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Efficient pulse compression using Raman or Brillouin backscattering in unmagnetized plasma is
possible only within a window in the laser intensity-frequency space. This window can be expanded
by applying an external magnetic field transverse to the direction of laser propagation. Adding the
transverse magnetic field enables the use of higher frequency or lower intensity pumps, producing
output pulses at possibly higher intensities and longer durations. The technological challenge in this
technique lies in producing the requisite strong magnetic field. However, this replaces the possibly
more difficult technological challenge in producing high-density uniform plasma.

Hitherto, waves considered for mediating intense pulse
compression in plasmas were the Langmuir wave and the
ion acoustic wave [1-3]. However, by introducing exter-
nal magnetic fields, more waves become available. Those
that can be utilized for pulse compression are the electro-
static waves, including electron-motion dominant upper-
hybrid wave and electron Bernstein waves, as well as ion-
motion dominant Alfven waves, lower-hybrid waves, and
ion Bernstein waves. In resonances provided by these
waves, contributions from plasma density and tempera-
ture are partially replaced by more controllable contribu-
tions from external magnetic fields. This alleviates many
deleterious effects [4], making it possible to expand the
operation window of plasma pulse compression, produc-
ing output pulses at higher intensities.

Here, we examine pulse compression mediated by the
upper-hybrid (UH) wave in the case where the lasers
propagate perpendicular to the external magnetic field.
This configuration is particularly easy to set up experi-
mentally, where it is demanded that the amplified pulse
be focused onto some target (see Fig. 1). When propa-
gating perpendicular to the external magnetic field [5],
one electromagnetic eigenmode is the O wave, whose
electric field is parallel to the external magnetic field,
with the ordinary dispersion relation n? = 1 — wg/wQ.
Here, n; = ck, /w is the refractive index and w, is
the plasma frequency. The other electromagnetic eigen-
mode is the X wave, which hybridizes with the electro-
static eigenmode, the UH wave, by the dispersion re-
lation n} = RL/S. Here, R,L = 1 — w?/[w(w £ Q)]
respectively, and S = (R + L)/2, where Q = eBy/m.
is the electron gyrofrequency. The electric field of the X
wave or the UH wave is in the plane perpendicular to the
magnetic field, and spans an angle ¢ with respect to the
wave vector, with tan¢ = S/D, where D = (R — L)/2.

In the fluid regime, where the laser wavelength is larger
than the Debye length Ap and the photon density n.
is much higher than the electron density n., the cou-
pling between the pump laser (with frequency w;) and
the seed pulse (with frequency ws) through the mediat-
ing UH wave can be well described by the classical three-

wave equations. Denote wy = wy =~ ws the frequency of
(/w2 + Q2 the frequency of the UH

wave. Using three-wave resonance conditions, it can be
shown that in the limit wg > ws, the electromagnetic
eigenmodes are transverse with little dispersion, and the
UH wave is almost longitudinal with approximately zero
group velocity. Consequently, the three-wave interaction
in the magnetized case has one-to-one correspondence
with that in the unmagnetized case:

the lasers, and wsg =

w
(O + cOyr)ar = 7170,2@3,
w
(0 — cOz)as = —{ala}’;, (1)
Wowp *
Orag = — .
t a3 Qs aiag

Here, the electric field amplitude of the pump and the
seed are normalized by a1 = eEj2/mecws 2, respec-
tively, and a3 = eE3/mecw, is the normalize amplitude
of the UH wave. While an X wave and an O wave do not
couple, two X waves or two O waves couple in the same
way, which is described by the above equations. In the
linear stage of the amplification, where pump depletion
is negligible, the growth rate is

w3wo _
P = Y20y g, (2)
Here, vp = wsz/w, > 1 measures the extent to which

plasma density is replaced by magnetic field in the UH
resonance. In the limit where the magnetic field goes to
zero, vp goes to 1, and the UH wave recovers the Lang-
muir wave. Governed by the same three-wave equation,
the pulse compression process in the magnetized case is
the same as that in the unmagnetized cases. However,
physical processes that limit pulse compression are differ-
ent. In what follows, we discuss the essential differences.

