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High brightness, narrowband gamma-ray generation at LLNL

Recirculation Injection by Nonlinear Gating (RING) concept

Experimental results

Current design

Application to polarized positron generation



 

We describe a novel technology for storage and recirculation of
high peak power, short laser pulses

• Recirculation Injection by Nonlinear Gating (RING) is based on nonlinear 
frequency conversion of the incident laser pulse inside an optical cavity.

• The residual fundamental frequency is transmitted through the mirrors.  
• The frequency doubled beam becomes trapped.

Laser NL crystal Dichroic Mirror

Effective Average 
Power Enhancement up to 20x

Pulse Energy up to several 
Joules

Pulse Duration 100 fs - 10 ns



 

 

Schematic of the LLNL Thomson-Radiated Extreme X-ray     
(T-REX) Source 
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RING would increase the efficiency of Compton-scattering 
generated X-rays by more than 20 times

Low Thomson cross-section (σ=0.67x10-24 cm2) results in laser to X-ray conversion 
efficiency, η~10-8-10-10



 

High peak brightness MeV-class narrowband 
gamma ray source is being built at LLNL
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section has been installed. For optimal beam transport and matching into the new section, sections 4 & 5 have been 

re-arranged to allow space for inter-section quadrupole focusing and advanced diagnostics. The 5-section linac, 

optics and interaction beamline have also been fully re-aligned with a theodolite and fiducials to allow line-of-sight 

propagation of the Compton x-rays into the 0
o
 cave for the FINDER NRF demonstration. 

 

 
 

Fig. 19 Linac upgrade: additional S-band accelerating section installed, along with new quadrupole triplets. 

 

3.4.3. Frequency tripler 

Since the upgraded linear electron accelerator is limited to approximately 125 MeV, a laser source at a wavelength 

shorter than 400 nm is required to produce 680 keV ! -rays. Because high power laser technology is most mature at 

1 µm, frequency tripling is the most cost and time effective approach for generating 680 keV radiation.  

In this section, we summarize our design for frequency tripling from 1064 nm to 355 nm on T-REX. The tripling 

set-up will consist of two deuterated potassium dihydrogen phosphate (DKDP) crystals arranged in series. The first 

crystal will frequency-double the incident 1064 nm beam, and the second crystal will produce 355 nm light by sum-

frequency mixing the residual fundamental light and the generated 2nd harmonic. The 1064 nm laser input pulse to 

the tripling crystals will contain over 1 J of energy, with a duration of 10 ps. We estimate an overall conversion 

efficiency of " 25%, producing 300 mJ at 355 nm, which will meet our requirements for testing the feasibility of the 

NRF method. The proposed design is based on proven designs and practices successfully employed in LLNL 

National Ignition Facility (NIF) and LLNL’s Mercury Laser system.  

The key goals of the tripling system are to: 1) Efficiently convert to 3# the output of the 1064 nm, 10 ps, 30 W ILS; 

2) Generate approximately 300 mJ @ 355 nm; 3) Achieve good system stability and reliability for over 10
6
 laser 

shots. The first DKDP crystal is cut for Type I doubling and frequency doubles 67% of the incident 1064 nm light to 

532 nm. The second crystal is cut for Type II tripling and sum-frequency mixes the generated 532 nm and the 

residual 1064 nm light. The crystal thickness was determined from the numerical analysis of the tripling process. 

Efficient generation of ultraviolet radiation requires very high optical quality of the DKDP substrates, precise 

tolerances, system cleanliness, good antireflection coatings, and exacting polishing and finishing. The opto-

mechanical components must be properly designed to reduce mechanical stresses and vibrations on the supporting 

crystals. The nonlinear crystals must also be properly cooled to reduce thermal gradients. We anticipate 

commissioning the tripling system after the construction of the ILS. 

 

3.5. Publications and conferences 

Refereed publications and conferences presentations are listed in Appendix A. 

