atomic

resonances in the infrared18–20 and in the ultraviolet range21, and a
resolution approaching the natural linewidth with a laser-cooled
sample has been reached18,20. At the same time, the frequency comb
may be phase coherently linked to a Cs atomic clock for accurate
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determination of the optical frequencies. However, applicability of
our XUV frequency comb for high resolution laser spectroscopy
relies on the coherence of the generation process. So far there was
only indirect evidence that this is indeed the case. For example, it was
observed that two independent HHG sources pumped by the same
fundamental pulse produce stable interference fringes22 and that the
generated XUV bursts are compressible23, which both indicate that
the phase link between fundamental and XUV is tight. Direct
evidence can only be provided by a beat measurement between
two independent XUV sources or a spectroscopy measurement.
Upconversion of phase noise in the fundamental pulse train that
might bury the comb is reduced in our approach, as the enhancement
resonator acts as a flywheel for the incoming pulse train.
When the buildup resonator (shown in Fig. 1 and explained in the

Methods section) is put into lock and the CE frequency of the laser is
adjusted to maximize the power inside the resonator, an optical
spectrum as shown in Fig. 2 is observed. The circulating (average)
power has been determined to be 38W. The discrepancy between the
calculated (P ¼ 100) and observed enhancement (P ¼ 54) can
mostly be attributed to spectral filtering due to residual dispersion
inside the resonator. The autocorrelation of the stored pulse inside
the resonator is measured using the residual reflection of the
fundamental laser radiation from the first Brewster window

(see Fig. 1). It indicates an approximately chirp-free pulse of about
28 fs duration. With these figures, we estimate a peak power of about
12MW and intensities in the focus of around 5 £ 1013W cm22.
Turning on the xenon jet has no effect on the cavity lock, which shows
that plasma induced phase noise above feedback bandwidth (10 kHz)
is negligible.
Given these conditions, an XUV spectrum as shown in Fig. 3 can

be observed after the XUVoutput coupler, which is described in the
Methods section. High harmonics up to fifteenth order or 23 eV
photon energy (as expected for these intensities) are observed, with
an exponential roll-off starting around the ninth harmonic, pre-
sumably due to increasing phase mismatch. The cut-off wavelength
of our XUV spectrometer around 120 nm prevented us from observ-
ing the fifth harmonic. The third harmonic could be observed with
the naked eye, even though the outcoupling efficiency was very low
for this wavelength. Additionally, we observe a line slightly below the
ionization potential of xenon at 103 nm, which to our knowledge has
not been reported previously. To test the comb coherence, we
performed a beat experiment between the third harmonic from the

Figure 1 | The XUV laser set-up. ICp, coupling
mirror with 1% transmission; CM, chirped
mirrors; PD, photodiode; W, Brewster-angled
sapphire window of 1mm thickness; PZT,
piezoelectric transducer. Inset shows the
reflectance of sapphire for p-polarized XUV light
at an incidence angle of 60.48 (Brewster angle for
800 nm radiation).

Figure 2 | Normalized spectrum of the pump laser (black) and the
circulating pulse in the enhancement resonator (red) when locked. Inset,
respective measured autocorrelations.

Figure 3 | Harmonic spectrum obtained with the resonator locked and the
xenon jet on. The short-wavelength end of the spectrum (green) is taken
with a 0.1 mm aluminium filter in the beam path to reduce stray light from
the stronger lower harmonics, and is rescaled tomatch the peak height at the
eleventh harmonic (H11) of the measurement without filter (red). Blue dots
indicate the 5P–7S resonance in xenon thatmodifies the shape of the seventh
harmonic (H7), and the vertical line indicates the ionization potential. The
spectral feature just below the ionization limit presumably originates from
fluorescence of coherently excited Rydberg states.
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Resonant cavity coupling applied to ILC

Interferometric alignment accuracy is required
Laser requirements are stringent

predominantly astigmatism [59]. Suitable definitions for a
design of the cavity are the beam magnification m as the
ratio of beam radii wc and wx on the concave and convex
mirror of one telescope, as well as the final image distance
Limage between the focus and the concave mirror of each
telescope when a collimated beam enters the telescope on
the side of the convex mirror

m:¼
wc

wx
¼ M "

dtel
f x

Limage ¼
mf 2c
dtelM

¼
f cðt" f xÞ
t" f c " f x

¼
L1

2
. ð25Þ

The location of the telescope within the cavity determines
the beam size wCP;Gaussian of the Gaussian focus at the
reference plane CP [58]:

w2
CP;Gaussian ¼

l
p
r%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g%1
g%2

ð1" g%1g
%
2Þ

s

. (26)