First, the maximum pump intensity that can be used
for amplifying the pulse is limited by wavebreaking. In
magnetized plasmas, the wavebreaking intensity is mod-
ified by the Lorentz force [6]. The UH wave breaks
when the electron quiver velocity in the kgs-direction
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FIG. 1. A schematic drawing for amplifying and focusing a
seed pulse by stimulated backscattering of a pump laser in
magnetized plasma.

vg ~ eEsws/ mewg exceeds the wave phase velocity v, =
ws/ks ~ cws/2wy. The condition v, < v,, which guaran-
tees that the UH wave remains unbroken, can be written
in terms of a3 as |az| S ws/2wpyp. Using the Manley-
Rowe relation, the maximum amplitude of the UH wave
las| < \/wo/wsl|ai], so a sufficient condition that the
UH wave remains unbroken during the pulse compres-
sion process can be written in terms of a constraint on
the pump intensity I, = 81.|a;|? as

S L(2) 55 3)

Here, I. = n.mec3/16, and n. = egm.wi /e? is the critical
density. When more plasma density is replaced by mag-
netic field in ws, less energy can be contained in the UH
wave, giving rise to the 7152 reduction. For given laser
parameters, the wavebreaking constraint imposes limits
on the minimum plasma density, as well as the maximum
magnetic field.

Second, the maximum time that the pulse can be am-
plified inside the pump is limited by instabilities. The
fastest growing instability is the modulational instability
[1, 4], whose growth rate is reduced to

Do = 20 o2y @)
M — 8w0 B >
when plasma density is replaced by magnetic field. Since
T'ys < T'g even at the wavebreaking intensity, this insta-
bility does not prevent the amplification from reaching
the nonlinear stage, which can continue until

4/3
tar ~ (126A2)1/3 734/3. (5)
w3aqg

Here, §= [T'pdt ~1 is the accumulated phase shift, Ag is
the number of linear exponentiations before the nonlinear
stage is reached, and ajq is the initial pump amplitude.
The highest pulse compression is attained at this max-
imum compression time. The combination of larger ¢,

but smaller I'p in magnetized plasmas results in leading
spike intensity I = 16]0(35/1&0)2/3(2a10)4/37)23/3w0/w3,
and duration Aty ~ 2(2A0/35)1/3(11_02/37]23/3/(,00. Ramp-
ing up the pump intensity while keeping plasma parame-
ters fixed, the maximum output intensity is reached using
the most intense pump allowed by wavebreaking, which
gives Iy < 16]C(35/2A0)2/37§2/3w3/w0. On the other
hand, optimizing plasma parameters while keeping lasers
fixed, the maximum output intensity is reached using
the smallest possible w3 allowed by wavebreaking, which
gives Iy < 81.(30a10/2A)?/3, independent of v5. This
output intensity could be achieved using unmagnetized
plasmas, if wavebreaking and longitudinal modulational
instability were the only limiting effects.

Third, the UH wave is damped collisionlessly. Al-
though the UH wave is linearly undamped when propa-
gating exactly perpendicular to the magnetic field [5, 7],
it is nevertheless damped nonlinearly due to surfatron ac-
celeration of trapped particles parallel to the wave front
[8], as well as stochastic heating of untrapped particles
when the wave amplitude is above threshold [9]. For the
UH wave, the wave frequency is typically comparable to
the gyrofrequency. If an electron has perpendicular ve-
locity close to v, the phase velocity of the wave, it sees an
almost constant electric field. The electron may gain or
loss energy to the wave, depending on the relative phase
of wave motion and gyromotion. The phase mixing pro-
cess causes the UH wave to damp on a Maxwellian back-
ground with rate v, ~ /7(vp/vr)? exp(—vZ/v7)w? fws,
where vr is te thermal velocity. Since the bulk of the
distribution needs to support the linear wave in the first
place, it is necessary that v, > vr. So the condition that
collisionless damping is weak may be approximated as

L V(32 ey < 1. (6)
3

As wg — |9, the electron density vanishes, so there are
few electrons to participate in phase mixing, and colli-
sionless damping diminishes consequently.

Fourth, both lasers and UH wave are damped collision-
ally. Suppose the electron quiver motion is randomized
by one electron-ion collision, during which the fraction of
wave energy carried by particles is completely thermal-
ized, then the collisional damping rate of of the UH wave
and lasers can be estimated by vs ~ ve;(1 —w?/2w3) and
vy & yeiwz /2w?, respectively. Here, the electron-ion col-
lision frequency ve; ~ n.Z2%e*A/(4reg)?*m2v?®, where Z is
the ion charge, A is the Coulomb logarithm, and v is the
characteristic velocity of electrons with respect to the ion
background. The velocity v contains contributions from
both thermal motion and wave motion. By ignoring the
contribution from wave motion, an upper bound of the
collision frequency can be estimated. To mediate effi-
cient energy transfer, the UH wave must remain weakly
damped during the seed transient time on the order of
Aty. To penetrate the plasma, the laser damping time



must be larger than the average pulse amplification time
tar/2. Hence, the conditions that collision damping are
weak can be written as

I/3At2 5 17 llotM/Q 5 1 (7)

The above constraints are more strict than vyrz < I‘%,
the condition that parametric instability can be excited
by the pump, when Ay > 2. By replacing electron den-
sity with magnetic field in ws, the constraints imposed
by collisional damping of the UH wave and the lasers
are alleviated by 7,;4/ % and 'yB?S/ 3, respectively, if pulse
compression uses the maximum time allowed by the mod-
ulation instability. When less amplification time is used,
the pulse duration becomes longer. In this case, the con-
straint imposed by collisional damping is more strict for
the UH wave and less strict for the lasers. Due to the
reduction of the wave damping, the fluence of the out-
put pulse is larger at fixed pump fluence, which can be
advantageous in many applications.

