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High-Power Laser Pulse Recirculation for
Inverse Compton Scattering-Produced
Gamma-Rays

I. Jovanovic *, M. Shverdin, D. Gibson, and C. Brown

Lawrence Livermore National Laboratory, Mail Code L-270, 7000 East Avenue,
Livermore, CA 94550, USA

Abstract

Inverse Compton scattering of high-power laser pulses on relativistic electron bunches
represents an attractive method for high-brightness, quasi-monoenergetic y-ray pro-
duction. The efficiency of y-ray generation via inverse Compton scattering 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 ~-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. Inverse
Compton scattering of recirculated Joule-level laser pulses has a potential to pro-
duce unprecedented peak and average y-ray brightness in the next generation of
sources.

Key words: Inverse Compton scattering, laser recirculation, monoenergetic
gamma-rays
PACS: 01.30.—y

1 Introduction

Inverse Compton scattering (ICS) exhibits some favorable characteristics not
present in other methods for generation of x-rays and ~-rays, such as di-
rectionality and quasi-monochromaticity [1]. The resulting potential for high
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brightness of sources based on ICS is of significant interest for numerous ap-
plications, including high-energy physics [2], nuclear transmutation and spec-
troscopy [3,4,5,6], 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 >1 MeV.

In addition to the monochromaticity and directionality, other desired char-
acteristic of ICS-produced v-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 in applications in which reduced inte-
gration time may produce improved signal-to-noise ratio. High average power
would be of great benefit in applications in which the integrated energy (pho-
ton number) delivered to the sample is essential, such as nuclear transmuta-
tion/spectroscopy and medical applications. In those applications high average
power reduces the operation time or alternatively increases the scanning rate.

ICS-based ~-ray sources are based on the combination of two different tech-
nologies: electron accelerators and high-energy short-pulse lasers. The rela-
tivistic electron bunches are normally generated by conventional linear elec-
tron accelerators [2,10], preferrably equipped with low-emittance photoinjec-
tors. High-energy short laser pulses can be produced by modern solid-state
chirped-pulse amplification systems [11]. In the recent period, some conver-
gence of two technologies has occured with the demonstration of monoener-
getic laser-based electron accelerators [12], with increasing prospects for their
use in all-laser-driven «-ray production via ICS [13].

In the ICS interaction, the small Thomson scattering cross section limits the ef-
ficiency of conversion of incident laser photons to y-rays. Typical backscattered
fraction of the incident photons is <107, so that the ICS interaction region is
essentially transparent to laser photons. Furthermore, a significant technology
gap in repetition rate exists between linear accelerators and high-energy short-
pulse lasers. While the linear accelerators are capable of producing electron
bunches in bursts with repetition rates of ~GHz, typical joule-level short-pulse
lasers are limited to ~10-Hz repetition rates.

Recirculation of the laser pulse has been previously proposed as a method
to bridge some of this technology gap. For the future International Linear
Collider (ILC), 2820 micropulses in a macropulse are proposed, generated by
resonant cavity build-up and recirculation [14,2]. Recirculation of high-energy
short pulses by resonant cavity coupling requires interferometric alignment
accuracies and requires high-energy laser sources with high repetition rates,
or the use of multiple such sources.

In this paper we propose and experimentally demonstrate a novel method for



high-energy laser pulse recirculation based on the injection and trapping of
a single incident laser pulse in a passive optical cavity, akin to ”burst-mode”
operation. This method circumvents the B-integral limitations of conventional
optical switching by the use of a thin nonlinear switch based on frequency con-
version in a nonlinear crystal. Following the nonlinear pulse injection, subse-
quent recirculation is shown to be capable of increasing the average power and
brightness of ICS-based ~-ray sources by a factor of ~100. Further, this recir-
culation method, termed recirculation injection by nonlinear gating (RING), is
scalable to >100-J picosecond pulses, well beyond the capability of alternative
recirculation methods.

In addition to the proof-of-principle experimental demonstration, we provide
the estimate of the effect of RING recirculation on the spectral and spatial
characteristics of the recirculating pulse, of relevance for the characteristics of
generated ~v-rays. It is also shown how the RING method can be applied to
generation and recirculation of tunable laser pulses, as well as for simultaneous
recirculation of multiple laser frequencies, which can enable simple tunable or
polychromatic y-ray sources. The use of RING is compatible with the current
paradigm of ICS-based 7-ray sources, offering a significant improvement in
average power and possible reduction in laser energy and electron accelerator
energy. The concept is complementary to the much costlier development of
higher repetition rate lasers, and it could also be used in conjunction with
higher repetition lasers when they become available.

2 Laser recirculation methods and limitations

Laser recirculation has been used for numerous applications, primarily moti-
vated by the need for higher power output. The use of laser recirculation is
intertwined with the development of the resonant cavity which enables the
laser action itself. Approaches to laser recirculation demonstrated to date can
be classified by several criteria, and here we mention some of the important
examples, their features and limitations.