For a stable—i.e. on each revolution reproducing Gaussian
beam—an additional confinement condition has to be
fulfilled:

"1pG%p1. (27)

The diameter of the final focusing concave mirrors
determines the minimal collision angle a between laser
and electron beam. They should be kept small for high
yield of g. This however gives rise to an additional
contribution LFdiff to the total loss factor V of the cavity
due to diffractive power loss, to a diffraction broadening of
the focal spot size wCP;Gaussian and to deviations from the
Gaussian mode. These were studied numerically using the
physical optics code GLAD [60]. A Gaussian beam was
injected into a cavity formed by perfect reflecting mirrors

and was numerically propagated according the Fox–Li
approach [61] throughout many revolutions, until a
stationary field distribution was established. Then the
beam size wCP at the focus was calculated by the second
moment of the electric field distribution. LFdiff resulted
from the fractional drop of power during one round-trip.
By reducing the size of the concave mirrors, the beam

size wcc on these mirrors also decreases, minimizing the
optical power that is lost. This requires a growth of the
beam waist at the CP. The relative broadening gCP:¼
wCP=wCP;Gaussian of the focal spot size compared to the
Gaussian focal beam radius is plotted in Fig. 6 as a
function of a normalized radius acc=wcc;Gaussian of the
concave mirrors. It is expressed in units of the correspond-
ing Gaussian beam radius at this location. This plot is
characteristic for the layout of an optical cavity following
Fig. 5. For reasons of self-resemblance the diffractive
broadening behaves similar when the size of the focus
within the cavity of Fig. 5 is varied by shifting both
telescopes either an equal amount towards (reduction) or
away (enlargement) from the CP.
As shown later the diffraction loss LFdiff turns out to be

negligible for parameters with acceptable gCP.

7. Laser-electron crossing angle

In order to calculate the laser-electron crossing angle a
and to specify wCP, diffraction broadening has to be taken
into account. In respect to a high yield of g, crossing angle
a, mirror diameter 2acc, waist size wCP, laser pulse energy
Epulse, as well as laser pulse duration tpulse are all
interdependent parameters. Their respective values were
determined by a numerical optimization process using the
CAIN Monte Carlo code [62–64] which assumes that
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Fig. 5. Geometry (to scale) of one of the identical plane cavity, comprising a beam magnification m ¼ wc=wx. CP: Compton conversion point.
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Abstract

Hard photons well above 100GeV have to be generated in a future photon collider which essentially will be based on the infrastructure
of the planned International Linear Collider (ILC). The energy of near-infrared laser photons will be boosted by Compton backscattering
against a high-energy relativistic electron beam. For high effectiveness, a very powerful laser system is required that exceeds today’s state-
of-the-art capabilities. In this paper a design of an auxiliary passive cavity is discussed that resonantly enhances the peak-power of the
laser. The properties and prospects of such a cavity are addressed on the basis of the specifications for the European TeV Energy
Superconducting Linear Accelerator (TESLA) proposal. Those of the ILC are expected to be similar.
r 2006 Elsevier B.V. All rights reserved.

PACS: 41.75.Lx; 42.60.Da; 42.55.Vc; 29.25.!t; 13.60.Fz

Keywords: Linear collider; Photon collider; Compton backscattering; Power enhancement cavity; Burst-mode laser; High-power large-scale laser system

1. Introduction

There is a worldwide consensus that the next particle
physics project is a linear accelerator for positron–electron
ðeþe!Þ collisions in the energy range of 500GeV to % 1TeV
[1]. In Summer of 2004 the International Committee for
Future Accelerators (ICFA) recommended to the Interna-
tional Linear Collider Steering Committee (ILCSC) an
accelerator based on superconducting radio frequency
resonators for setting up the International Linear Collider
(ILC) [2]. Such a technology has been developed by the
TESLA (TeV Energy Superconducting Linear Accelerator)
collaboration. Besides collisions between eþe!, a second
interaction point (IP) for collisions between photons as
well as collisions of electrons on photons is foreseen. This
second IP is commonly referred to as the gamma–gamma
ðggÞ Collider arm of a linear collider. In this paper we will
continue to use the parameters of the superconducting

TESLA machine [3], as the parameters of the ILC are
expected to be similar.