The four physical limits discussed above, together with
fluid model constraints, define a window within which ef-
ficient pulse compression is possible. Adding a magnetic
field enables improvement of this window by providing
an extra adjustable parameter yg. The first improve-
ment comes from the expansion of the operation win-
dow. For a given laser frequency wy and pump intensity
I, efficient pulse compression is possible if there exist n.,
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FIG. 2. Operation windows of efficient pulse compression us-
ing hydrogen plasmas. (a) Bo = 0. The color scale is the ratio
of the maximum output intensity achievable in the magne-
tized case I3" versus that in the unmagnetized case I5'. The
dashed contours are plasma density necessary for achieving
I3. (b) By > 0. The color scale is the ratio I3"/I;. The
dashed contours are plasma density necessary for achieving
I3", and the solid contours are the minimum necessary mag-
netic field. Plasma density is in the units of 10%°cm™3.

T., and By, such that all constraints are satisfied. For
the sake of illustration, let us replace conditions of the
type * < y by more quantitative conditions of the type
x/y < 0.1, which set the Manley-Rowe efficiency at 90%.
When projected in the wg-I; space, the resultant oper-
ation windows are the colored regions enclosed by black
boundaries in Fig. 2, for unmagnetized case (a) and mag-
netized case (b), if hydrogen plasmas are used. Above AB
and BB’, the wavebreaking limit is exceeded while keep-
ing w3 < wp. To the right of BC or B’C’, efficient pulse
compression might still be possible, but then collision-
less damping becomes strong while keeping n.A\3, > 1.
Below CD or C’D’, either collisional damping or collision-
less damping becomes strong while keeping n., > n. and
neAd > 1. The alleviation of the modulational instabil-
ity and the wave damping in the magnetized case gives
rise to the second improvement, which is the possibility
of intensifying the output pulses. In Fig. 2a, we plot
the ratio of the maximum achievable output intensity in
the magnetized case I3" versus that in the unmagnetized
case I¥ in color scale. As a reference, we plot I3/ in
(b). The third improvement comes from the technologi-
cal advantage of replacing plasma density with magnetic
field, whose strength and uniformity is much more con-
trollable experimentally. The plasma density, in the units
of 102°cm 2, needed for achieving I and I3 are plotted
by dashed contours in (a) and (b), respectively. Appar-
ently, the necessary density in the magnetized case is less
than that in the unmagnetized case. In (b), we also plot
the minimum magnetic field necessary for achieving I3*
using solid contours. As expected, the external magnetic
field has appreciable effect when it is larger than the laser
magnetic field.

To give an example where unmagnetized compressors
can work but magnetized compressors can work better,
consider compression of KrF laser pulses. For example,
KrF pulses produced at the Nike laser facility have kilo-
joules in energy with nanoseconds durations [10]. These
pulses can be focused on a spot of size ~ 0.0lcm?, reach-
ing peak intensity ~ 1014W/cm2. The average inten-
sity, however, falls in the range 10'2 — 1013W/cm2. Since
the photon energy of the KrF laser is ~ 5 eV, the un-
magnetized operation window (Fig. 2a) is about to close
when the laser intensity is at the lower end. In Fig. 3a,
we plot the operation windows projected in the T.-n.
space for hydrocarbon plasmas (C3Hg, Zes A 2.36) when
I =108 W/ cm®. Efficient compression can be achieved
using plasmas whose temperature and density are within
the windows. As can be seen from the figure, the narrow
unmagnetized window can be expanded by applying a
5-megagauss external magnetic field. The requisite mini-
mum plasma density is reduced to n, ~ 0.35 x 10'%cm =3,
corresponding to vp &~ 1.3. Suppose the initial seed in-
tensity is such that Ay =~ 6, then the maximum ampli-
fication time is tj; ~ 1.3 ns, within which as large as



~ 321 linear exponentiations could be made. The out-
put pulse has intensity I ~ 2.7 x 101"W /cm® and dura-
tion Aty = 65 fs. The efficiency of compression is about
67.5%. In comparison, using an unmagnetized plasma,
the requisite density is as least n, ~ 0.85 x 10%cm™3,
which gives tj; ~ 0.8 ns, I ~ 1.9 x 1017W/cm2, and
Aty = 54 fs, with ~ 64.1% efficiency.

