Raman Amplification with a Flying Focus

Introduction

Continuing to push the boundary of laser intensity using exist-
ing technology is increasingly challenged by the need for large,
efficient, and damage-resistant gratings. Here, we propose a
new laser amplifier scheme utilizing stimulated Raman scatter-
ing in plasma in conjunction with a “flying focus”—a chromatic
focusing system combined with a chirped pump beam that
provides spatiotemporal control over the pump’s focal spot.!
Localized high intensity is made to propagate at v = —c just
ahead of the injected counter-propagating seed pulse. By set-
ting the intensity in the interaction region to be just above the
ionization threshold, an ionization wave is produced that travels
at a fixed distance ahead of the seed. Simulations show that this
will make it possible to optimize the plasma temperature and
mitigate many of the issues that are known to have impacted
previous Raman amplification experiments, in particular the
growth of precursors.

Plasma-based laser amplifiers utilizing either stimulated
Raman scattering® (SRS) or strongly coupled stimulated Bril-
louin scattering®~8 have long been of interest. Lacking a dam-
age threshold, compact plasma-based systems could produce
unfocused intensities / ~ 10!7 W/cm2—more than six orders
of magnitude larger than conventional systems. Typically, a
moderate-intensity pump pulse with a duration of at least 2L/c
propagates across a plasma of length L. When the pump’s lead-
ing edge reaches the end of the plasma, an initially weak seed
pulse is injected in a counter-propagating geometry. Tuned to
satisfy the Manley—Rowe frequency- and wave-number—match-
ing conditions, the beat wave between the two beams drives a
plasma wave that mediates energy transfer from the pump to the
seed (c.f., Fig. 151.8). While early work”?~!2 on Raman-based
plasma amplifiers appeared promising, progress has slowed
and numerous attempts have been made recently to elucidate
the shortcomings of experiments. A consensus is emerging
that thermal effects!3—20 and the amplification of precursors
growing from noise ahead of the seed pulse!3-21-25
that are both related to the pump’s traversal of ionized plasma
prior to meeting the seed—may be among the most pervasive
issues that degrade performance.
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Figure 151.8

A moderate-intensity pump pulse with a duration of at least 2L/c propagates
across a plasma of length L. When the pump’s leading edge reaches the end of
the plasma, an initially weak seed pulse is injected in a counter-propagating
geometry. Tuned to satisfy the Manley—Rowe frequency- and wave-number—
matching conditions, the beat wave between the two beams drives a plasma
wave that mediates energy transfer from the pump to the seed.

An alternate scheme has been proposed to mitigate precur-
sor growth in which the seed ionizes the plasma coincident
with its amplification by the pump.26 However, this introduces
additional constraints: the pump intensity must be below the
threshold for ionization, limiting the Raman growth rate;
conversely, the initial seed intensity must be high enough to
photoionize the plasma, limiting the degree to which it can be
further amplified; and the ionization itself damps the growing
seed pulse. To our knowledge, this scheme has yet to be tested
because of the added complexity.

A Raman amplifier with a flying focus retains the advan-
tages of seed ionization while eliminating its downsides. A
chirped pump is focused by a diffractive lens that introduces
chromatic aberration in order to produce a longitudinally
distributed focal spot. The temporal dispersion provided by
the chirp, combined with the spatial dispersion provided by
the lens, provides spatiotemporal control over the propagation
of intensity isosurfaces. In the example shown in Fig. 151.9,
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Figure 151.9

A negatively linearly chirped pump combined with a chromatic focusing
system causes the high-intensity focus to propagate backward at v ~ —c when
the pump duration is 2L/c, where L is the distance between the foci of the
pump’s bandwidth extrema.

the pump has a negative linear chirp and a pulse duration that
is equal to 7' = 2L/c, where L is both the length of the focal
region spanned by its bandwidth and the length of the ampli-
fier interaction region. In this case, the desired pump intensity
first appears where the pump exits the interaction region and
subsequently propagates backward at v ~ —c at a constant
value over a length that can be many times the Rayleigh length.
More details regarding the flying focus optical system, along
with additional applications, are contained in the companion
article Flying Focus: Spatiotemporal Control of the Laser
Focus, p. 115!