2. Creation and collision of high-energy photons

In a photon collider two opposing pulsed electron beams
of E0 ¼ 250GeV energy travel towards the IP. According
to the architecture of the TESLA design each of them
collides a few mm before the IP with a tightly focused laser
beam. Its diameter is of the order of a few 10 mm, which will
be much larger than the elliptical cross-section of the
electron bunch size. The latter exhibits 88 and 4.3 nm in its
two perpendicular half axes for TESLA [4]. The laser
photons ð% 1 eVÞ are backscattered as outlined in Fig. 1.
Compton scattering raises their energy close to that of the
initial electrons. The produced g propagate in the direction
of flight path of the electrons. There is a small additional
angular spread of the order of 1=g % 2mrad, where g ¼
E0=ðmec

2
0Þ (me: electron mass, c0: speed of light in vacuum).

Compton backscattering is the most promising process for
efficient creation of highly polarized, g beams in the range
of several hundred GeV with low background [4–7]. At the
IP they collide with a similar opposite g or electron beam.
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Abstract

We have constructed and tested a storage ring for high power ps to ns laser pulses. The aim of the optical laser ring is
to increase the efficiency of using a high power laser pulse in different applications and particularly in laser-induced
recombination at CRYRING. Efforts to increase the efficiency of using high power laser pulses by using different kind
of optical cavities are going on in different laboratories around the world. In our case we use a very fast electro-optical
switch to inject the laser pulse into an optical ring, where the used Pockels cell is driven by a fast high voltage pulser
with a rise time <2 ns. For the test we have injected the light of a dye laser pulse (R6G in Methanol: 581 nm, 1 mJ,
pumped by the 2nd harmonic of the Nd:YAG laser, 10 Hz) and stored in the optical ring for a time of about 2.5 ls. The
electro-optical device works in a broad band of optical wavelengths.
! 2002 Elsevier Science B.V. All rights reserved.

PACS: 42.60.D; 42.79.V; 42.55.W

Keywords: Electro-optical storage device; Laser ring

1. Introduction

Research in atomic and laser physics cover the
range from fundamental to applied science. Pulsed
high power lasers are used to probe and modify
atomic, molecules, and plasma processes and to

investigate non-linear optical phenomena. In many
of these applications, the target is optically thin,
that means that a very small fraction of the laser
pulse is absorbed. We were motivated to the de-
velopment described here by applications in the
interaction of highly intense laser pulses with
stored atomic and molecular ions in a storage ring
or with a gas target. In such experiments the
amount of the pulsed laser power used by one
passage through the experimental section is very
small and most of the power remains unused.
Pulsed lasers have, on the other side, a bad ‘‘duty
cycle’’ (pulse ON to pulse OFF ratio). The pulse
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duration varies from fs to ns with repetition rates
from 0.01 to 1 kHz. A ‘‘storage device’’ for reusing
the laser pulses seems therefore motivated. We
have realized a storage ring for laser pulses that
can trap fs to ns laser pulses of high power for
microseconds. It appears that we solved the most
critical part of injecting the pulse in an effective
way into the ring. The solution for this problem is
directly related to the circumference of the ring,
the speed of the optical switch and the optical
losses. Different solutions have been proposed to
solve similar problems, especially for high power,
short laser pulses used in Compton backscattering
for production of X rays [1,2]. In [1] a polarization
sensitive plate is used for injecting the laser pulse
into an optical delay line that is used to trap the
laser pulse for repeated collision with electron
multibunches. The Pockels cell (working as a k=2-
wave plate) is in the state on, during all the trap-
ping time to keep the trapped pulse inside the
delay line. The used k=2-wave place limits this in-
jection scheme to a narrow band of wavelength. In
the improved scheme in [2], a polarization sensitive
plate is used for injection, and the Pockels cell
inside of the delay line rotates once the polariza-
tion by 90!, then it is inactive until the next in-
coming pulse. In the case of the systems used in
[1,2] with a given geometry not more than 20–40%
can be injected. In our electro-optical system the
Pockels cell is in the on state, just during injection.
The Wollaston prism used in our electro-optical
system is more efficient for injection, because we
can inject more than 97% of the incoming verti-
cally polarized beam. We present thus here a new
scheme of a laser pulse injection into an optical
ring. Essential is that the combination of a Woll-
aston prism as a beam combiner with a Pockels
cell keeps down the optical losses in injection and
storage in the system.