 

4. FY2008 work plan and milestones 

Beyond first light, detailed measurements of the !-rays produced by T-REX, careful comparison with simulations, 

and !-ray optimization will comprise the core of initial activities in FY2008; noise mitigation and NRF signal-to-

noise improvements will also be performed, along with proof-of-principle experiments aiming at demonstrating new 

T-REX capabilities, including inverse density radiography and MeV and µm-scale radiography. 

 

Seed Laser System

Photogun Drive Laser

Interaction System
focusing chamber

150 MeV dipole

Recirculation

Interaction Point

Interaction Laser System



 

T-REX incorporates major advances in laser and electron 
beam technology
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- High throughput MLD grating compressor
- Temporal shaping of the UV pulse to a 
“beer-can” format
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This proposal is structured as follows: a comprehensive overview of our FY2007 progress is first given in Section 3, 

describing the completion of the design of T-REX and all ancillary systems, the availability of a detailed CAD 

model of the entire source, the procurement of over 90% of the hardware required for construction, the fabrication of 

key components and sub-systems, including a new high-brightness S-band rf gun, the implementation of important 

linac and infrastructure upgrades, and the development of a theoretical formalism using the Klein-Nishina cross-

section and Compton formula to provide increased modeling accuracy; in Section 4, a detailed statement of work for 

FY2008 is proposed, along with the corresponding schedule and budget; finally, the key items comprising our exit 

strategy are cursorily reviewed in Section 5, while a few useful references are listed in Section 6. 

 

3. FY2007 progress and results 

A number of important milestones were met during FY2007, including: completion of the design of T-REX and all 

ancillary systems; detailed CAD model of the entire source; procurement of over 90% of the hardware required for 

construction; fabrication of key components and sub-systems, including a new high-brightness S-band rf gun, and a 

mode-locked, phase-locked, 200 fs transform-limited fiber laser oscillator; and implementation of important linac 

and infrastructure upgrades.  

 

3.1. Electron beam 

The guiding principle followed during the design phase of the T-REX electron beamline is preservation of emittance 

to achieve record-brightness at the interaction point (IP); accordingly, all components were designed to minimize 

sources of emittance growth, such as coherent synchrotron radiation, transition radiation due to impedance 

mismatches, stray magnetic fields from ion pumps, etc. 

 

 
 

Fig. 2 T-REX S-band rf gun. 

 

3.1.1. S-band rf gun 

The design of the T-REX S-band rf gun was accomplished in close collaboration with Prof. Rosenzweig’s group at 

UCLA, and improves upon a now well-established architecture. Key modifications and upgrades include the 

removal of tuning paddles from the rf cavities which limit peak operating voltage, symmetrization of both the rf 

cavities and the beam focusing solenoid up to quadrupole moment, and increased separation in frequency of the 

resonant modes in the structure which minimizes excitation of the parasitic 0-mode, which degrades the beam. 

After a first unsuccessful braze (Altair Inc.), replacement gun parts were machined at UCLA in record time; brazing 

was then performed at the SLAC Klystron Department successfully, at an equally fast pace, and the gun was 

delivered to LLNL on February 27, 2007. The rf properties of the finished gun were measured at SLAC and found to 

agree very well with design values. The electric field profile of the accelerating mode was measured, and tuned 

using perturbative cathode plane deformation to balance the field in the cavities to better than 1%. The gun has been 

installed in the B194 linac cave and vacuum processed to achieve a base pressure of 8 ! 10
-10

 torr; as required to 

maintain high photocathode quantum efficiency. As of this writing, the gun has quickly power conditioned to peak 

fields in excess of 104 MV/m, which should yield emittances below 1 mm.mrad for a few hundred pC of charge. 

 

S-band RF gun

Pulse shaper

S-band gun
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The pre-amplifiers will raise the pulse energy to 1 !J, the maximum that their micro-optical components can 

tolerate. They will be followed by a fiber/bulk-optic hybrid amplifier comprised of more rugged components and 

whose fiber’s modes are 20 " larger (in cross-sectional area) than those in the pre-amplifiers.  

