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Abstract 

The Matter in Extreme Conditions Upgrade (MEC-U) project is a major upgrade to the MEC instrument of the LINAC 

Coherent Light Source (LCLS) X-ray free electron laser (XFEL) user facility at SLAC National Accelerator Laboratory. 

The envisioned MEC upgrade will significantly enhance the capabilities of the pump laser sources in current MEC 

experimental station, boosting the energy of the nanosecond shock driver from 100 J to the kJ level, and increasing the 

power and repetition rate of the short pulse laser from 25 TW at 5 Hz to 1 PW at 10 Hz rate. Building such high 

energy/power pump laser systems presents challenges to minimize and mitigate against laser-induced optical damage. As 

part of the system design, we have identified the optics at high-risk to damage and we have designed the laser systems to 

mitigate against these damage risks to ensure sustained facility operation.  

1. Introduction 

The Matter in Extreme Conditions Upgrade (MEC-U) project is a major upgrade to the MEC instrument of the LINAC 

Coherent Light Source (LCLS) X-ray free electron laser (XFEL) user facility at SLAC National Accelerator Laboratory 

[1,2]. As envisioned, a new cavern space, known as the eXtreme Experimental Hall (XEH), will be constructed at the 

end of the accelerator beamline as shown in Figs. 1(a)-(b). When completed, the XEH cavern will house a 4.5-meter 

diameter target chamber, together with two state-of-the-art laser systems: a kJ nanosecond long-pulse laser and a PW 10 

Hz short pulse laser. By combining the bright x-ray source of the XFEL with world class high energy/power lasers, the 

MEC-U project will enable next generation experiments in high energy density physics and extreme matter science. 
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Fig. 1. Location of MEC-U facility. a) Overhead view of LCLS accelerator beamline, and b) close-up view of eXtreme 

Experimental Hall (XEH) located at the end of the accelerator beamline. 

 

Fig. 2. Proposed XEH cavern layout with separate space for the target chamber and the two laser systems 

 

The scale of the upgrade can be seen from the cavern layout in Fig. 2. The two laser systems will be housed in separate 

rooms in the cavern, and both are separated from the main experimental area containing the target chamber by a 

radiation shield wall. The kJ nanosecond long-pulse laser, hereafter refer to as the High-Energy Long-Pulse (HE-LP) 

laser, will be built by University of Rochester Laboratory of Laser Energetics (LLE). HE-LP laser architecture is based 
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on the Active Multi-pass Imaging Cavity Amplifier (AMICA) technology that has been developed at LLE. AMICA is 

essentially a miniaturized version of a multi-pass amplifier used in fusion class laser systems such as NIF and Omega 

EP. Within a compact footprint of 32’X6’, AMICA module contains a Cavity Spatial Filter (CSF) for multi-passing the 

beam, a Pockels cell for switching the pulse in and out of the multi-pass amplifier, a deformable mirror for correcting 

prompt-induced wavefront distortion, and a 20-cm disk amplifier for amplification. The MEC-U HE-LP laser will use a 

AMICA module to amplify a seed source with pulse shaping capability. The output from the AMICA will be further 

amplified using an additional 20-cm disk amplifier booster to bring the 1ω energy up to the kJ range, before it is 

converted to harmonics at 2ω. The laser output requirement calls for 1kJ pulse energy at 2ω, with a shapeable pulse that 

can vary in duration from 0.5 to 30 ns, and a shot rate of 2 shots per hour. The baseline design is for one 2ω beamline. 

Potential future upgrade includes 1.25 kJ of 3ω energy each from up to four beamlines. 