2. Experimental setup

The schematic layout of the optical ring is
shown in Fig. 1. It consists of an electro-optical
switch, 4 high reflecting (HR) mirrors (we use 4
HR mirrors for convenience, but clearly 3 HR
mirrors are enough) and a focusing system. A

Wollaston prism and a Pockels cell driven by a
high voltage pulser form the electro-optical switch
working as an optical injector. The Pockels cell is
used to rotate the plane of polarization of the
(vertically polarized) incoming laser pulse by 90!.
Then, during the time between two pulses the
Pockels cell is inactive until the next pulse from the
laser system is coming. The Wollaston prism is
used as a combining element for the paths of laser
pulses with orthogonal plane of polarization (the
vertically polarized pulse from the laser source and
the horizontally polarized pulse which circulate in
the ring). These pulse paths are aligned to propa-
gate in the same direction at the output of the
Wollaston prism.

Theoretical and experimental studies were done
to control the propagation of a Gaussian beam
inside of the ring for keeping the divergence of the
beam smaller than the apertures of the optical
elements and also to locate the waist of the
Gaussian beam in the region of the Pockels cell

Fig. 1. Schematic diagram of the optical ring with a circum-
ference of 6–15 m determined by the distance between the
mirrors and the property of the optical switch. FS stands for the
focusing system, PC for the Pockels cell, WP for the Wollaston
prism, PD for the Photodiode, HVP for high voltage pulser,
and BS for the beam splitter.
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We propose to increase the effective 

repetition rate of the interaction laser

Issues with a linear switch such as a Pockels cell/polarizer:

1. Linear optical effects: dispersion (pulse is becoming longer) and loss

2. Nonlinear optical effects: self-phase modulation (spectral width), self-

focusing

3. Thermal effects: high average power

By operating in the “burst mode”, average brightness can be increased 

by a factor of ~103 while maintaining the peak brightness.

Recirculation is 

accomplished by 

optically switching 

light into a cavity, 

resulting in “burst-

mode” operation.
Optical switch

Interaction areaElectron beam

Picosecond
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Active optical storage ring
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ABSTRACT In an optical storage ring, a dye laser amplifier
synchronously pumped by external laser pulses has been im-
plemented and experimentally tested. The test was done at
λ = 580 nm, but the optical system can be used without limita-
tions in a broad band of 400–700 nm. It is shown that a selected
turn of the stored laser pulse can be amplified by typically
a factor of 200. Power consideration gives an increase of the ef-
ficiency of the optical storage ring with a dye amplifying cell, as
compared to a single passage of the laser pulse through the ex-
perimental section, by 23 times and it is shown that it can reach
a factor of more than 100.

PACS 42.60.Da; 42.60.Lh

1 Introduction

High peak power laser systems are of fundamental
importance for applications in high-intensity physics such as
multiphoton processes [1], laser-produced plasma and plasma
diagnostics, and photon enhancement of collision cross sec-
tions. On the other hand, when using pulsed laser systems for
reaching intense laser fields, one suffers quite often from a low
duty factor, i.e. the product of repetition rate and pulse length.
Recently, a laser-pulse trapper for Compton-backscattering
applications [2], a ring resonator with a low-gain amplifier for
generation of intense hard X-rays [3], and an optical storage
ring for laser pulses [4] were developed to improve the pulsed
laser duty factor in the case when the experimental section is
optically thin. Typical examples where these laser pulse stor-
age devices can be applied are: (i) Compton backscattering
of high-power laser photons from high-energy electrons for
a source of X-rays, high-energy gamma rays, and positrons;
(ii) diagnostics of laser-produced plasma, e.g. by Thomson
scattering ([5] and references therein), (iii) multiphoton ion-
ization where the repetition rate of the laser limits the col-
lection of electron counts produced from ionizing atoms by
the intense laser field [6], and (iv) laser-induced radiative re-
combination (LIR) [7–9] and laser-induced dielectronic re-

! Fax: +46-8158674, E-mail: andler@msi.se
∗Permanent address: Physics Department, Faculty of Science, Beni-
Suef, Egypt

combination (LIDR), where the interaction between electrons
and ions takes place in the presence of a laser field. LIDR
has not been observed so far due to the low duty cycle of the
pulsed lasers. LIR was proposed for enhancing antihydrogen
(H̄) production [10]. With the recent success of producing it in
a Penning trap [11], this scheme of enhancing recombination
into a well-defined quantum state with help of pulsed lasers
gets renewed actuality.