At this point we have built the fiber pre-amplifiers and final amplifier for the PDL laser, and are in the process of 

tuning the amplifiers and AOMs to optimize the gain and spectral flatness of each amplifier. 

 

3.2.2. Photocathode drive laser 

The PDL generates the UV pulses incident on the photocathode in the S-band rf gun to produce the electrons that are 

subsequently accelerated in the linac. The quality of this system largely defines the electron beam initial conditions, 

including emittance and synchronization, and is of paramount importance for the production of high-brightness 

electron and !-ray beams. The system has been designed to deliver a “beer-can” shaped pulse with an energy of up 

to 100 µJ at 261.75 nm. Simulations show that for high-charge operation (nC), a uniform cylinder of UV light leads 

to higher quality beams than the so-called “Serafini-Luiten” scheme, which is appropriate for lower charge bunches. 

This “beer-can” shape (a flattop in both space and time) is 8 ps FWHM in duration, with ~ 800 fs rise and fall times; 

the spot diameter on the photocathode measures 2 mm. The PDL system consists of 4 main components, as shown in 

Fig. 11: a pulse compressor, a harmonic conversion stage, a pulse stacker which temporally shapes the UV pulse, 

and a custom-designed phase mask optic which spatially reshapes the Gaussian UV pulse to a flattop profile. The 

input to the PDL, generated by the SLS system, is a ~ 500 µJ IR pulse at 1047 nm with ~ 10 nm of bandwidth, 

stretched to ~ 4.8 ns FWHM. 

 

 
 

Fig. 11 The PDL system consists of a pulse compressor, a harmonic conversion set-up, a temporal pulse shaper, and 

a spatial pulse shaping optic. 

 

3.2.2.1. PDL grating compressor 

The compressor compensates for the group delay dispersion (GDD) and 3
rd

-order dispersion (TOD) introduced in 

the SLS system, recompressing the input pulse from ~ 4.8 ns to ~ 250 fs FWHM. The designed quad-pass pulse 

compressor, shown in Fig. 12, consists of one 1740 groves/mm grating, 1 horizontal roof mirror, 1 large vertical roof 

mirror, and 1 small vertical roof mirror. The quad-pass compressor achieves a dispersion of ~ 600 ps/nm, with a 

GDD = -3.4 x 10
8
 fs

2
, and TOD = 4.7 x 10

9
 fs

3
. 

Fig. 12 PDL and compression grating. 
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grating to 3 ns, and we have built a double-pass optical mount to extend the stretch to 6 ns. This allows us to double 

the final pulse energy that can be handled by the completed fiber system. 

The CFBGs preferentially absorb shorter wavelengths, since those penetrate deeper into the somewhat-lossy grating. 

The amplification stages that follow the stretchers are tuned to correct for this. Figure 10 shows the pulse spectrum 

immediately after the PDL stretcher and after the first amplification stage. Note that the first amplifier partially 

corrects the spectral tilt and that subsequent stages will be tuned to complete the correction. 

 

 

Fig. 8 Schematic diagram of the seed laser system (SLS). 

 

 

Fig. 9 Fiber laser oscillator. Fig. 10 Fiber laser spectrum at the PDL CFBG output (need data from Mike). 

 

3.2.1.3. Fiber amplification chains 

The pulse energy is increased from 250 pJ to 500 !J by a chain of fiber-based amplifiers. A chain is needed because 

the amplifiers leak spontaneously-emitted light between the pulse bursts (amplified spontaneous emission, or ASE). 

The ASE grows at a faster rate than the signal and limits the amplification of each stage to 20 - 30 dB, depending on 

its layout. Each pre-amp is followed by a spectral filter and acousto-optic modulator (AOM) that remove the 

parasitic ASE before the following fiber amplifier. 

