Cancellation of B-Integral Accumulation for CPA Lasers

Self-phase modulation (SPM) plays an important role in deter-
mining the final shape of the compressed pulse in chirped pulse
amplification (CPA) lasers, even at relatively low values of
the cumulative B-integral, B~1 to 2.1:2 The SPM distorts the
linear chirp and causes the compressed pulse duration to
increase noticeably near B~1 and approximately double for
B~2.12 1t is possible to reset the expansion or compression
gratings to compensate for this effect on average, but the radial
variation of the B-integral means that it cannot be compen-
sated for exactly. Temporal structure (wings) will unavoidably
appear in a recompressed pulse, even for relatively small
values of B.

We report the cancellation of the B-integral accumulated
by a chirped pulse in a regenerative amplifier by using a
GaAs plate that has a negative nonlinear index of refraction at
1.053 um.?> The absolute value of the nonlinear index of
refraction is about three orders of magnitude larger than that of
Nd:glass or KDP, so a thickness of less than 1 mm is required.
We show that the compressed pulse duration and wings mea-
sured as a function of accumulated B-integral increase without
the compensator plate as B exceeds 1, while with the GaAs
plate installed the pulse duration remains fixed and the wings
are reduced to almost their unmodulated value. The cancella-
tion of the nonlinear phase was demonstrated with a 4.6-m Xe
gas cell for a 10-ps KrF laser operating at 248.4 nm, which is
just above two-photon resonance with the Xe 6p[1/2], state.*

1.053-um chirped pulses are generated in a Nd: YLF oscil-
lator coupled into a 0.8-km, single-mode fiber. They are subse-
quently expanded in a conventional single-grating, lens and
mirror stretcher up to a 0.45-ns duration. One pulse is seeded
into a Q-switched regenerative amplifier. Due to strong gain
narrowing, the stretched pulse becomes Gaussian in time with
a 0.3-ns duration.” As the pulse envelope builds up in the
regenerative amplifier, the B-integral is accumulated on every
pass. Near the peak of the Q-switched envelope the B-integral
is approximately 0.18 per pass. By varying the switch-out time
of the pulse relative to the peak of the pulse train, we vary the
B-integral accumulated by the output pulse. The pulse passes
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through a pair of compression gratings, and the pulse duration
is measured with an autocorrelator.

We modeled the regenerative amplifier using the Frantz-
Novdik system of equations similar to Ref. 6 to estimate the
cumulative B-integral. The round-trip loss factor is 50% due to
the output coupler, and the 6.3% additional intracavity losses
derived from equations are in good agreement with 55%
measured with a cold cavity. The gain-narrowed pulse width is
still slightly longer than the terminal-level lifetime of the
active host. Although the final simulation values of output
parameters are indistinguishable from the experimental ones,
we still have 25% of systematic error and 10% random error in
B-integral evaluation. The parameters of the regenerative
amplifier are shown in Table 67.1.

A polished, 400-um-thick, GaAs plate was inserted before
the compression gratings to cancel the accumulated B-integral.
To have a negative n, from the direct-beam semiconductor
without strong single-photon absorption, the gap energy
should be?

hw<Eg<l.42 ho, (1)

where #iw is the incident photon energy. The region of
x=hw/E, :0.5<x<0.7 can, in principle, be used for can-
cellation, but in that case the bound electronic contribution
and the generated free-carrier contribution will have opposite
signs, and the free-carrier contribution will be greatly reduced
due to reduction of two-photon absorption coefficient that
scales as8 S8, o< x~0(2x —1)*?. The nonlinear index of refrac-
tion of the GaAs plate estimated for 1.053 um is —4.2 x 1013
cm?/W using an experimental value of —3.3 x 10710 esu
obtained for 1.064 um? and scaling laws for n, (ha)/ Eg) A

The power incident on the GaAs wafer was adjusted to
cancel the accumulated B-integral and remove the temporal
distortion of the compressed pulse (see Fig. 67.30). The
1.65-ps pulse generated with low accumulated B-integral
(~0.5) is shown on trace (a). The pulse with time-bandwidth
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Table 67.1: Parameters of Regenerative Amplifier

Active element 0-98 Nd:phosphate glass, 6%; L = 115-mm athermal rod,
¢=7mm; n, =35+ 10710 cm?/W

Resonator Stable g = 1/2, plano-concave, 100% end cavity dumped;
50% output flat; round-trip time 11.8 ns

Switch-in external

Q-switch A4 and step A/4 voltage to Pockels cell

Switch-out external

Saturation fluence’ 4.7 Jjem?

Round-trip, net small-signal gain 1.23

Seed fluence (J;, A ) 2« 102

Pump fluence (J 4, /J ;) 1.035

Peak fluence (without self-focusing) 0.146

Peak pass 86

Round-trip loss factor 0.437

Net gain 67 dB

Total gain 363 dB

Waist on output coupler (w ) 750 um at low intensities and 500150 yum at B ~ 72
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Figure 67.30

Experimentally measured autocorrelation of pulses compressed with (a) B =
0.5; (b) B = m/2; and (c) B = m/2, accumulated in glass and canceled in the
GaAs plate before compression.

product of 0.4410.04 is generated by switching out the regen-
erative amplifier pulse 6 to 7 pulses before the peak of the
QO-switched envelope. Pulses switched out at the peak of the
QO-switched envelope have an accumulated B-integral of 1.6
(~m/2) and a compressed pulse duration of 2.0%0.1 ps [as
shown in trace (b)]. They show significant non-Gaussian
structure as expected.!'? Pulses compressed after passing
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through the GaAs wafer are shown in trace (c). In this case,
the pulse duration reduced to the original 1.65%0.1 ps with the
structure significantly reduced. The wings at 5% of peak
intensity level are due to higher-order phase aberrations in our
CPA laser utilizing fiber! and not due to the regener-
ative amplifier.

