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Abstract

Recent success of laser-assisted charge exchange for
10 ps duration Hydrogen ion beams at SNS motivates laser
development necessary for efficient stripping of 1.0 ms du-
ration beam at full duty cycle. To overcome the laser power
challenge, the interaction point was chosen inside an opti-
cal cavity. A doubly-resonant enhancement cavity and a
novel locking technique have been developed, and a coher-
ent enhancement of 402.5 MHz, 50 ps, 1.05 MW peak
power ultraviolet (355 nm) laser pulses operating at
10-pus/10-Hz burst mode has been demonstrated. This will
enable 1.0 ms duration laser macropulses at 60 Hz to be
stored inside such a cavity to achieve efficient stripping at
SNS.

INTRODUCTION

Following a successful proof-of-principle demonstration
[1] using a 10-ns/30-Hz Q-switched laser, a more advanced
proof-of-practicality experiment was recently conducted at
the Spallation Neutron Source (SNS) [2, 3, 4] using
10-ps/10-Hz burst-mode laser. The final phase of the ex-
periment is to demonstrate high-efficiency full cycle H™
beam stripping at 1-ms/60-Hz at an operational accelerator
setting. High efficiency stripping at full cycle imposes
many challenges on laser technology. The direct scaling of
average laser power to full cycle H™ beam stripping re-
quires laser power of at least 1.2 kW at 355 nm with repe-
tition rate of 402.5 MHz and pulse width of 50 ps. This is
beyond the capability of current state-of-the-art burst-
mode laser systems. However, since the cross section for
the photon-ion interaction in the laser stripping process is
extremely small, the stripping event results in a negligible
laser power loss (~1077). Thus, the laser power can be re-
cycled and enhanced if the interaction point is located in-
side an optical cavity.

Enhancement cavities have been widely employed in
high harmonic generation [5, 6], THz generation [7],
x-/y-ray generations via inverse-Compton scattering from
relativistic electrons [8]. However, laser stripping experi-
ment requires a burst-mode laser with very small duty fac-
tors (~6%). In such cases, it is difficult to generate an ef-
fective error signal within the short duration of the laser
suitable. Recently, we developed a locking technique using
a doubly resonant optical cavity scheme to realize cavity
enhancement of UV lasers operating in the burst mode [9].
In this paper, we report a coherent enhancement of 402.5-
MHz/50-ps, burst-mode UV laser pulses operating at
10-ps/10-Hz with megawatt peak power and a correspond-
ing enhancement factor of ~50 inside the cavity.
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DOUBLY-RESONANT CAVITY LOCKING
PRINCIPLE

A principle of the doubly-resonant enhancement cavity
(DREC) locking technique is shown in Fig. 1. Two incident
beams originating from the same laser can have either the
same or different (harmonic) wavelengths. The double-res-
onance is obtained when the following condition is satis-
fied.
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where AL is the path length difference, Av is the frequency
difference of the two incoming beams, FSR is the free spec-
tral range. The double resonance of a cavity to these in-
coming beams can be realized by properly tuning the fre-
quency difference and therefore phase shift between two
beams. The frequency difference between two beams, in
this case, can be tuneable up to the free spectral range
(FSR) of the cavity. When the double-resonance condition
is met, the locking of the cavity can be achieved based on
conventional techniques such as Pound-Drever-Hall
(PDH). However, the locking scheme uses the slave (aux-
iliary) beam that has the continuous pulse structure and
burst-mode beam must be on resonance in the cavity and
both beams must have the constant phase offset. Frequency
shift of an incoming laser beam to the cavity can be accom-
plished by using a fiber pigtailed acousto-optic frequency
shifter (AOFS) with a large tuning range and tolerable
transmission loss. In our recent experiment, we demon-
strated that a doubly-resonant Fabry-Perot cavity can be
used to enhance burst-mode UV laser pulses with arbitrary
burst lengths and repetition rates [9].
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Figure 1: Locking principle of doubly-resonant enhancement
cavity (DREC) operating with burst-mode laser pulses.