The PW 10 Hz short pulse laser, hereafter refer to as the Rep-Rated Short-Pulse (RR-SP) laser, will be built by Lawrence 

Livermore National Laboratory (LLNL) [3]. RR-SP is based on a Chirped Pulse Amplified (CPA) architecture with an 

Optical Parametric Chirped Pulse Amplification (OPCPA) front-end, and a diode-pumped, helium cooled, Nd:AGP1 

laser slab power amplifier. The output from the power amplifier is compressed in a four grating compressor using meter-

sized gratings. The underlying technologies for RR-SP laser have been previously demonstrated on the High-repetition-

rate Advanced Petawatt Laser System (HAPLS) now in operation as the L3 laser at ELI beamline [4]. The short pulse 

laser output requirement calls for output pulse energy up to 164 Joule, with a pulse duration that is adjustable from 

transform-limited pulse width of 150 fs to 10 ps chirped pulse, a repetition rate of 10 Hz, and a peak power of 1 PW with 

a focal intensity at target of at least 1021 W/cm2. Potential future upgrade includes the possibility of adding a second RR-

SP laser. 

To deliver the laser output to the target chamber, separate beam transport systems for the two laser systems will be 

designed and built. Each beam transport spans the ~50-meter length of the cavern from laser room to the target area. To 

minimize beam modulation due to diffractive propagation, the laser output will be image-relayed to the final optics at the 

target chamber using refractive and a reflective relay-telescopes in HE-LP and RR-SP beam transports. Because of the 

high energy and intensity of the lasers, beam sizes on beam transport optics are in the tens of centimeter to half a meter 

size. Owing to the high power of RR-SP beam, the entire RR-SP beam transport will be in vacuum. The HE-LP beam 

transport will be enclosed but in air, except for the region inside the vacuum relay telescope. The final optics section 

contains optics for focusing the beam to desired focal spot size at target and for pointing to target. 

Designing and building such a high energy and power laser systems plus beam transports present many technical 

challenges. Top among them is the risk of optics damage. In our design, optics with high damage risk include 1) HE-LP 

and RR-SP beam transport optics, 2) RR-SP laser compressor diffraction grating, and 3) RR-SP final focusing optics. For 

each of these high-risk optics, we will describe in the following sections how we assessed the damage threat, and how 

we have designed the laser system to minimize optics damage to these optics to ensure sustained long-term operation of 

the facility.  

2. Damage threat to beam transport optics: High Energy Long Pulse 

For transporting the HE-LP laser from the laser to target chamber, harmonically coated green (2ω) or UV (3ω) High 

Reflector (HR) mirrors will be needed. To assess the damage threshold of 2 and 3 HR mirrors, we leveraged data 

from thin film damage competitions organized as part of the SPIE Laser damage symposia in recent years. For instance, 

2020 damage competition surveyed 532 nm HR coating LIDT at normal incidence using raster scan test, which scans a 

small test beam over an area of approximately 1 cm2 [5]. The result showed that 12 out of 30 total samples submitted had 

a threshold of at least 20 J/cm2 for damage initiation of stable defects. In 2017, damage competition examined 355 nm 

HR mirror coating with 45o Angle-Of-Incidence (AOI) and P-polarization [6]. From that study, using raster scan test, 

coating samples from participating vendors showed damage threshold ranging from 1 J/cm2 to 14 J/cm2, with 6 out of 35 

submitted samples having LIDT of at least 10 J/cm2. These data from the damage competitions gave us an estimate of 

practically achievable coating damage thresholds. Starting with these estimated damage threshold values, we then 



 

 

 

 

 

applied adjustments to arrive at maximum safe operating fluence for our operating point. For 2ω HR case, we assume 20 

J/cm2 coating LIDT is achievable with 6-ns pulse irradiation from the survey data. We then apply a square root temporal 

scaling between our use pulse duration (3.1 ns) versus the test pulse (6 ns) to the damage threshold. Next, we derate the 

threshold by a factor of two to extrapolate from small beam test used in raster scan measurement to large beam LIDT. 