To demonstrate the benefits of this concept, the coupled
three-wave equations describing SRS in plasma were solved
numerically (see, e.g., Refs. 13 and 26 and references therein).
Such models have previously been benchmarked against
particle-in-cell simulations and found to be in good agreement
when plasma-wave amplitudes were kept below the wave-
breaking limit and kinetic effects could be ignored [at low
k3Ape =< 0.3, where k5 is the electron plasma wave’s (EPW’s)
wave number and Ap, is the Debye length].2” The three-wave
model is supplemented with a field ionization model to simulate
the plasma ionization by the pump.2® The model is described
in much greater detail in Methods, p. 125.
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For all of the simulations, the initial density of hydrogen
atoms was 6 x 1018 cm=3 and the interaction length was 4 mm,
defining a pump duration of 26.7 ps. The pump wavelength was
A =1 um and the seed was upshifted by the EPW frequency.
For the flying focus Raman amplification (FFRA) base case,
the pump focusing system was f75 with the focus of each color
located past the interaction region. To simulate focusing in this
1-D model, the pump enters from the left edge and its inten-
sity increases as it propagates to the right in a manner that is
consistent with the f number of the system. The blue leading
edge of the pump converges to a spot diameter of 400 um at
the exit of the interaction region, where the intensity was set
to be I, = 1.4 x 1014 W/cm?2.

In the simulations, the plasma mediating the energy transfer
was formed by the pump beam ionizing the hydrogen gas within
the interaction region. The ionization threshold of hydrogen is
very close to the optimal pump intensity in systems designed
for A ~ 1-um lasers. Since the pump first reaches this intensity
at the right edge of the amplifier in the case of FFRA, plasma
is initialized there and an ionization wave subsequently propa-
gates backward with the intensity isosurface. The setup can
therefore be tuned so that the plasma is formed just before the
seed arrival at every point along the interaction region.

The peak of a 500-fs-duration (full width at half maximum)
seed pulse with an initial intensity 7 = 1 x 101 W/ecm? was
injected at the right edge just after the arrival of the pump’s
leading edge (¢ = 14 ps). Figure 151.10(a) shows three snapshots
of the interaction as the injected seed travels from right to
left across the interaction region for the FFRA case. The first
frame shows that the gas is ionized only (ne n.> 0) close to
the right edge, where the pump first reaches high intensity.
The seed duration stretches as it grows in the linear regime.
From the first to the second frame, it is clear that the ioniza-
tion wave is propagating at an approximately fixed distance
ahead of the seed. The nonlinear pump-depletion regime has
been reached, with seed pulse compression and the formation
of a secondary peak. This efficient amplification continues in
the final frame. These results demonstrate the ideal behavior
that is expected when the seed enters unperturbed plasma and
competing instabilities are avoided.

Contrast Fig. 151.10(a) with the behavior observed in
Fig. 151.10(b), which shows the results from a Raman ampli-
fier without the flying focus. In this case, the intensity was set
to I = 1.4 x 10" W/cm? at the left edge of the amplifier and
was assumed to be collimated as it propagated from left to
right (consequently, the pump intensity seen by the seed pulse
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(a) Case 1: (b) Case 2: (c) Case 3:
flying focus collimated pump collimated, constant T,
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Figure 151.10

Results of three-wave model simulations. (a) With the flying focus, the pump first reaches high intensity at the right edge, where ionization is initialized. Constant
intensity moves at v = —c as different colors converge to different locations, so the ionization wave propagates at a nearly fixed distance ahead of the injected
seed pulse. Ideal plasma amplifier behavior is observed. (b) When the pump is collimated within the interaction region and above threshold for ionization,
the seed encounters higher temperatures along nearly its entire path, which reduces growth via increased Landau damping. (c) With a collimated beam as in
Case 2 but holding T, fixed to be similar to Case 1, spontaneous stimulated Raman scattering (SRS) grows during the long time in which the pump propagates

across the ionized plasma. Premature pump depletion degrades the resulting seed amplification. Flying focus Raman amplification (FFRA) Case 1 with noise

initialized at the same level did not produce such precursors. EPW: electron plasma wave.

is nearly the same in both cases). The first frame shows that
upon reaching the right edge, the plasma is ionized everywhere
throughout the interaction region. While growth in the first
frame is comparable, it slows rapidly compared to FFRA.
Pump depletion and pulse compression fail to occur in this case.