OPTICAL CAVITY

The high-power regime of enhancement cavities suffers
from mirror surface degradation and laser induced damage
of optical coatings. This effect is more serious in the shorter
wavelength region as compared to the IR wavelength re-
gion where cavities are more tolerant to high power and
tend to have higher damage thresholds. For our laser with
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g § 50-ps/402.5-MHz, with the commercially available coat-
@ { ing techniques at 355-nm, our experimental studies suggest
‘fthat the power density must be below 100 MW/cm? to
2 S avoid laser induced damage. In order to realize 1 MW peak
s power inside the cavity, the spot size on the cavity mirror
S surface must be at least 2 mm or larger to avoid damage on
o the mirror coatings.
For this purpose, a Fabry-Perot cavity with large mode
< size has been investigated. Two features have been studied

= in the design to maximize the mode size: 1) the free spec-
\;:tral range of the cavity is set at half of the laser repetition
£ rate and 2) the radius of curvature (ROC) of the cavity mir-
& ror is carefully chosen so that the cavity is operating near
£ its stability edge. In the present setup, the caVity length is
£744.8 mm and the ROC of the cavity mirror is around
& 372.5 mm with the corresponding stability factor g being -
2 20.999. The resulting beam size on the mirror surface is
: about 2 mm in diameter. The cavity made of a stainless-
= steel structure to achieve a high structural stability and low
£ thermal expansion. The entire cavity is enclosed in a vac-
é uum chamber (up to 10”7 Torr) and equipped with vibration
Z isolation materials from all directions. Alignment of cavity
E mirrors and coarse tuning of cavity length are conducted
= 5 by using remote controlled pico-motor actuators. The ex-
2 = perimental setup consists of a master oscillator, a burst-
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mode Nd:YAG amplifier with harmonic converters, a
Fabry-Perot cavity and a feedback system as shown in
Fig. 2. The master oscillator contains a fiber based seed la-
ser and ytterbium-doped fiber amplifier (YDFA). The seed
laser produces CW pulses of 80-ps at 402.5-MHz in
1064 nm. The output power from seed laser is pre-ampli-
fied by a polarization maintaining YDFA that provides an
average output power of ~200 mW. 10% of the YDFA out-
put is fiber-coupled to a second YDFA where it gets further
amplified up to 10 W. The amplified IR beam is frequency
tripled in the harmonic converter and injected into the dou-
bly-resonant enhancement cavity (DREC) as a slave (aux-
iliary) beam. The remaining 90% is sent to the fiber cou-
pled AOFS for frequency tuning purpose. The frequency
tuned beam is further sent to a pulse picker system that se-
lects 10 ps bursts at a low repetition rate (10 Hz) before
being amplified in the flash lamp pumped Nd:YAG ampli-
fier to produce high energy macropulses [10]. Finally, after
passing through a series of harmonic converters, 50 ps,
402.5 MHz UV pulses at 355 nm with over 1 MW peak
powers are produced. The burst-mode UV beam then is
coupled into the DREC collinearly with the slave UV beam
to establish double resonance.
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g Figure 2: Experimental setup of burst-mode Fabry-Perot cavity for ultraviolet pulse enhancement in a double-resonance
& configuration. PBS, polarization beam splitter; QWP, quarter-wave plate; HWP, half-wave plate; PZT, piezoelectric
<j*’transducer PD, photodetector; EOM, electro-optic modulator; AOM, acousto-optic modulator; AOFS, acousto-optic fre-

5 quency shifter; YDFA, ytterbium doped fiber amplifier; PDH, Pound-Drever-Hall.
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é EXPERIMENTAL RESULTS

& The double resonance of burst-mode and slave UV
gbeams is achieved by a two-channel fiber AOFS with a