Raster scan test is supposed to yield LIDT for large beam by scanning over a larger area to sample the low-density pre-

cursors with lower damage threshold. However, the use of raster scan data to approximate large beam LIDT remains 

uncertain. To be conservative, we elected to derate the raster scan threshold by a factor of two to account for the large 

beam effect. Finally, we drop the damage threshold by a factor of two to allow for as much as 2:1 peak-to-mean beam 

fluence modulation to arrive at a maximum safe operating mean fluence of 3.6 J/cm2 for 2ω HR coating. Following 

similar analysis and starting with damage threshold of 10 J/cm2 for 3ω HR coating at 5-ns pulse irradiation, we estimate 

a maximum safe operating mean fluence value of 3.1 J/cm2 at 3ω. 

 

Fig. 3. Steps for deriving maximum safe operating fluence starting with published damage threshold data for 2ω HR coating. 

Once the maximum operating fluence limit has been determined, we can then choose the beam size to ensure that the 

beam fluence on any beam transport optics remain below the maximum permissible level. For HE-LP beam, the beam 

profile can be modeled as a circular top-hat beam with 10th order super-Gaussian profile. To provide some margin 

against damage, we chose a beam diameter of 19 cm and 28 cm (at 1% fluence level relative to peak), for 2ω and 3ω 

beams respectively. Assuming 1 kJ and 1.25 kJ laser output at 2ω and 3ω, the chosen beam size yielded mean fluence 

that gave safety factors of 1.2 and 1.7 respectively relative to maximum safe operating mean fluence. 

3. Beam Transport Optics: Rep Rated Short Pulse 

For transporting RR-SP laser from output to target chamber, 1-µm Multi-Layer Dielectric (MLD) HR coated mirrors will 

be needed. For estimating the damage threshold of 1-µm MLD mirrors, we start with the damage threshold of a single 

layer from the MLD stack and equating it to the damage threshold of the MLD coating containing such a layer [7]. For 

Ta2O5 thin film used in typical near-IR MLD coating, a damage threshold of 1.1 J/cm2 when tested with 1030 nm 500 fs 

laser pulse has been reported [8]. The choice of Ta2O5 as our starting point is conservative since it has lower damage 

threshold due to its lower bandgap as compared to the more typically used HfO2 material. Scaling to 150 fs for our use 

case yields a damage threshold of 0.77 J/cm2 using a pulse width scaling exponent of 0.3 [9]. This single layer intrinsic 

damage threshold is then derated by 1/3 to 0.5 J/cm2 to account for multi-pulse cumulative damage threshold, which is 

attributed to “incubation” effect that arises from accumulation of laser-induced traps with energy lower than the bandgap 

[10]. The 0.5 J/cm2 damage threshold arrived at after applying the “incubation” adjustment is comparable to reported 



 

 

 

 

 

damage growth threshold from nodule defects in MLD coatings [11]. Additional threshold reduction of 20% is applied 

for use in vacuum environment [12]. Finally, a factor of two reduction is taken to allow for up to 2:1 peak to mean 

fluence modulation, resulting in a maximum safe operating mean fluence limit of 0.2 J/cm2 for 1-µm HR MLD coating. 

Assuming 164 J at the laser output and with a rectangular beam footprint with 10th order super-gaussian profile, the 

maximum mean fluence on the transport optics is 0.15 J/cm2, providing a safety factor of 1.33 relative to maximum 

safe operating limit. 

Real beam has finite spatial modulations due to gain non-uniformity, phase to amplitude conversion from wavefront 

aberrations and particle contaminations on optics [13]. To ensure that the maximum beam fluence does not exceed the 

damage threshold, it is necessary that the mean fluence remains below 0.2 J/cm2 AND the peak-to-mean modulation is 

less than 2:1 on all transport optics. To verify that these conditions are met for our design, physical optics propagation 

simulations were carried out using representative HAPLS beam profile as input and assuming optics wavefront from 

existing similar optics or vendor specifications. The result of the propagation simulation shows that mean fluence and 

peak-to-mean modulation both reach a maximum at the first Off-Axis-Parabolic (OAP) mirror of the reflective relay 

telescope with values of 0.15 J/cm2 and 1.66:1, confirming that beam fluence on all transport optics are below damage 

threshold with margin. 