Intra-cavity components can include only passive elements which result in
power (energy) loss and rely on external coupling of the light. Alternatively, a
cavity can also include a gain element such as a laser or a parametric device,
which can compensate for the cavity power loss [15]. For most ICS applications
of interest, the recirculated laser pulse is short and the required pulse energy
is high, which is incompatible with direct amplification in a compact laser
amplifier due to spectral and spatial modification of the propagating pulse.
The nonlinear phase accumulation (B-integral) due to self-phase modulation
of the medium from an intense optical pulse can be written as



where ¢ is the accumulated B-integral, A is the laser center wavelength, ns is
the nonlinear refractive index of the material, I(x,y, z) is the pulse intensity,
and L is the length of the medium along pulse propagation direction z. In
a typical laser amplifier, the accumulated B-integral per pass is incompatible
with direct amplification and recirculation of a short energetic laser pulse.
In such cases the use of chirped-pulse amplification [11] would be preferable,
but would require a sensitive, complicated setup exhibiting average power
limitations due to intra-cavity pulse stretching and compression.

Passive optical cavities are designed to exhibit minimum loss and require con-
tinuous or pulsed coupling of an external laser source into the cavity via res-
onant cavity coupling [16] or via a dedicated optical switch [17]. In resonant
coupling, a stringent phase requirement exists for the light incident into the
cavity for the constructive interference to occur. For cw light, this corresponds
to the incident light spectral overlap with existing cavity modes. For pulsed
light, the phase of the incident pulse needs to match the phase of the re-
circulating pulse and the repetition rate of the incident pulses needs to be
identical or a subharmonic of the recirculating pulse. These interferometric
requirements correspond to sub-100 nm positioning of optical components for
optical frequencies. In a non-resonant coupling scheme, an optical switch such
as an electro-optic or acousto-optic modulator can be used to actively mod-
ulate the pulse using an external electric or magnetic field [17], or modulate
the properties of the switch itself to trap the pulse in the cavity. Conventional
linear switches require interaction lengths of several cm and thus encounter
the problem identical to active cavities when used with energetic short laser
pulses. For even modest pulse energies, the required apertures of such switches
that result in acceptable nonlinear phase accumulation are prohibitively large.

From a beam path point of view, the laser can be recirculated in an angularly
multiplexed or a collinear scheme. The examples of the former approach in-
clude the high-power multipass ”bow-tie” laser amplifiers and white cell-like
devices, while the latter approach is associated with typical laser and para-
metric oscillators and regenerative amplifiers. While the angularly multiplexed
laser pulses can be injected into the cavity without the use of an optical switch,
the number of available recirculation passes is limited and the pulse propa-
gates through the interaction region with a different angle on each pass, which
can pose significant difficulties for ICS applications.



3 Recirculation injection by nonlinear gating (RING)

Since the principal limitation that prevents the injection and the recirculation
of an intense laser pulse in the cavity is the nonlinear phase accumulation with
each passage of the pulse through the relatively thick switching components,
one can consider alternative methods for pulse injection that reduce the non-
linear phase. Here we propose a novel method of optical switching into the
cavity that requires significantly shorter interaction lengths than the previ-
ously used methods and is thus compatible with recirculation of an intense
laser pulse. We refer to this concept as recirculation injection by nonlinear

gating (RING).
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Fig. 1. Optical switching for recirculation in RING is performed by placing a thin
frequency converter (FC) into the cavity. The nonlinear crystal frequency converter
acts like an optical switch by altering the frequency and polarization of the incident
pulse. The cavity is resonant for the frequency and polarization of the frequency
converted pulse, and highly transmissive for the frequency and/or polarization of
the incident pulse. Parasitic parametric fluorescence produced by the recirculated
pulse can be efficiently coupled out of the cavity at each cavity mirror.

The principle of the RING technique is presented in Fig. 1. In the RING
technique, optical switching is achieved by placing a thin frequency converter,
such as a nonlinear optical crystal, into the cavity so that it is in the path of
the incident laser pulse. The frequency converter represents an ideal optical
switch - it alters both the frequency and the polarization state of the incident
pulse, allowing simple selection and containment of the generated pulse for
recirculation by means of dichroic mirrors and polarizers. The thickness of the
nonlinear crystal optical switch is determined by the requirement for high con-
version efficiency in frequency mixing. For frequency doubling (sum-frequency
generation of the incident pulse with itself), this efficiency is approximately
given by
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where 1), is the conversion efficiency, I, is the input pulse intensity, L is
the length of the nonlinear crystal, €y is the dielectric constant, A, is the
wavelength of the incident pulse, and n, and ne, are the refractive indices of
nonlinear crystal for the fundamental and the second harmonic wavelength,
respectively. In a typical nonlinear crystal such as (-barium borate (BBO),
derr = 2 pm/V for frequency doubling of 1064-nm laser pulses. If we assume
a typical incident pulse intensity of 5 GW/cm?, the required length of the
crystal for efficient conversion (switching) is only ~3 mm (Fig. 2), which is
substantially less than linear optical switches. The RING technique offers a
unique advantage of the short interaction length of the pulse in a material,
and is thus highly appropriate for short (picosecond and femtosecond) pulses.
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Fig. 2. Conversion efficiency in BBO as a function of crystal thickness. The input
peak intensity is 5 GW/cm?, and the input center wavelength is 1064 nm.