2 continuous frequency tuning range of 450 MHz (at UV)
§that well covers the free spectral range (FSR = 201.25
2 MHZ) of the cavity. The AOFS is driven by an external
“Voltage Controlled Oscillator (VCO) which can be trig-
S gered to the laser macropulses and can take arbitrary wave-
; forms to produce desired frequency shift in the burst-mode
%" beam. The cavity is locked to the slave UV beam using the
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standard Pound-Drever-Hall (PDH) technique. When the
cavity is locked, the frequency of the burst-mode UV beam
is tuned with the AOFS to achieve its resonance to the cav-
ity. Fig. 3. shows the waveform of the burst-mode UV
beam transmitted from the cavity when the cavity is locked
in a double resonance frequency setting with a constant fre-
quency shift. At the double resonance condition, the peak
power of the burst-mode UV pulses inside the cavity is es-
timated to be 1.05 MW for this case. At this power level,
no laser-induced mirror coating damage has been ob-
served.
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Figure 3: Typical macropulse waveform of the transmitted UV
beam when the cavity is locked in a double resonance frequency
setting with a constant frequency shift.
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Figure 4: Frequency tuning curve of DREC at various frequen-
cies applied to acousto-optic frequency shifter (AOFS). Dots are
the experimental data, and red curve is the calculated re-
sults from the theoretical model.

Figure 4 shows the frequency tuning curve of DREC
normalized to the enhancement factor of burst-mode UV
beam while the cavity is locked to the slave UV beam. The
frequency shift determines the resonance locking point
where the burst-mode UV beam can be coupled the most
to the cavity and therefore locked simultaneously with the
slave UV beam. The red curve shows the theoretical fit to
the experimental data. The full-width at half-maximum of
the frequency tuning curve is ~0.78 MHz and the estimated
cavity enhancement factor is close to 50 for this case. The
cavity lock is quite stable to the vibration of chamber and
ambient noise. This experiment demonstrated that the
DREC can be used to enhance burst-mode picosecond UV
pulses with MW peak power required for the laser stripping
[2].

CONCLUSIONS

We have developed of large-mode Fabry-Perot cavity
and established a locking of a burst-mode UV laser to the
cavity. A power enhancement of burst-mode picosecond
UV pulses with megawatt peak power has been demon-
strated. We are planning to use this technique to achieve
power enhancement of burst-mode picosecond UV laser
pulses with 1-ms/60-Hz burst length required for the laser-
assisted hydrogen ion beam stripping experiment at the
Spallation Neutron Source.

07 Accelerator Technology
T25 Lasers

IPAC2018, Vancouver, BC, Canada

JACoW Publishing
doi:10.18429/JACoW-IPAC2018-THPALO64

REFERENCES

[1] V. Danilov, et al., “Proof-of-principle demonstra-
tion of high efficiency laser-assisted H™ beam con-
version to protons”, Phys. Rev. ST Accel. Beams,
vol 10, 053501 (2007).

[2] S. Cousineau, ef al., “First Demonstration of Laser-
Assisted Charge Exchange for Microsecond
Duration H- Beams”, Phys. Rev. Lett., vol 118,
074801 (2017).

[3] Y. Liu, ef al., “Laser and optical system for laser
assisted hydrogen ion beam stripping at SNS”, Nucl.
Instr. and Methods Res Section A, vol. 847, p. 171,
2017.

[4] S. Cousineau, et al., “High efficiency laser-assisted
H™ charge exchange for microsecond duration-
beams”, Phys. Rev. Accel. Beams, vol 20, 120402
(2017).

[5] H. Carstens, et al., “Megawatt-scale average-power
ultrashort pulses in an enhancement cavity”, Opt.
Lett. 39,2595 (2014).

[6] R. J. Jones, K. D. Moll, M. J. Thorpe, and J. Ye,
“Phase-Coherent Frequency Combs in the Vacuum
Ultraviolet via High-Harmonic Generation inside a
Femtosecond Enhancement Cavity”, Phys. Rev. Lett.
94, 193201 (2005).

[7] M. Theuer, et al., “Terahertz generation in an
actively controlled femtosecond enhancement
cavity”, Appl. Phys. Lett. 93, 041119 (2008).

[8] J. Bonis et al., “Non-planar four-mirror optical
cavity for high intensity gamma ray flux production
by pulsed laser beam Compton scattering off Gev
electrons,” J. Instrum.7, P01017 (2012).

[9] A. Rakhman, M. Notcutt and Y. Liu, “Power
enhancement of burst-mode ultraviolet pulses using
a doubly resonant optical cavity,” Opt. Lett. , vol. 40,
p. 5562, (2015).

[10] C. Huang, C. Deibele, and Y. Liu, “Narrow linewidth
picosecond UV laser with mega-watt peak power”,
Opt. Express 21,9123 (2013).

THPALO064
3801

©

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