 

a) 

 

b) 

Fig. 4. Physical optics propagation simulation of RR-SP beam transport. (a) unfolded RR-SP beam transport path. lens depicted 

is mean to represent reflective mirrors, and (b) calculated mean fluence and peak-to-mean modulation on beam transport optics. 

So far, the analysis and design are based on published damage threshold values from vendor survey. To certify that the 

assumed coating damage threshold can be met, we intend to conduct qualification test of coating witness samples from 

vendors. For these qualification tests, we will be relying on commercial optics damage service facilities. As a test 

protocol, we plan to use a raster scan test to survey density of low damage threshold precursors over at least 1 cm2 area. 

This is to be followed by damage growth test on sites that have initiated during raster scan. Since damages that initiate 

but does not grow during subsequent shots do not materially impact the optics lifetime, it is important to know both the 



 

 

 

 

 

damage initiation and growth thresholds, especially for low repetition rate system such as the HE-LP laser. Ideally, we 

would like to perform damage test under realistic use conditions of large beam footprint and high repetition rate. For this 

purpose, we are interested in engaging with facilities such as LLNL’s Optical Science Laser (OSL) with up to 13 cm size 

beam, and with HILASE’s Bivoj laser with its 10mmX10mm beam footprint and 10 Hz repetition rate for optics damage 

testing [14,15]. 

4. Diffraction Grating 

For RR-SP laser, the chirped pulse amplified architecture calls for the use of meter-size MLD diffraction gratings in the 

final compressor stage to compress the stretched pulse to hundreds of fs pulse duration. A survey of operating fluence 

and grating damage threshold from similar short pulse laser facilities have been compiled by D. Alessi from LLNL and it 

is shown in Fig. 5 [16]. Compare with similar facilities, such as the Texas PW and ELI L4 beamlines which operate at 

fluence of 0.7 J/cm2 and 0.4 J/cm2 respectively, the fluence on the MEC-U final grating is at least 2 lower. 

 

Fig. 5. Survey of operating fluence / damage threshold of MLD diffraction gratings from short pulse laser facilities as compiled 

by D. Alessi of LLNL [13]. 

To further reduce damage risk to the expensive meter-scale MLD grating, LLNL team plans to introduce spatial chirp at 

the compressor output to smooth the beam profile and reduce beam spatial modulation peak-to-mean. Similar schemes 

have been proposed and implemented previously [17,18]. One approach for inducing spatial chirp is to introduce 

mismatch in the slant distance between the two grating pairs in a four grating compressor setup, such as is shown in Fig. 

6. The mismatch in slant distance between the two grating pairs results in spatial displacement of the different spectral 

components of the beam on the final grating. The spatial dispersion is defined as the increase in the width D of the 

output beam relative to the input. To assess the amount of dispersion required to achieve the desired beam smoothing, 

beam modulation peak-to-mean as a function of spatial chirp has been calculated assuming Gaussian shaped hot spots 

with different FWHM widths, ranging from 1 mm to 6 mm [18]. In all cases, the beam modulation peak-to-mean drops 

as amount of spatial dispersion D is increased, with the modulation of the smallest Gaussian hot spot dropping the 

fastest. In addition to the ideal Gaussian shaped hot spot, we also examined the peak-to-mean of beam modulation 

assuming a realistic beam profile taken from HAPLS laser. The modulation decrease follows similar trend. From these 

calculations, we find a spatial dispersion amount of 20 mm is a good compromise in reducing beam modulation while 

not significantly increasing the spatially dispersed output beam size. 

Texas PW 

ELI L4 



 

 

 

 

 

 

Fig. 6. 4-grating compressor configuration with mismatch in the slant distance between the two pairs of gratings to introduce 

spatial dispersion at output grating G4. 