The mode of operation of a RING resonator can be termed a burst-mode,
characterized by both high peak and average power. The intra-cavity pulse
structure consists of a train of intense short pulses spaced by the cavity round-
trip time and exhibiting a decay with characteristic decay time determined by
total cavity losses. The entire decaying set of pulses is similar to a macrobunch
proposed for the ILC and its repetition rate is determined by the driving laser
repetition rate. The recirculated pulse energy for a total cavity loss of 1% per
pass is shown in Fig. 3(a).

We can define the cavity enhancement factor as the ratio of the integrated
recirculated power and the power produced by nonlinear frequency conversion
following the first passage of the incident pulse through the optical switch:
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Fig. 3. (a) recirculated pulse energy per pass normalized to the energy in the first
recirculation pass for total intra-cavity loss of 1%, and (b) dependence of the cavity
enhancement factor on the total intra-cavity loss.
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where A is the cavity enhancement factor and P(i) is the pulse power in
i-th cavity pass. For the example shown in Fig. 3(a), the resulting cavity
enhancement factor is 100, which indicates that under identical pulse-to-pulse
ICS interaction conditions, the output ~-ray yield would be enhanced by a
factor of 100 compared to the one produced by a single-pulse interaction. The
cavity enhancement factor is a strong function of the single-pass cavity loss.
If we denote the single-pass cavity loss with k, the cavity enhancement factor
is
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where @ is the usual cavity Q-factor. For a reasonable cavity loss of 3% arising
from interaction with 6 surfaces with 0.5% loss per surface in each cavity
roundtrip, one could expect the cavity enhancement factor of ~34.

The burst-mode of operation offers a unique advantage of not sacrificing the
peak power of the source, while resulting in a significant improvement of the
system average power. Furthermore, the use of the RING technique in con-
junction with frequency doubling as the switching mechanism conveniently
doubles the ICS ~-ray energy without the commensurate increase in the elec-
tron energy, leading to potential cost savings of the electron accelerator module
of the system.

Similar to other recirculation techniques, the Q-factor of the RING cavity
increases with the reduction of Fresnel and scattering loss on each intra-cavity
optical surface and the reduction of the total number of surfaces encountered
by the pulse. In addition, the RING cavity requires low absorption and Fresnel
loss on the nonlinear crystal switch, which can be accomplished by selecting
crystals with high transparency and coating them with anti-reflection coatings.
Minimization of the number of passes through the nonlinear crystal switch
results in a minimum impact of B-integral on the recirculated pulse. For a
pulse with a single intra-cavity interaction point (focus), at least one pass
through the nonlinear crystal is required per interaction pass.

The RING cavity can be realized in a unidirectional ring or a Fabry-Perot con-
figuration. In both cases the frequency conversion of the input pulse provides
optical isolation from the pump laser. In a simple Fabry-Perot configuration,
bidirectional propagation of the recirculated pulse offers the possibility of two
interactions with the electron bunch per one cavity round-trip; however, one
pass through the nonlinear crystal is still required per ICS interaction.

The RING cavity used for ICS exhibits several important requirements: (1) it
requires a collimated beam at the location of the nonlinear crystal to produce
high frequency conversion efficiency; (2) subsequent passes through the non-
linear crystal should not produce high intensity through reduced beam waist
or hot spots to prevent crystal damage; and (3) an interaction point with a
focused laser beam is required in the cavity. In addition to these requirements,
ICS interactions frequently call for head-on (collinear) interaction geometries,
which usually requires a small hole in one or more cavity mirrors to facilitate
the passage of the electron beam. Such holes can present a mechanism for cav-
ity loss for most cavity modes. One of the straightforward methods that results
in self-reproducing beam sizes and transverse distributions is relay imaging.



Relay imaging leads to a self-imaged cavity, with each cavity component ex-
periencing constant (or inverted) intensity distribution on each pass of the
recirculated pulse. The matrix transfer function M of such self-imaged system
in a planar geometry is:

M = : (5)

where p,r = 1. The self-imaged cavity allows the use of apertures (holes) in
the cavity optics, while maintaining a low loss per pass.

It is useful to consider the energy and interaction point intensity scaling of the
RING cavity. With the selected thickness of the nonlinear crystal switch, the
required pulse intensity and fluence on the nonlinear crystal are fixed by the
requirement for high conversion efficiency (2). In a simple RING configuration
shown in Fig. 1, the f-number (f/#) of intra-cavity focusing is determined
by the focal length of the focusing lens (reflective mirror or parabola) and by
the size of the beam. A smaller beam on the focusing optic is undesirable due
to relatively high intensity of the pulse undergoing frequency conversion in
the nonlinear crystal. The peak power P incident on the nonlinear crystal is
proportional to the square of the beam (crystal) diameter D: P oc D?; while
f/# o< 1/D. The resulting focal spot intensity at the interaction point is thus
proportional to the fourth power of the beam diameter:

P
I o — o D (6)

w

In this simple cavity configuration, the two strategies for obtaining the desired
focal spot intensity are thus (1) modification of the focal length of the focusing
lens (leading to the modification of cavity length), and (2) ICS operation at a
variable distance from focus.