In many applications, such as for instance LIR, one faces
a saturation effect with the laser intensity and the gain is min-
imal above a certain laser pulse intensity. In these cases it is
much more effective to increase the time of interaction be-
tween laser photons and ions or electrons. This interaction
time is directly connected to the duty factor of the laser system,
which in our case is increased by using the optical trap.

For the purpose of increasing the Compton-backscattering
rate (example (i)) in a laser synchrotron source [3, 12] a recy-
cler or low-gain amplifier has been introduced. This amplifier
located inside the laser ring resonator replaces the energy lost
through scattering and diffraction at the mirrors and upon im-
pact with the electron beam. This system, based on solid-state
lasers, works in the near infrared (λ ≈ 1 µm). Another sys-
tem was developed by DULY Research, Inc. [2], where a laser
pulse is trapped in an optical ring, called there a delay line,
for multiple collisions of the laser pulse with electron multi-
bunches. That also includes an amplifier based on solid-state
technology and working in the near infrared. We present here
a laser storage ring with an implemented amplifier capable of
working in a broad optical wavelength range, from violet to
infrared (IR), with only limitations in the broadband antire-
flecting coatings. Solid-state laser systems are so far not tested
and seem difficult to realize for a broad range of wavelengths
in the visible range. In our case, the injecting optical element,
the Wollaston prism, works over a broad band of wavelengths
without limitations and low losses. Most of the known systems
based on solid-state amplifiers (Ti–sapphire), that can be used
for intracavity experiments, like regenerative amplifiers for in-
stance, work in the near infrared at one wavelength or at a very
narrow bandwidth.

Our ring-shaped optical storage device [4] recirculates the
laser pulse and in such a way increases the repetition rate of the
laser system used. It can reach repetition rates of the order of
10–100 MHz determined by the optical path length in the ring
and limited by the length of the laser pulse itself. The length
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of the pulse train is, of course, limited by optical losses. In [4]
we reported a lifetime of the laser pulse inside the ring of about
5 µs. That device would improve the integrated laser power in
the interaction region by a factor of four. Due to the losses by
the optical elements in the laser ring (∼ 17%), it becomes dif-
ficult to store the laser pulse for more than 5 µs with useful
power.

The presented scheme increases the duty factor by an ad-
ditional factor of six through an amplifying medium. For that
a dye cell is inserted into the optical ring and pumped by an
external synchronized laser source. In the tests, we have am-
plified the injected and stored laser pulse from the excimer dye
laser system (so-called signal laser beam) [4] by about 100
times. That increases the duty factor of the pulsed laser system
by a factor of 25. The gain of the system is limited by the sat-
uration of the amplifying medium and the optical aperture of
the elements used. This optical ring system can be used in any
scheme where the experimental section can be located inside
the laser ring and has a high transparency (≥ 90%), otherwise
the efficiency of the system will decay rapidly.

2 Experimental setup

The optical storage ring is described in detail in [4].
We therefore give here only a brief account. It consists of an
electro-optical switch, four high-reflecting mirrors, and a fo-
cusing system. A Wollaston prism and a Pockels cell, driven
by a high-voltage pulser, form the electro-optical switch. In
the new setup we introduce an amplifying cell into the op-
tical storage ring (see Fig. 1). It consists of a quartz cuvette
(with a length of l = 4 cm), slightly tilted in order to use the
reflection from the front wall for monitoring and time syn-
chronization, and to avoid direct reflection and undesirable
effects in the parallel walls.

For monitoring and synchronization, the reflection of the
primary incoming signal laser pulse is sent to a high-speed
photodiode PD1 (Si PIN Lavin photodiode, S5973-01, Hama-

FIGURE 1 Schematic diagram of the optical ring with an implemented
amplifying cell pumped by the synchronized external second harmonic of
the Nd:YAG laser. FS, focusing system; PC, Pockels cell; WP, Wollas-
ton prism; PD, photodiode; HPV, high-voltage pulser; AC, amplifying cell;
GDG, gate/delay generator; ES, experimental section

matsu). The signal from PD1 is monitored in a high-speed
oscilloscope (LeCroy 9362, 1.5-GHz bandwidth), where it is
compared with the monitoring signal from the high-voltage
pulser driving the Pockels cell. From this comparison the de-
lay of the gate/delay generator (GDG2) is chosen in order to
get the laser pulse trapped.