One concern about introducing spatial chirp at compressor output is whether it would have any impact on beam intensity 

at and near focus. To assess impact of residual spatial chirp on focal intensity, spatiotemporal calculations with a 

spatially chirped beam has been carried out. Fig. 7 shows the calculated spatial-time intensity profile I(x,t) at focus and 

at 10 mm before focus, for the case without and with D=20 mm spatial chirp. The calculation assumed a super-Gaussian 

spatial profile and 150 fs FWHM pulse duration. As expected, with no spatial chirp, the focal spot is diffraction limited, 

while the temporal profile is transform-limited at 150 fs. With residual spatial chirp of 20 mm, the spatiotemporal profile 

shows a slight tilt, indicative of Pulse-Front Tilt (PFT). The PFT is small, however, such that the spatial profile at pulse 

peak I(x,t=0) and the temporal profile at target center I(x=0,t) are identical between the no chirped and chirped cases. At 

focus offset of -10 mm, the spatiotemporal profiles are nearly the same between the two cases, except for a slight 

distortion at the edge of the beam. Comparing the intensity and temporal lineout at t=0 and x=0, the two cases are 

identical. These calculations confirm that the proposed residual spatial chirp does not impact peak intensity at and near 

focus. 

 

Fig 7. Calculated spatiotemporal profile I(x,t) for the case of a) no spatial chirp (D=0mm) and at focus (z=0mm), b) with 

D=20mm and z=0mm, c) D=0mm and at 10 mm before focus (z=-10mm), and d) D=20mm and z=-10mm 

a) b) 

c) d) 



 

 

 

 

 

5. Final Focusing Optics 

Target debris from experiments using the high energy and power lasers can contaminate the final focusing optics and 

compromise their optical performance. Traditionally, final optics has been shielded from target debris using debris shield 

made of thin glass plate. This is the strategy that we will use for protecting vacuum window and final focusing lens in 

the HE-LP beamline. For RR-SP laser, use of debris shield is impractical due to B-integral limitations which introduce 

unacceptable distortion to the pulse. To protect the expensive final focusing OAP from target debris and shrapnel, we 

added a flat turning mirror, known as the Target Facing Mirror (TFM), after the OAP, to shield OAP from direct line-of-

sight to the target. The flat turning mirror, located 1.35 m away from the target, is expected to degrade due to target 

debris contamination. As part of the concept of operation, we plan to monitor the reflectance of the TFM in-situ using a 

reflective target that sends the alignment beam back to the source. The TFM will be replaced when its reflectance drops 

below a set threshold. For reference, the Omega EP final focusing OAP, positioned 1 meter away from the target, is 

exchanged after ~400-450 shots, when its reflectance drops by more than 20% [19]. Given the Omega-EP short pulse 

laser shot rate of ~10-20 shots per week, the exchange occurs at a frequency of every 6-months to a year. Extrapolating 

to the case of RR-SP laser operating at 10 Hz, 400 shots lifetime implies TFM exchanges on a daily or weekly basis, 

with significant operational cost implications. Therefore, mitigating target debris induced optics degradation for high 

repetition rate laser remains a challenge. 

 

Fig. 8. RR-SP final focusing geometry where a flat folding mirror is located after the final focusing OAP to shield the OAP from     

direct line of sight to target. Distance of flat folding mirror to target is 1.35 meter. 

6. Conclusion 

Optics damage threat is a primary technical challenge in the planned MEC-U project. Optics with high damage risk 

include the beam transport optic, the compressor gratings, and the final focusing optics. For these high-risk optics, we 

have assessed the damage threshold based on published data and expert advice. Scaling from threshold data to the MEC-

U use condition, we have determined the safe operating limit. To ensure that we minimize damage, the beam size on 

critical optics have been chosen to yield mean fluence that is below maximum safe operating limit with margin. To 

further reduce fluence on gratings, we are proposing to intentionally introduce spatial chirp to smooth out beam fluence 

on the final grating. During the design and build phase of the project, we plan to damage test coating samples to qualify 



 

 

 

 

 

the vendor and to ensure that as-delivered coating meets our expectations. Mitigating damage threat to final focusing 

optics due to target debris remains a challenge, especially for MEC-U’s high repetition rate short pulse laser system. 
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