To give an example where magnetized compressors can
work whereas unmagnetized compressors cannot, con-
sider compression of soft x ray pulses. For example,
pulses produced at the Linac Coherent Light Source have
2 — 6 mJ in energy, 5 — 500 fs in duration, and focal
spot size ~ 10 um? [11]. These correspond to a laser
intensity ~ 108 W/ em?. Since photons in these pulses
have energy in the range 250 eV — 10 KeV, pulse com-
pression using unmagnetized plasmas (Fig. 2) may only
be achieved inefficiently [12]. However, by applying a
magnetic field on the order of gigagauss, efficient com-
pression can be made possible. The operation window
projected in the T.-n. space is plotted in Fig. 3b, for the
case I; = 1018 W/em?, woh = 250 eV, and By = 1.5 GG,
using a hydrogen plasma. The maximum compression is
achieved at the lowest density n. ~ 7.93 x 10?2cm™3,
corresponding to v &~ 1.9. Suppose Ay ~ 6, then the
modulational instability limits the maximum amplifica-
tion length to be tj;¢c ~ 0.26 mm, corresponding to a
pump duration of ~ 1.7 ps. Within this time, ~ 82 linear
exponentiations could be made, so the pulse compression
can develop well into the nonlinear stage. The output
pulse intensity is I» ~ 2.3 x 1021\7\7/01112 with duration
Aty ~ 0.5 fs. In this example, the pulse compression
ratio is about a thousand with ~ 67.6% efficiency.

To achieve pulse compression experimentally, it is nec-
essary to produce plasma targets with specific density
and temperature. Moreover, in order to resonantly cou-
ple the pump with the seed, these targets must have ap-
propriate geometry and uniformity. Unmagnetized tar-
gets satisfying these requirements are in principle attain-
able but in practice challenging. The laboratory stan-
dard is to ionize a gas jet [13]. This is appropriate for
plasma targets with density less than 102°cm™3, tem-
perature ~ 10! eV, and size on the order of millimeter.
Producing unmagnetized targets of even higher density
has been envisioned using a dense aerosol jet [14], but
reaching high temperature and necessary uniformity with
these targets is yet to be demonstrated experimentally.

Using magnetized plasmas, the challenge in producing
high density uniform plasmas is replaced by the challenge
in producing strong uniform magnetic fields, for which
the technology is already within reach. One technique
uses capacitor-coil targets driven by intense lasers. In
a number of experiments [15], generation of megagauss
magnetic field, which is uniform on millimeter scale and
quasi-static on nanosecond scale, has been demonstrated.
Another technique uses planar solid targets ablated by
intense laser pulses [16]. This technique has successfully
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FIG. 3. Operation windows in plasma parameter space. The
green regions enclosed in solid lines are the magnetized win-
dows, and the blue region enclosed in the dashed lines is the
unmagnetized window. The left boundaries are due to colli-
sional damping; the right boundaries are due to collisionless
damping; the upper boundaries are required by ws < wo and
ne < n~; and the bottom boundaries are due to wavebreak-
ing. (a) KrF laser with I; = 10'® W/cm® and woh = 5 eV.
Ne is in the units of 10*°cm™3. By = 5 MG. (b) Soft x ray
laser with I; = 108 \N/cm2 and woh = 250 eV. ne is in the
units of 1022cm™3. By = 1.5 GG.

produced plasmas with ~ 10?'cm ™ density and mag-
netic fields on the order of gigagauss, when picoseconds
pulses with ~ 1 zm wavelength and ~ 102°W /cm? inten-
sity are used for ablation. The density and magnetic field
produced near the solid surfaces are uniform on microme-
ter scale and quasi-static on picosecond scale. Improving
laser platforms such that magnetized plasma targets are
improved by one to two orders of magnitude in density
and uniformity will make efficient compression of power-
ful soft x-ray lasers possible.

To summarize, the techniques explored here may en-
able compression of powerful lasers beyond the reach
of the currently envisioned methods using unmagne-
tized plasmas. By substituting the requirement for high
plasma density with one for an external magnetic field,
the mediating wave is then the upper hybrid wave rather
than the Langmuir wave. Deleterious physical effects as-
sociated with high plasma density are then alleviated and
the engineering requirements of producing high and uni-
form plasma densities can be relaxed. Thus, using mag-
netized plasmas, the operation window might be signifi-
cantly expanded, with efficient pulse compression achiev-
able both for higher frequency and lower intensity pump
lasers, with the possibility of producing output pulses of
both higher intensity and longer duration.

The work is supported by NNSA Grant No. DE-
NA0002948, AFOSR Grant No. FA9550-15-1-0391, and
DOE Research Grant No. DEAC02-09CH11466.
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