4 RING nonlinear spectral effects

As stated earlier, one of the key parameters that determines the performance of
the RING technique is the B-integral accumulation. In this section we consider
the impact of B-integral on the spectrum of the recirculated pulse and estimate
its effect on the energy spectrum of the y-ray produced by ICS. B-integral



results in spectral broadening and can thus reduce the spectral brightness of
the v-ray source. It is important to quantify B-integral and develop strategies
for B-integral reduction. The origin of the B-integral is primarily the transit
of the intense short pulse through the nonlinear crystal. In Fig. 4 we show the
calculated B-integral for a typical case of a 3-mm long BBO crystal repeatedly
irradiated by pulses in a ring down profile shown in 3(a), with the initial pulse
intensity of 5 GW/cm?. The accumulated B-integral in this configuration is
15.6 for the infinite number of passes. The crystal thickness is chosen to be 3
mm to ensure good conversion efficiency to the second harmonic (Fig. 2).

10 - 2
8 ///
6 7

) /

2 //

AV

0 20 40 60 80 100
Pass

>.B

Fig. 4. Accumulated B-integral in 3-mm long BBO crystal irradiated by 532-nm
pulses shown in Fig. 3(a), with a starting intensity of 5 GW/cm?. The assumed
nonlinear refractive index of the BBO crystal is ny = 8.8 x 10716 cm?/W.

The exact nature of the effect of B-integral and dispersion has been modeled
using a split-step Fourier method, with nonlinear phase treated in the temporal
domain and the linear phase (dispersion) treated in the frequency domain.
Fig. 5 displays the evolution of the spectral and temporal shape of a sample
incident pulse. For the selected transform-limited bandwidth of the pulse of 5
ps, the effect of dispersion on pulse duration is negligible and a major effect
on the pulse spectrum can be observed.

The effect of spectral broadening of the recirculated laser pulse on the resulting
peak ~-ray brightness can be analytically evaluated using the formalism of
Hartemann et al. [9] For a typical spectrum produced by ICS of a 1-um, 5-
ps laser pulse on a 250-MeV electron bunch, the resulting spectrum can be
narrower than 1% FWHM for high-emittance, loosely focused electron beams
(Fig. 11, bottom in Ref. [9]). For this same example, Eq. (50) in [9] can be used
to evaluate the reduction of peak brightness due to B-integral accumulation
by approximating the spectral profile of the laser by a gaussian with a variable
width. The result of this calculation is shown in Fig. 6 and indicates that the
spectral broadening represents a negligible contribution to brightness when the
spectral width of the pulse is <20x pulse transform limit. With the realization
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Fig. 5. Effect of B-int on (a) spectrum and (b) pulse duration. The pulse parameters
are identical to Fig. 4. The effect of B-integral can be primarily observed in the pulse
spectrum after 20-th roundtrip through the cavity.

of spectrally narrower ICS-based ~-ray source, this effect may become more
pronounced.

Given the nature of the nonlinear switching process which is accomplished by
use of Y (quadratic) component of dielectric susceptibility, and the subse-
quent y® (cubic) nonlinear phase accumulation, an important consideration
in nonlinear material selection is the identification of the material with a
largest ratio of [x(?]?/x®), thus allowing good frequency doubling conversion
efficiency while simultaneously limiting the accumulation of B-integral. The
second strategy for reduction of B-integral effects that emerges is the increase
if beam diameter: since we have

BolxL and nolxL? (7)

a reduction in intensity coupled with increase in crystal length while keeping
the efficiency constant reduces the B-integral. This amounts to the increase
in beam aperture and crystal diameter. Practical limits to this strategy in-
clude spectral bandwidth limitations of the nonlinear conversion process and
available crystal sizes.
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Fig. 6. Calculated effect of B-integral on peak spectral brightness of generated ~-rays
at the center energy of 1.18 MeV, with other interaction parameters given in [9].
Only a negligible effect of the spectral broadening on the ~-ray spectral brightness
is observed before the spectral broadening exceeds 20 xFourier transform limit.

5 RING nonlinear spatial effects

Spatial variation of accumulated nonlinear phase can have a deleterious effect
on the the quality of beam focus and lead to self-focusing. Spatially varying
nonlinear phase is the result of x®)-nonlinear coupling of the high-power, non-
uniform beam profile of a laser beam with the medium (nonlinear crystal or
air). In Fig. 7 we show the calculated effect of spatial nonlinear phase on pulse
focusing. It is apparent that for the typical set of laser parameters the resulting
beam focus can increase significantly over the typical number of passes in the
RING cavity.