The fiber pre-amplifiers borrow heavily from telecom technologies, making them remarkably compact – each fits 

into a compact disk case. The AOMs are fiber/bulk-optic hybrids, and take a bit more room – each is roughly the 

size of a 1 pint carton of milk. 
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Gamma rays will be produced during head-on collision of 
120 MeV electrons and a few Joule 10 ps laser pulse 
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Interaction laser will produce up to 3J of IR at 10 ps

• State of the art interaction laser
• Fiber Front end  (500 µJ, 200 fs transform limit)
• Chirped Fiber Bragg grating stretches the pulse to 6 ns prior to amplification

• Commercial Nd:YAG power amplifier

• Hyper-dispersion compressor (3m x 1m footprint)

• Standard compressor required for our narrowband pulse would be 34 m long 
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Conceptually, our design uses four multi-layer dielectric (MLD) diffraction gratings in a double-pass configuration. 

The use of MLD gratings allows for high throughput efficiency in the compressor despite a total of eight grating 

reflections.  

The beam is incident near the Littrow angle on all of the gratings. The first grating reflection angularly disperses the 

incident collimated beam. In traditional two-grating compressors, the second grating collimates the dispersed beam. 

In our hyper-dispersion design, the second grating is oriented anti-parallel to the first grating, which additionally 

disperses the incident beam. The third and fourth gratings are arranged parallel, respectively, to the second and first 

gratings and collimate the spatially chirped beam. 

Because multi-grating alignment can be complicated, we utilize appropriate folding of the beam path to reduce the 

total number of gratings used. In fact, a single grating design is possible with a very large area diffraction grating. 

We have chosen a hyper-dispersion compressor design that utilizes a total of two large-area (40 x 20 cm
2
, 1740 

g/mm) gratings. This design is shown in Fig. 16. Each grating sees four beam reflections arranged in four rows. A 

key feature here is a 6 mirror assembly, which in addition to setting the height and the position of the beam also 

reflects the spatially chirped beam along the direction of propagation. After the six mirror assembly, the angularly 

dispersing beam reflects off the second and the first gratings and becomes collimated. Following the roof mirror, the 

beam retraces its path through the compressor. 

The grating dimensions are determined by the total temporal chirp of the laser pulse and the damage fluence of the 

MLD gratings. To help minimize spatial modulation of the beam profile, the output of the multi-pass amplifier will 

be imaged to the final grating. A novel double relay telescope was developed to allow imaging through 

approximately 26 m of total beam path inside the compressor. 

 

 
 

Fig. 15 ILS setup and Nd:YAG amplifiers; hyper-dispersion compressor turning mirror assembly. 

 

3.2.3.3. Interaction laser system diagnostics 

Proper characterization of the laser pulse is essential to avoid optical damage of downstream components, proper 

operation of the frequency tripling set-up, and modeling and optimization of the generated !-rays. Our planned 

diagnostics include temporal and spatial characterization of the laser beam. High average power, short pulse 

duration, and large beam aperture constitute the main challenges to characterizing the ILS beam. The majority of the 

diagnostics will operate in the real-time, single-shot regime.  

A background-free 2
nd

 harmonic auto-correlator will measure the pulse duration and will be used to fine-adjust the 

grating spacing of the hyper-dispersion compressor. The auto-correlator consists of a single large aperture BBO 

crystal (18 x 8 x 1 mm
3
) cut at the phase-matching angle for type I non-collinear frequency doubling from 1064 nm 

to 532 nm. The large beam crossing angle inside the crystals (39.5
o
) accommodates a total time window of 

approximately 60 ps and allows single-shot measurement of the pulse. The second harmonic signal will be imaged 

onto a CCD camera. Because an autocorrelation measurement is relatively insensitive to possible pulse pedestal or 

temporal oscillation caused by uncompensated higher-order dispersion, a streak camera with 2 ps resolution will be 

used to verify the temporal pulse shape.  
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grating to 3 ns, and we have built a double-pass optical mount to extend the stretch to 6 ns. This allows us to double 

the final pulse energy that can be handled by the completed fiber system. 

The CFBGs preferentially absorb shorter wavelengths, since those penetrate deeper into the somewhat-lossy grating. 