We monitored the reflection from the front wall of the
Wollaston prism of the trapped signal by PD1 and compared
it in time with the reflected pump pulse from the front wall of
the amplifying cell by a photodiode PD2. Both pulses were
displayed with the help of the high-speed oscilloscope.

The triggering signal from the Q-switch of the Nd:YAG
laser was used to trigger the excimer laser via a gate/delay
generator (GDG1). This synchronization needs ns accuracy,
which was achieved with the help of a digital delay/pulse
generator DG535, with ps resolution (Stanford Research Sys-
tems, Inc.) and a very fast Si PIN Lavin photodiode.

A telescope focusing system, formed by a plane concave
lens and a plane convex lens (FS1, see Fig. 1) was inserted in
the pump beam for improving the alignment of the pump and
signal beams.

The dye flow in the cuvette was vertical to the path of
propagation of the signal laser beam. The configuration used
for pumping the amplifier was chosen to be longitudinal single
passage (called in the literature ‘end-on-pumped configura-
tion’ [13, 14]).

3 Measurement and adjustments

We measured the intensity of the reflected light at
the front wall of the Wollaston prism with the help of PD1; the
signal was monitored by the oscilloscope.

The dye solution used was R6G in methanol. Differ-
ent concentrations were tried for optimizing the gain in the
system. For the available laser pump energy of the second
harmonic of the Nd:YAG laser, ENd:YAG

2nd ≈ 50 mJ at the en-
trance of the amplifying cell, the dye concentration of c =
3.1 ×10−5 mol

liter was optimal to get the pump laser beam fill-
ing all of the length of the cuvette, but not creating unnec-
essary laser generation in the walls of the cuvette or am-
plified superluminescence. The gain obtained from this con-
centration was lower than the one necessary to reach the
threshold of laser generation of the dye solution in the ring
cavity, and no laser generation in the ring cavity was ob-
served. We measured just a very small part of the pump
power after the amplifying cell. The measured absorbance
for the dye R6G in methanol at the wavelength λ = 532 nm
is σ (λ = 532 nm) = 6.4 ×104

[ litre
mol cm

]
, so that the remaining

pump power at the end of the cell is as low as Eendofcell =
ENd:YAG

2nd e−β l ≈ 0.02 mJ, with an attenuation of β = σ c ≈
2 cm−1.

The efficiency of the pump for amplifying the signal beam
was optimized experimentally by locating, with the help of the
focusing system FS1, the waist of the focused pump beam at
the center of the cuvette with only solvent in it. The Rayleigh
length of the pump beam was about the length of the cu-
vette. This alignment was again adjusted with the dye solution
in the cell because due to absorption in the dye the distri-
bution of the pump power along the cuvette is not homoge-
neous. Both beams were made as collinear as possible, but
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Short pulse stacking for laser wire beam 
monitor

LCWS 2005 – Stanford – March 18-22, 2005J. Gronberg - LLNL

Short pulse stacking cavities are 

under development

• Y. Honda et al.  KEK

– 7 ps pulses

– Developed for laser wire 

application

• A good start, but…

– Nowhere near !! power 
levels

– Nowhere near !! small laser 
focus

– Nowhere near !! cavity size 
~20m

Y. Honda

Development of a system with a pulse laser

• Change the CW laser to a pulsed laser

• much higher peak intensity

• high intensity signal

• Compact Compton X-ray source

• quasi-monochromatic X-ray

• pulse X-ray synchronized to a laser pulse

• Issues

• bunch spacing determines the cavity length

• it also determines the laser repetition

• Test experiment at ATF

• proof-of-principle with a pulsed cavity system.

• realize a collision and detect the Compton signal.

pulse laser
build-up

Y. Honda, et al (KEK)



 I. Jovanovic, LLNL                                                                                                        Photon 2007, Paris, France, July 9-13, 2007

What are the problems associated with the 
previously proposed schemes?