The difference can be understood by looking at the electron
temperature encountered by the peak of the seed pulse versus
time [Fig. 151.11(a)]. In FFRA “Case 1,” after a brief initial
growth period, T, levels off at ~45 eV because of the nearly
constant duration of plasma heating by the pump prior to the
seed’s arrival at each point along its path. With standard focus-
ing (or a preformed plasma), the seed encountered plasma that
was heated for a progressively longer duration as it propagated,
producing a strong gradient in 7, (Case 2). This model captures
the fact that excessive heating can lead to debilitating levels of
collisionless Landau damping, which acts to suppress the seed
growth.13-15 Figure 151.11(b) shows the sum of collisional and
collisionless damping as a function of temperature. The former
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dominates at low temperatures and the latter at high tempera-
tures; FFRA Case 1 is close to the temperature at which EPW
damping is minimized.

Note that there could be additional impacts of elevated
temperature that are not captured by this model. The ther-
mal gradient seen by the seed pulse can lead to resonance
detuning resulting from the Bohm—Gross frequency shift.!
Detuning can also result from the kinetic nonlinear frequency
shift that accompanies particle trapping.10-1925 Perhaps most
importantly, the wave-breaking threshold is reduced in warm
plasma,'7-1928 which limits the plasma-wave amplitudes and
thereby the energy transfer from pump to seed. This model,
therefore, likely underestimates the adverse effects of high tem-
perature and lack of temperature control with a conventional
focusing and ionization scheme.

Given the uncertainties, a temperature of ~45 eV may not
be optimal. A nice feature of the FFRA scheme, however,
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Figure 151.11

(a) In Case 1, the temperature encountered by the seed was nearly constant
everywhere because of the ionization wave propagating ahead of the seed. In
Case 2, the seed encountered progressively higher temperatures because each
slice of plasma was heated for a longer duration. Case 3 used the flying focus
(like Case 1) but delayed the seed injection by 3 ps, which shows that T, is
tunable. Case 4 used a collimated pump (like Case 2), but 7, was artificially
fixed to be similar to Case 1; this case illustrates the negative effect of precur-
sor growth. (b) The electron plasma wave damping is minimized around 7, =~
40 eV, so the FFRA scheme can be tuned to operate close to this temperature.

is that the temperature can be easily tuned by adjusting the
delay between the ionization wave and the injected seed pulse.
Many parameters can influence this delay. Holding all else
constant but injecting the seed 3 ps later, its peak encounters an
electron temperature that is uniformly higher by ~20 eV [c.f,,
Fig. 151.11(a), Case 3]. Because of the higher temperature, it
takes longer to reach pump depletion and the secondary peaks
are suppressed. Both the interaction pump intensity relative to
the ionization threshold of the gas and the pump’s f number are
additional parameters for tuning the delay between ionization
and seed injection.

To investigate nonthermal differences between FFRA and
standard Raman amplifiers, a Case 4 was run, repeating Case 2
but with a fixed electron temperature (7, = 45 eV). Although the
seed encountered a similar electron temperature everywhere in
Cases 1 and 4, the pump spent a longer time in ionized plasma
prior to seed injection in Case 4 compared to FFRA Case 1.
The debilitating effect of spontaneous SRS growing ahead of
the seed is observed in Fig. 151.10(c). Although seed growth
over the first half of the plasma proceeds in a similar fashion as
Case 1, subsequent growth is suppressed because of premature
pump depletion and interference with pre-existing EPW’s.
Although noise was included in the same manner in FFRA
Case 1, no spontaneous SRS growth was observed because of
the limited distance over which it could grow ahead of the seed.
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As with temperature, this model likely underestimates the
negative impacts of spontaneous SRS. While the zeroth-order
effect is competition for pump energy,!3 there is some evidence
that saturation of even low-level precursors can corrupt plasma
conditions (e.g., with driven ion-acoustic waves or modi-
fied electron distribution functions) over relatively long time
scales.2324 In these situations, the seed does not encounter
quiescent plasma and its growth is compromised. The con-
trolled introduction of frequency detuning has been proposed
to mitigate precursors without precluding the desired seed
amplification (resulting from the larger resonance bandwidth of
the latter in the nonlinear pump-depletion regime).21-22 Despite
evidence that modern experiments have been adversely affected
by too much frequency detuning,'® spontaneous SRS continues
to be an issue and was recently observed to dominate the overall
backscatter as the Raman growth rate was increased.?