The amplification stages that follow the stretchers are tuned to correct for this. Figure 10 shows the pulse spectrum 

immediately after the PDL stretcher and after the first amplification stage. Note that the first amplifier partially 

corrects the spectral tilt and that subsequent stages will be tuned to complete the correction. 

 

 

Fig. 8 Schematic diagram of the seed laser system (SLS). 

 

 

Fig. 9 Fiber laser oscillator. Fig. 10 Fiber laser spectrum at the PDL CFBG output (need data from Mike). 

 

3.2.1.3. Fiber amplification chains 

The pulse energy is increased from 250 pJ to 500 !J by a chain of fiber-based amplifiers. A chain is needed because 

the amplifiers leak spontaneously-emitted light between the pulse bursts (amplified spontaneous emission, or ASE). 

The ASE grows at a faster rate than the signal and limits the amplification of each stage to 20 - 30 dB, depending on 

its layout. Each pre-amp is followed by a spectral filter and acousto-optic modulator (AOM) that remove the 

parasitic ASE before the following fiber amplifier. 

The fiber pre-amplifiers borrow heavily from telecom technologies, making them remarkably compact – each fits 

into a compact disk case. The AOMs are fiber/bulk-optic hybrids, and take a bit more room – each is roughly the 

size of a 1 pint carton of milk. 
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The IR pulse bandwidth (approximately 0.8 nm) will be measured in real time with a compact commercial 

spectrometer (Ocean Optics HR4000, resolution 0.02nm at 1064nm). At 355nm, a 1 m scanning monochromator 

(McPhearson GCA 2051) will provide bandwidth resolution of 0.01 nm.  

Near and far-field spatial beam profile will be obtained with a CCD camera, a frame grabber, and appropriate 

imaging optics. To verify proper focusing of the laser beam, a set of pinholes and an energy meter will measure the 

encircled energy as a function of beam diameter.  

Total beam energy will be measured with a commercial large aperture calorimeter. The meter will measure the 

average beam energy, since its response time is too slow for single-shot pulse measurement. The energy fluctuation 

in individual pulses will be obtained with calibrated pyroelectric (Molectron) type detector which will measure the 

leakage light after one of the mirrors. Multiple photodetectors will determine the pulse arrival time to within a 

nanosecond and will provide additional monitoring of pulse power. 

 
Fig. 16 ILS CAD. 

 

3.3. Theory and modeling 

3.3.1. Parmela simulations 

As mentioned above, the electron beam dynamics code PARMELA has been used extensively in this source 

modeling effort. In PARMELA, the beam is represented by a collection of macro-particles, time-stepped through 

user-defined external focusing and accelerating fields. In addition, PARMELA computes the particle motion due to 

the collective space-charge forces of the bunch. Using the predicted spatial and temporal profile of the PDL, the 

field maps of the new photo-gun, and the linac and final focus layout, as inputs, realistic simulations of the entire 

electron beamline have been performed. 

Once an appropriate set of parameters has been obtained to maximize the electron beam brightness at the interaction 

point, a table is generated, which contains the entire phase space of the macro-particles comprising the electron 

beam in the model, at the time of best focus. From this phase space, the beam can be propagated ballistically, as long 

as all distances remain much shorter than the relativistic plasma wavelength, which characterizes the scale of space-

charge effects. 

 

3.3.2. Compton codes 

As previously indicated, a portfolio of codes is now available to model the interaction between a high-brightness 

electron beam and a drive laser pulse. Codes developed during the PLEIADES program have been extensively 

benchmarked against experiments, and have been used to design T-REX; in addition semi-analytical models are also 

used, running on Mathematica and/or Mathcad. 

However, T-REX presents a new challenge, because it will operate in a regime where recoil can no longer be 

neglected: the momentum transfer induced by the 680 keV photons radiated by 112 MeV electrons should be readily 

resolved by the dipole used to analyze the electron energy spectrum after the interaction, which has enough 

dispersion to measure a 0.1% energy spread. In addition, calculations indicate that the fractional bandwidth of T-

REX sources could reach 10
-3

 or lower. These considerations have spurred a new modeling effort, where one uses 

Chirped pulse amplification at 10 ps
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T-REX system will be commissioned for NRF 
detection and radiography applications
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We envision T-REX growing into a center for 
nuclear photo-science
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Details of RING Cavity



 

Nonlinear frequency mixing acts as a switch inside 
the cavity

• Conversion efficiency from the fundamental to the 2nd harmonic can be up to 80%. 