Pulse stacking Electro-optical switching Intra-cavity operation

• Requires interferometric 
alignment accuracy
• High repetition rate 

incompatible with high pulse 
enegy
• Only a fraction of the incident 

laser energy is used
• Limited in average power

• Susceptible to B-integral
• Limited in average power due 

to optical switch limitations
• High intracavity loss

• Low peak power - few 
photons overlapped with the 
electron bunch

A solution is desired that would be robust, based on the available laser 
technology, and compatible with the required pulse and beam format in ILC. 
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We introduce a novel method for 
recirculation of an intense laser pulse

I. Jovanovic, L-470 8/18/2006

We propose a novel cavity injection scheme which 

will be accomplished by laser frequency conversion

Nonlinear crystal acts as an exceptional optical 

switch: it modifies frequency and polarization

For picosecond pulses the crystal is thin and does not 

produce appreciable dispersion, self-phase modulation, 

and self-focusing. Thermal effects are also much 

reduced.

NL 

crystal When used as a frequency doubler or tripler, this 

switch increases the photon energy by 2 or 3! 

(reduced LINAC size and cost).

Interaction areaElectron beam

Frequency 

converter

Laser pulse

LLNL IP

pending
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RING operates in a burst-mode

Electron beam format must match the laser pulse format

100 ms

3 ns

time

Laser rep-rate (typically 10 Hz)

Cavity round-trip time

I. Jovanovic, L-470 8/18/2006

We propose a novel cavity injection scheme which 

will be accomplished by laser frequency conversion

Nonlinear crystal acts as an exceptional optical 

switch: it modifies frequency and polarization

For picosecond pulses the crystal is thin and does not 

produce appreciable dispersion, self-phase modulation, 

and self-focusing. Thermal effects are also much 

reduced.

NL 

crystal When used as a frequency doubler or tripler, this 

switch increases the photon energy by 2 or 3! 

(reduced LINAC size and cost).

Interaction areaElectron beam

Frequency 

converter

Laser pulse

LLNL IP

pending



 I. Jovanovic, LLNL                                                                                                        Photon 2007, Paris, France, July 9-13, 2007

The required crystal switch thickness is 
short; the resulting B-integral is small
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Effect of the recirculation in RING on pulse 
spectrum and pulse duration
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For a chosen 5-ps transform-limited pulse, the increase in pulse duration is marginal.
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The accumulated nonlinear phase can 
impact the focal spot size and shape
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Focal region can be very sensitive to pointing 
error on the input
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Pointing instability can be eliminated by 
image rotation followed by frequency mixing

P

PP

Single beam: pointing instability 
can lead to a difference in pointing 
of the injected beam

Two beams with image rotation: 
pointing instability is eliminated 
after frequency mixing
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Simple methods for image rotation



 I. Jovanovic, LLNL                                                                                                        Photon 2007, Paris, France, July 9-13, 2007

We have experimentally demonstrated the 
viability of the RING technique

I. Jovanovic, L-470

RING Proof of Principle (POP) experiment
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RING preliminary experimental results: 
cavity enhancement of 28.5x

• 80 µJ of green at pulse duration of 10 ps and ~3 mm FWHM
➡ We achieved recirculation of up to 500µJ @ 1 ps, corresponding to 7 GW/cm2 in the green.

2.9 nsec
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We are constructing a vacuum RING cavity
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RING in cold accelerator technology (ILC) 

FC
1!

2!

1!

Cavity length: 60 x 
2.8 ns = 168 ns

Cavity length is the length of 
the incident laser pulse train.

...

2820/47=60 pulses, 5 Hz

Assume enhancement factor of 47.

...

2820 pulses, 5 Hz

2.8 ns between pulses

... ...
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RING in warm accelerator technology 
(NLC) 

FC
1!

2!

1!

Cavity length is the resulting 
inter-pulse delay = 337 ns

1 pulse, 120 Hz

Assume enhancement factor of 95.

RING reduces the requirement on the pump laser average power by the enhancement factor.

...

95 pulses, 120 Hz

337 ns between pulses

... ...
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RING can operate without loss in intensity 
if a magnifying cavity is used
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Magnification of the beam on cavity mirrors on each pass can compensate for 
the loss of intensity due to optical losses or beam quality degradation.
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RING can be used to produce a circularly 
polarized beam

• A quarter-waveplate after the nonlinear crystal will convert linear to circular polarization.

• A second quarter-waveplate will keep the same handedness of the polarization at the focus 

after each roundtrip.