The impact of this effect on the generated number of ICS ~-rays can be es-
timated by calculating the cross-correlation of the electron bunch with the
recirculating laser pulse:

- = C
N. — 1 — NP HN.(F 3
c=oc [ [ = BEON,FON ) &7 (8)

where ¢ is the Thomson scattering cross section, ¢ is the speed of light, w is
the frequency of the incident laser pulse, 7 is the position vector, ¢ is time, (3,
is the electron B-vector, k is the incident photon wave vector, and N, and N,

12
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Fig. 7. Effect of spatial B-integral in a 3-mm long BBO crystal on focusing: (a) near
field, (b) pass 1, (c) pass 10, (d) pass 20. The input intensity is 5 GW/cm?, loss
per cavity pass is 1%, and the near field of the pulse is approximated by a gaussian
profile with a center hole for electron beam passage. All figures are normalized
to their respective peak intensities; the actual relative intensity in beams (b)-(d)
decreases.

are the incident laser photon and electron number distributions, respectively.
Here we assume interaction of the laser pulse with a far-field beam profile
resulting from focusing of a holey near-field beam, as shown in Fig. 7, with
a representative electron bunch. In this simplified analysis it is assumed that
the spatial distributions of the interaction laser pulse and the electron bunch
are constant for the entire time of each interaction (confocal beam parameters
are not taken into account). The resulting normalized number of ICS ~-ray
photons per pass and the cavity enhancement factor are shown in Fig. 8. It
is apparent that the increase in focal spot size due to spatial variation in B-
integral is the chief contributor to reduced brightness of ICS ~-rays through
the reduction of scattered number of photons due to the mismatch in laser
and electron bunch focal spot size.

Given that the number of scattered laser photons is much reduced due to the
increase in the laser focal spot size, strategies can be considered to progres-
sively reduce the size of focal spot on subsequent passes in the RING cavity by
reducing the numerical aperture. An additional benefit of this approach may
be due to the energy loss on each pass which would also reduce the number of
scattered photons. A simple approach that would allow progressive reduction
of the spot size in a self-imaging cavity would be to design the cavity such
that its ray transfer matrix departs from identity. Single-pass magnification of
the beam prior to interaction with the cavity mirror can be made consistent
with the required increase in the numeric aperture to match the foci of the

13
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Fig. 8. (a) Normalized number of backscattered 7-ray photons and (b) cavity en-
hancement factor resulting from the ICS of the focused laser pulse shown in Fig. 7
and a representative electron bunch. Electron bunch exhibits a gaussian distribution
with a focal diameter of 20 pm. The number of y-ray photons is normalized to the
number of photons obtained from the first ICS interaction. The laser initial beam
diameter is 10 pm.

electron bunch and the laser pulse.

An additional concern can be the whole-beam self-focusing induced by the
B-integral. The focal length of the nonlinear lens induced by a spherical phase
differential ¢ can be approximated by:

wg — 3(pN/2m)% /4
O\ 2T ’ )

f=

where f is the nonlinear lens equivalent focal length, wy is the beam radius, ¢
is the accumulated B-integral, and A is the center wavelength. For the center
wavelength of 532 nm, accumulated nonlinear phase ¢ = 10 rad, and the beam
radius of 10 cm, the equivalent focal length is >10 km, which indicates that
only a small change of the focal spot location is expected due to this effect.

6 Experimental demonstration of the RING technique

We have performed initial experiments to establish the feasibility of the RING
technique and gain confidence in its scaling to high pulse energies and peak
powers by aperture increase. For the demonstration experiment we utilized
a simple triangular plane ring resonator configuration (Fig. 9) without intra-
cavity focus, avoiding the need for a vacuum system. The resonator consisted
of three high-quality plane mirrors. The mirrors were coated on the side in-
ternal to the cavity with a multilayer dielectric coating reflective for the 527
nm wavelength (R>99.9%) and transmissive for the 1053 nm wavelength. The
multilayer dielectric coating on the mirror sides external to the cavity is anti-
reflective for both the 1053 nm and the 527 nm wavelength (R<2.1% and

14



R<0.1%, respectively). This coating selection enables the following function-
ality: (1) low loss at the resonator wavelength of 527 nm, (2) efficient coupling
of 1053 nm light into the cavity, (3) efficient removal of the fundamental
1053-nm light and parametric fluorescence from the cavity, and (4) improved
diagnostics of 527 nm recirculated pulse by mirror leakage.

N2 PD

TFP

BD/
PM

2W

Fig. 9. Experimental setup of the proof-of-principle experiment for demonstration
of the RING technique. TFP-thin film polarizer, A\/2-waveplate, 2w-BBO crystal
doubler, PD-photodiode, BD/PM-beam dump/power meter.

The resonator length was approximately 107 cm, yielding a roundtrip time
of 3.6 ns. The use of plane-mirror resonator leads to diffraction losses, but it
is estimated that they would negligible over the maximum expected number
of ~100 cavity roundtrips with the selected beam diameter of ~7 mm and a
smooth beam profile.