• Photon energy is increased

• For short high peak power pulses, crystal thickness is ~1mm

• Nonlinear effects and pulse dispersion are minimized 

• Minimal absorption and reflection losses

• Nonlinear process also modifies beam polarization

1ω 2ω

Nonlinear 
CrystalLaser NL crystal Dichroic Mirror



 

Dichroic mirrors allow wavelength selective 
transmission and reflection

• Generated 2nd harmonic reflects off the mirror

• Residual fundamental beam is transmitted through the mirror out of the cavity

• Reflectivities better than 99.9% can be achieved

• Polarization difference can further increase the performance of the coating

Dichroic Mirror
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RING cavity for enhancing photon-electron interactions 
allows recirculation of Joule-class, few picosecond pulses

Laser-electron interaction occurs at the overlapping focus inside the cavity. 
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Alternative schemes for pulse recirculation include resonant 
cavity coupling and active pulse switching out of the cavity

• Resonant cavity loading has been successfully demonstrated with nano-joule scale pulses 
with Q-factor up to 200.

• Cavity injection works well with longer pulses (100s of picoseconds and longer).  
• For picosecond pulses, nonlinear phase accumulation rapidly destroys the beam quality

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



 

We have experimentally demonstrated the viability of the 
RING technique

I. Jovanovic, L-470

RING Proof of Principle (POP) experiment
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Measured cavity enhancement was 28.5x

• Green signal measured on the photodiode after the RING cavity.
• Repetition rate is equal to the cavity roundtrip time
• 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



 

RING performance was primarily limited by beam 
diffraction and Fresnel losses

Predicted RING cavity enhancement for 
gaussian beams and Fresnel losses of 
1% per roundtrip is 77x

Fundamental 2nd harmonic 2nd harmonic after cavity

0 50 100 150 200

Pass

0.2

0.4

0.6

0.8

1

E
n
e
rg
y
!a.u."



 

Internal focus RING cavity designs

... experimental work on 1mJ recirculation is in 
progress



 

RING design is self-imaging and has an internal 
focus

•The RING cavity consists of a confocal resonator formed by two dichroic mirrors and a 
nonlinear crystal.  

•The green beam is collimated travelling from left to right and focuses travelling from right to 
left.  Holes in the crystal and mirrors allow the electron beam to pass through the cavity.

• B-integral accumulation is reduced by 50%
• Imaging design supports recirculation of beams with complex spatial mode structure
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Drop in the peak intensity can be compensated by a 
magnifying cavity configuration
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RING operates in burst-mode

Electron beam format must match the laser pulse format

100 ms

3 ns

time
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Laser rep-rate (typically 10 Hz)

Cavity round-trip time



 

Cavity enhancement is limited by optical losses and nonlinear 
phase accumulation.

1% loss/roundtrip

2% loss/roundtrip

0.5% loss/roundtrip

10 GW/cm2

5 GW/cm2

1 GW/cm2

1mm nonlinear crystal (BBO) thickness

R=75cm

R

R=75cm R=74cm

R

R=76cm

When B > 4, accumulated nonlinear phase 
leads to beam break-up

Need sufficiently low intensity to eliminate B-
integral limitation.



 

RING cavity for polarized positron generation



 

A modified RING cavity can produce circularly polarized 
photons at the laser-electron focus

• 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
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Waveplate can be attached to the crystal to eliminate 
additional Fresnel losses

•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
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Scaling to full energy recirculation

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



 

Conclusions

• RING cavity can increase the effective average power of the laser system by up 20x  

• 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

• RING cavity will be integrated with T-REX inverse compton-scattering based gamma-ray 
generating apparatus that is currently being built at LLNL.
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