• The crystal and the waveplates are out of the electron path

•Compatible with GeV and TeV electron beams

e- beam

laser

Mirror

R

NL crystal

R

!/4 plate

!/4 plate
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Fresnel losses can be minimized by 
attaching the waveplate to the crystal

•Waveplate thickness adds 10s of microns to the total crystal thickness (~1%)

•Optical quality can be as good as the crystal finish

Waveplate grown from the same crystal substrate could be diffusion bonded to the crystal

e- beam

laser

Mirror

R

NL crystal

R

!/4 plate
!/4 plate

Nonlinear 
crystal

1/4 λ
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Scaling of the RING cavity to high power

increase beam size

spatially and temporally 
multiplex the laser beam

High peak intensity High average power

Ceramic laser technology holds 
promise for high average power 
short pulse operation

High thermal gradient 
in the NL crystal 

Spatial format of the laser 
beam can compensate 
for the thermal gradient

Other ideas/technologies 
are needed!

Laser energy ~ 1J; Pulse duration ~ 10 ps; Rep-rate ~ 1.4 kHz
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Sample applications

Gamma-gamma collider Nuclear spectroscopy

Plasma diagnostics Cavity ring-down spectroscopy
 

Schematic of the LLNL Thomson-Radiated Extreme X-ray     
(T-REX) Source 
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Hyper-dispersion
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fully programmable UV,
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Photo-gun
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F LIN
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Tunable, <700keV
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Gamma-rays

U238 FINDER 

demo @ 680keV 
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Conclusions

RING cavity can increase the effective average power of the laser system by up to 
100x 
RING cavity architecture is compatible with recirculation of high energy short 
laser pulses
Compared to other “photon trapping” designs, RING cavity has 10x lower B-
integral   accumulation
Compared to resonant enhancement schemes, RING  cavity does not require 
interferometric stabilization
Experimental work is underway to demonstrate recirculation of joule-scale pulses
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Abstract

Inverse Compton scattering (ICS) of high-power laser pulses on relativistic electron bunches represents an attractive method for high-
brightness, quasi-monoenergetic g-ray production. The efficiency of g-ray generation via ICS is severely constrained by the small
Thomson scattering cross-section. Furthermore, repetition rates of high-energy short-pulse lasers are poorly matched with those
available from electron accelerators, resulting in low repetition rates for generated g-rays. Laser recirculation has been proposed as a
method to address those limitations, but has been limited to only small pulse energies and peak powers. Here we propose and
experimentally demonstrate an alternative method for laser pulse recirculation that is uniquely capable of recirculating short pulses with
energies exceeding 1 J. ICS of recirculated Joule-level laser pulses has a potential to produce unprecedented peak and average g-ray
brightness in the next generation of sources.
r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Inverse Compton scattering (ICS) exhibits some favor-
able characteristics not present in other methods for
generation of X-rays and g-rays, such as directionality
and quasi-monochromaticity [1]. The resulting potential
for high brightness of sources based on ICS is of significant
interest for numerous applications, including high-energy
physics [2], nuclear transmutation and spectroscopy [3–6],
and medical diagnostics and treatment [7,8]. The projected
brightness of such sources increases nonlinearly with the
photon energy [9], which significantly improves their
brightness and utility at energies \1MeV.

In addition to the monochromaticity and directionality,
other desired characteristic of ICS-produced g-rays include
high peak power (photon number in unit time per pulse)
and high average power (repetition rate). High peak power
is desirable in applications that require good temporal

resolution, such as time-resolved radiography, as well as
applications in which reduced integration time may
produce improved signal-to-noise ratio. High average
power would be of great benefit in applications in which
the integrated energy (photon number) delivered to the
sample is essential, such as nuclear transmutation/spectro-
scopy and medical applications. In those applications high
average power reduces the operation time or, alternatively
increases the scanning rate.
ICS-based g-ray sources are based on the combination of

two different technologies: electron accelerators and high-
energy short-pulse lasers. The relativistic electron bunches
are normally generated by conventional linear electron
accelerators [2,10], preferably equipped with low-emmit-
tance photoinjectors. High-energy short laser pulses can be
produced by modern solid-state chirped-pulse amplifica-
tion systems [11]. In the recent period, some convergence of
two technologies has occurred with the demonstration of
monoenergetic laser-based electron accelerators [12], with
increasing prospects for their use in all-laser-driven g-ray
production via ICS [13].
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