In two experiments we used two variable-thickness, 1-cm aperture nonlinear
crystals of BBO for nonlinear switching. The selection of the BBO crystal
for this task is motivated by its numerous favorable properties in nonlinear
optics applications. They include excellent thermomechanical properties, low
hygroscopicity, and broad spectral and thermal acceptance. The two nonlinear
crystals were cut for type I SHG of 1064 nm pulses, antireflection coated on
both sides, and their lengths were 3 mm and 1 mm. The 3-mm long BBO
crystal antireflection coating was found to be somewhat lossy for the 527 nm
frequency doubled light, while the 1-mm crystal coating reflectivity was <1%
on both crystal sides. The injected 10-Hz, 1053-nm pulse energy was ~2 mJ,
and the pulse duration was 500 fs, longer than the Fourier transform of the
pulse spectrum of 200 fs. The calculated intensity of the pump pulse on the
crystal was 10 GW/cm?. The first-pass frequency doubled pulse energy was
measured to be 0.5 mJ with a 3-mm crystal and ~0.3 mJ with a 1-mm crystal.
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Fig. 10. Cavity ringdown in the proof-of-principle experiment measured using a 1-ns
rise time photodiode, using (a) 3-mm long and (b) 1-mm long BBO crystal nonlinear
switch. The corresponding cavity enhancement factor is calculated to be 5.2 and 17,
respectively. In case (b) the ringdown shape departs from the expected exponential,
likely due to the significant increase in hard-edge diffraction losses after the first
few cavity round-trips.

The recirculated pulse burst was measured using a 1-ns rise time photodiode
combined with a 7-GHz digital oscilloscope by observing the leakage of the
527-nm pulse through one of the cavity mirrors and by measuring the 527-nm
scatter from cavity mirrors and the nonlinear crystal surface. The experimen-
tally measured cavity ringdown is shown in Fig. 10 (a) and (b) for the 3-mm
and the 1-mm long BBO crystal, respectively. In the case of the 3-mm long
crystal, the poor quality of the crystal antireflection coating limited the cavity
enhancement factor A to 5.2. In the case of the 1-mm crystal, the improved
coating resulted in A ~17. These enhancement factors correspond to approxi-
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mately 19% and 6% loss per cavity pass, likely limited by hard-edge diffraction
by imperfectly collimated beam and the crystal antireflection coating. Our first
proof-of-principle experiment provides the first demonstration of the validity
of the technique and increases confidence in the success of its scaling to high
energies at similar pulse intensities.

7 Tunable and polychromatic extensions of the RING technique

It has been already pointed out that the simple implementation of the RING
technique which involves laser pulse frequency doubling for pulse injection
leads to the increase of the resulting ICS ~-ray by a factor of 2, or, equiva-
lently, to the reduction of the required electron energy to produce the same
backscattered v-ray energy. In some applications it may be of interest to recir-
culate multiple laser pulses centered at different frequencies, or to recirculate
pulses which can be conveniently and rapidly tuned in frequency. In medi-
cal diagnostics and treatment via x-ray induced Auger electron cascade [7,8],
for example, it would be advantageous to rapidly tune the x-ray energy to
optimize the system performance. In nuclear spectroscopy applications such
as the ones based on nuclear resonance fluorescence [6], frequency scanning
of the backscattered ~-rays is of essence for accessing nuclear resonances of
desired isotopes and could be conveniently implemented by scanning the laser
frequency rather than the electron energy. Additionally, simultaneous recir-
culation of multiple frequencies and subsequent production of various ~v-ray
energies may allow simultaneous access to several resonances associated with
multiple isotopes or a single isotope. Such methods could increase the speed
and sensitivity of proposed spectroscopic techniques and even perhaps open a
window to multi-photon nuclear interactions. In plasma diagnostics via Thom-
son scattering, suitable modification of the laser frequency could improve the
signal-to-noise ratio. In cavity ring-down spectroscopy, the need for frequency
scanning of the recirculating laser pulse is apparent.

Nonlinear optical processes represent a convenient method for production of
pulses at multiple frequencies or for tuning of the light frequency via the
processes such as sum- or difference-frequency generation (SFG or DFG). The
RING technique which involves the use of a nonlinear optical switch thus
represents a natural framework for the use of nonlinear optical processes for
production and recirculation of tunable and polychromatic pulses.