The use of a chirped pump beam—a feature of many previ-
ous experiments!0-12.15.23.24 j5 necessary for the flying focus
but does introduce some frequency detuning for fixed plasma
conditions that could degrade performance.!® It could be com-
pensated for, however, by introducing a density gradient along
the seed path in order to exactly satisfy the frequency-matching
condition everywhere. While perfect resonance may result in
undue levels of spontaneous SRS in a typical plasma ampli-
fier,2122 it would not degrade FFRA because of the alternative
means by which FFRA suppresses precursor growth.

Methods
The basic three-wave equations are

(at_vlax + Vl)al = Ka2a3,
(at_vzax+V2)a2=Ka2a§, (1)
(at_'(]38x + V3 + 15w)a3 = Kala; + S3,

where the subscripts 1, 2, and 3 refer to the pump, the seed,
and the EPW, respectively; v;’s are group velocities; v;’s are
damping rates; K= a)(ne/nc)m/Z is the wave-coupling
parameter, where n,, is the electron density and n, is the critical
density; aj5=0.855x103 A5 (um) /115 (W/cm?) are nor-
malized laser vector potentials, and a3 =| e \<E3> / MeCy| OWpe
is the normalized envelope of the EPW, with pump fre-
quency @ and EPW frequency @,.. Advection of the
plasma wave can be neglected (v3 =~ 0), and here detuning
was also neglected (8@ = 0) since it has been explored
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extensively elsewhere.13-14:18.21.22 The pump and seed are
damped collisionally, V{3 =Vg; a)pe/a) ) with v = 2.9 x

10-° Zng (cm™ 3) AT, (V)™ =312, ; V3 = Ve + v, includes both
collisional absorption and colhslonless (Landau) damping,
with VL“'W[wpe/ k3ve exp wpe/2 k3v S3 is
a noise term that is included to investigate spontaneous SRS
growing from undriven plasma fluctuations. Following Ref. 13,
S3=cv31, is assumed to be proportional to the EPW damping
rate and electron temperature, but a multiplier ¢; was added to
test the sensitivity to the initial noise level. Experiments often
find that plasma fluctuations are elevated over the expected
thermal levels.

The three-wave model was supplemented with an ionization
model to simulate the plasma ionization by the pump2°

N, = nnw(al),
@)

o, = —nnw(al),

where n,, is the neutral gas density and w(a,) is the ioniza-
tion rate that depends on the local pump intensity. In the
regime of interest, the Keldysh formula is valid.2%-30 For
Y =.2U1 / mecC / ay > 1, where U] is the ionization potential,
the multiphoton ionization rate w(a) = N3/ 2(2)/)‘2N is appro-
priate, where N =1+ 1nt<U1 / ha)) is the number of photons
required to overcome the ionization potential. For y < 1, the

tunneling formula is more accurate:
2

_2(UnPay

P73 \Uy) af

with atomic frequency Q = 4.1 x 1016 571 hydrogen ioniza-
tion potential Uy = 13.6 eV, and the hydrogenic electric-field
normalized vector potential ay = 3.05 x 1014/cw. An exponen-
tial fit was used to fill in the region between the multiphoton
and tunneling regimes. The molecular nature of hydrogen
was approximated by using the molecular ionization potential
Ur=Uy, =15.4¢V (Ref. 26). To conserve energy, an additional
damping term on the pump was added to Eq. (1) by balanc-
ing the equation n, (mec2/2)8ta% =—(Uy +€)dine, where
€=mg03 / 2 is the assumed birth energy and v, is the oscil-
lation velocity of electrons in the pump laser’s electric field. The
electron temperature was initialized locally at the birth energy,
but it can subsequently evolve to balance collisional absorption
of the pump and seed.

UI 5/2 ag
w(a) = 490 (U_H) a—lex
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