A simple implementation of the RING technique for generation and recircula-
tion of tunable laser pulses is shown in Fig. 11. Two pulses at frequencies w;
and wy are incident in the RING cavity and frequency mixed in the nonlinear
crystal via SFG (w3 = wy + ws) or DFG (w3 = wy — wsy). If one or both of the
incident frequencies w; » are made tunable, the resulting output pulse can be
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Fig. 11. Tunable RING by SFG or DFG between two incident pulses at frequencies
w1 and wsy. The system is tuned by tuning the center frequency of one of the incident
pulses (ws2) and adjusting the phase matching of the nonlinear crystal switch.

tuned through a range of frequencies. Phase matching needs to be maintained
over the desired tuning range by a suitable phase matching technique such
as angular, temperature, or quasi phase matching. In the SFG method, high
conversion efficiency requires that the two input pulses have a similar photon
number and similar pulse intensities on the crystal, which can be impracti-
cal if the tunability of the input pulses is simultaneously sought. The DFG
method (parametric amplification), however, utilizes the idler pulse for recir-
culation and requires only a single energetic, fixed-frequency input pulse (wy),
accompanied by a tunable, low-energy seed pulse (ws). Such low-energy tun-
able pulse can be conveniently generated by the usual methods - tunable laser
amplification, parametric generation and amplification, or optical parametric
oscillation. This would be ideally done by using a fraction of the energy of
the incident pulse w; to ensure the consistency of w; o inter-pulse timing, as
shown in Fig. 12.

Tunable pulse
generator
(laser, parametric
device)

RING
resonator

Fig. 12. Tunable RING using DFG. The synchronized tunable pulse at a frequency
wo can be generated by splitting a portion of the incident pulse wy and pumping a
tunable pulse generator based on a laser or a parametric process.

Intra-cavity spontaneous parametric generation of the tunable pulse represents
another possibility, but its angular divergence and energy stability would likely
pose limitations. Practical implementation of this method could be also real-
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ized in a non-collinear frequency mixing scheme, but in practice the complexity
of this approach would increase due to the pointing variation and angular dis-
persion of the resulting injected pulse and by possible requirement for pulse
front tilt of short input laser pulses.

Fig. 13 shows an example of how the method for production and recirculation
of pulses with tunable frequencies described above could be adapted to simul-
taneously recirculate pulses at multiple frequencies by SFG or DFG between
the incident pulse at frequency w; and two input pulses at frequencies wy and
wsz. The DFG process produces two energetic pulses at frequencies w; —ws and
w1 — w3, which are subsequently recirculated.

’ »

W4
W5

W1 =t | H U | g (1
w3 I w1tw2— w4 w3
witw3—ws

Fig. 13. Polychromatic RING recirculation could be realized by SFG or DFG be-
tween the input pulses at frequency wy and two additional input pulses at frequencies
wo and ws.

In general, RING recirculation of an arbitrary number of pulses at variable
frequencies (£2;...€2,,) can be accomplished by nonlinear frequency mixing of
a suitable set of number of input pulses (w;...w,) via any combination of the
SFG or DFG scheme:

9 P11 P12 - Pin w1
92 P21 D22 --- Pon %)

= , (10)
Qm Pm1 Pm2 -+ Pmn Wn

where p;; = £1.
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8 Scaling prospects of the RING technique

One of the most attractive capabilities of the RING technique is its scalability
to high-energy and high-peak-power pulse recirculation. In comparison, reso-
nant coupling schemes exhibit limitations when scaled to higher energies both
because of the absence of practical high-energy laser sources with repetition
rates comparable to the typical cavity round-trip time on the order of ~100
ns and because of the thermal effects associated with such pulses that com-
plicate the interferometric alignment. In active switching schemes that rely
on a linear switch such as an electro-optic (Pockels) cell, scaling to high ener-
gies entails the significant increase of the aperture to minimize accumulated
nonlinear effects over the long (several cm) interaction length. This aperture
increase is usually accompanied by a significant penalty in switching speed,
which can become incompatible with cavity round-trip time.

The energy and peak power limitations of the RING technique are primarily
driven by the nonlinear phase accumulation of the nonlinear crystal switch,
and can be addressed by increasing the crystal aperture and length, as sug-
gested in Section 4. Common nonlinear crystals available in large aperture and
with optical quality to date include potassium dihydrogen phosphate (KDP)
and its deuterated isomorph (KD*P), and can be obtained in sizes of up to 40
cm. If we assume the nonlinear drive of 10 GW /cm? with 10-ps pulses, this im-
plies that a single crystal of this type could enable injection and recirculation
of >100-J pulses. Furthermore, multiple nonlinear crystals could be tiled in
an array to support much higher pulse energies. If required, coherence among
beam components traversing different nonlinear crystals could be maintained
by ensuring negligible thickness variation among crystals.

One of the possible limitations of the RING technique that could manifest itself
at high repetition rates is the nonlinear crystal heating due to the increase in
effective average power. The effective average power incident on the crystal
can be approximated by

Peff = P() X A, (11)

where P,y is the effective average power present on the crystal, F is the aver-
age power of the frequency converted pulse associated with the absence of the
RING cavity, and A is the cavity enhancement factor, as defined in (4). This
definition corresponds to the crystal thermal load primarily driven by linear
absorption of the recirculating pulse. In practice, the average power experi-
enced by the nonlinear crystal is slightly modified by the linear and nonlinear
absorption of the input pulse and nonlinear absorption of the recirculated

20



pulse. Since nonlinear crystals to date have been used in applications produc-
ing average powers on the order of 1 kW, the expected thermal load from a
1-J, 10-Hz input pulse with a cavity enhancement factor of 100 is consistent
with the thermal bandwidth and fracture limitations of nonlinear crystals. The
thermal load is highly dependent on the crystal linear and nonlinear absorption
and is generally increased at shorter wavelengths. The thermal management
can be complicated by the small crystal thickness, which makes side cooling
relatively inefficient. One of the possible thermal strategies to alleviate this
issue is the use of the crystal in a reflection geometry, such that one of the
crystal surfaces is contacted with a thick substrate which acts as a heat sink.
This method can also lead to the reduction of the number of cavity surfaces
and lower overall cavity Fresnel loss.

9 RING applications

The RING technique is attractive for use in applications that exhibit low loss
for the laser pulse. A necessary but insufficient condition for this requirement
is the low cross section (efficiency) for the interaction of interest. ICS of a
laser pulse on a relativistic electron bunch is a prominent example of the
process that exhibits both a low cross section for the useful interaction and
simultaneously low loss for the laser pulse. Here we list some of the important
applications that could benefit from the application of the RING technique.

For production of high (100 GeV-TeV) photon energies envisioned in the v —-y
arm of the ILC [2] or for future intense positron sources [18], the required
bunch structure consists of a set of 2820, ~1-J, ~1-ps micropulses spaced at
337 ns inside a macropulse at a repetition rate of 5 Hz. This bunch structure
is very similar to the one potentially produced in an optimized RING recircu-
lation system, and may lead to the reduction of the stringent requirements for
the drive laser system energy and average power [14]. Since the v-v collider
on ILC requires circular polarization in the interaction region, suitable imple-
mentation of linear-to-circular polarization conversion in the RING cavity is
required.

In the intermediate (MeV) photon energy range, numerous applications based
on ICS sources are being pursued and could benefit from the use of the RING
technique. ICS has been recently proposed for production of highly monochro-
matic vy-rays for isotope-specific interrogation of shielded objects, with appli-
cations in nonproliferation, waste identification, material characterization, and
homeland security [6]. The average brightness of the ICS source and the re-
sulting interrogation times in this and other radiographic applications could
be substantially shortened by the use of energetic laser pulse recirculation.
Besides waste identification, another application in the nuclear fuel cycle that
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has received significant attention is the waste transmutation utilizing nearly
monoenergetic y-rays produced by ICS. [4] In this area, significant work has
been done on the use of very high-finesse cavities for efficient y-ray generation.
[19,20,21,22] This area could also potentially benefit from the use of the RING
method for production of high-photon-number bursts of y-rays.

In the low (keV) energy range, the application of ICS for production of
monochromatic, directed x-rays for medical purposes has been pursued in
the recent period, with a focus on medical diagnostics via K-edge imaging
and radiological treatment via localized Auger cascade [7,8]. The brightness
of such sources could be substantially improved by the use of the RING-like
recirculation method, potentially resulting in reduced system cost and higher
rate of imaging and treatment. In this x-ray energy range one can also envision
applications of RING for production of ultrashort x-rays in synchrotron-based
sources [23] for materials science and production of x-rays for lithography.

Other interesting applications that could benefit from the use of RING tech-
nique include plasma diagnostics by Thomson scattering, where efforts have
been made to recirculate the pulse to obtain higher signal-to-noise ratio and
possibly dynamical information [24], laser wire beam profile monitoring for
electron beam diagnostics [25], Compton polarimetry [26], and the sensitive
detection and measurement of the properties of gases and optical materials by
pulsed cavity ring-down spectroscopy [27].

10 Conclusion

In conclusion, we proposed and experimentally demonstrated a novel high-
peak-power laser pulse recirculation method highly suitable for applications
involving ICS for high-energy, high-brightness x-ray or 7-ray beam genera-
tion. Our method, termed recirculation injection by nonlinear gating (RING),
is uniquely capable of high-efficiency injection and trapping of a short, intense
laser pulse required in those applications. The use of a nonlinear switch for
pulse injection exhibits several important favorable characteristics, including
the absence of interferometric alignment and timing requirements, compati-
bility with both the linear and ring cavity configurations, and the ability to
generate and recirculate multiple laser pulses at the same or different center
frequencies and repetition rates, thus opening up the possibility for tunable,
shaped-pulse x-ray/~-ray source.

The principal limitation of the RING technique in the simple implementation
utilizing x®) nonlinearities for pulse injection has been shown to be due to the
accompanying x® nonlinearities, resulting in the change in focusing conditions
and pulse spectral content. It has been shown that both limitations can be
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addressed by the favorable scaling of the technique to greater apertures and
longer nonlinear switch interaction lengths and by the design of the cavity for
round-trip demagnification of the beam.

We believe the RING technique to be a strong alternative to resonant coupling
techniques proposed and implemented to date for applications based on ICS,
and foresee additional attractive applications in the area of ultrashort x-ray
pulse generation, cavity ring-down spectroscopy and plasma diagnostics.
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