Figure 67.31 shows the compressed pulse duration
(FWHM) as a function of cumulative B-integral. The solid
circles show that the pulse duration increases in the absence
of cancellation, while the diamonds show that with cancella-
tion, the pulse duration remains constant up to a B-integral of
approximately /2. The pulses in Fig. 67.31 have a slightly
longer duration than those in Fig. 67.30 but are also transform
limited. The graph from Fig. 67.31 with uncompensated pulses
has a distinctive knee at B between 1 and 1.5 as expected.!-2
A B-integral of 1 corresponds to an output intensity of
190 MW/cm?. Internal losses for B = 7i/2 were near 10%.

The B-integral accumulated in the semiconductor can be
found by solving the coupled intensity and free-generated
carrier-density equations:®

dl(r,t,z)

e ~od — Bo1? — 0N, (2a)
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Figure 67.31

Pulse duration of switch-out pulses versus accumulated B-integral in the
regenerative amplifier without subsequent cancellation in the GaAs plate
(circles) and with subsequent cancellation in the GaAs plate (diamonds). The
B-integral (x axis) has 25% systematic and 10% random error.

dN(r,t,z) . N(r,t,z) . ﬁzlz(r, t,2)

= ; (2b)
dt Trel 2hw
dB(r,t,z) ®
——— 2 =—(nml—-0,N). 2¢c
dz c (n2 ' ) (20)

Here az=2.3 cm™! and 3, =20 cm/GW are the linear and two-
photon absorption coefficients; o, is the exited carrier-
absorption cross section; 7, is the characteristic relaxation
time of exited carriers; n, is the nonlinear index of refraction
caused by bound electrons; and o, is the change in index of
refraction per unit of photoexited charge-carrier density, N:?

2.2
27rheE,,

%= nOEg3x2(l - xz) '

r

3

The exited carrier absorption term —0,, N/ can be neglected
up to intensities® /., =2hw/[0ex(1- R)Trwum], which is
~1 GW/cm? where R = 0.3 is the reflectivity of the uncoated

crystal and Gpy = 5 x 10718 cm?,

The B-integral at the exit plane of the wafer, z= L, can be

written in two terms. The fast term is caused by bound elec-
trons and is
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2

2L on[14 Bl (r1)(1 - R)Legt ], ()

vaclH2

Bppa(r,1) =

where Lqg = (1 e e‘aL) /a. The thickness of the crystal L was
assumed to be much smaller than the confocal beam para-
meter. The dependence of By,,4(;t) on I((r,t) allows effective
cancellation of the B-integral, when [,/y(1—R)L.y <<1
(0.15 for our case).

Free carriers lead to the slow term,

2n o-rﬂZ
Avac 2h@

By (r,t)=~

L t
_[ dze"/rrel{ J'e"'/rrel12(r,z,t')dt'}. 5)
0

—o0

The relaxation time 7, is estimated to be ~100 ps — about one
third of the laser-pulse duration.!? The free-carrier nonlin-
earity o,N is proportional to a temporal integral of /2> and
cannot compensate for the accumulated B-integral in glass for
long relaxation times 7. =7,. Moreover, for intensities
higher than ~20 MW/cm? this term becomes comparable to
Byq and exceeds By,,q by more than an order of magnitude for
Iine = 1 GW/cm? with laser-pulse duration Tewpy = Trel-
However, for a relaxation time of one third of the pulse width,
the contribution from the two terms is comparable at sub
GW/cm? intensities. For short relaxation times (%) « Tp)s Bex
follows the intensity dependence as well.

The B-integral of the pulses incident onto the GaAs crys-
tal was taken as Byjae(7,1) = Byjass « I9(7,1)/19(0,0), where
Byjass 1s the peak B-integral accumulated in the regenerative
amplifier. The total accumulated integral By, (r.f) after the
GaAs crystal,

By (r,t) = Bglass (r,)+ Bpng (r,1) + Bex (1), (6)

can be reduced to values allowing wingless compression of
the pulse for appropriate beam and crystal parameters. Fig-
ure 67.32 shows a calculation of B,(0,f) and B, (r,0) for a
laser pulse that is Gaussian in time and space,

10(",f) = 10 CXp[—Z(I'/WO)2 —41n 2(I/TFWHM )2],
with /; = 285 MW/cm? and o, = 5.4 x 1072! cm? (calculated
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(b) Figure 67.32

Theoretically estimated residual phase af-
ter accumulation of the B = 71/2 in absorp-
o= = tionless material (dashed line) (pure posi-

/ ) tive np) and cancellation in GaAs
(solid line) with o = 2.3 em~l, By =
b 20cm/GW, ny=-4.2x10-13cm?/W, 0, =
\ 5.4 x 10721 ecm3, L = 400 um, linco =

N 285 MW/cm2, R = 0.3 (n = 3.47), with
duration of stretched pulse TrwHM =300 ps
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for Eg =1.4eVand hw =1.177 eV).? The intensity was cho-
sen $0 that —Bypg(0,0) = Bey (0,0) = Byags(0,0) = /2. The
cancellation reduced the B-integral to a temporal maximum of
0.5 and 0.3 radially at the temporal peak of the pulse. The
computation shows that for a slightly longer crystal and
smaller intensities the B-integral can be reduced by another
factor of 2. The optimal choice of low-temperature (LT)-
grown semiconductors with special dopants and/or longer
pulses can reduce the 7,.)/Tj,cr ratio and allow reduction of
the B-integral to negligible values. The estimated dispersion
(wavelength dependence) of &, 35, or n, is negligible for a
10-A spectrum.

AlGaAs with E, = 1.57 eV has the same properties for A=
850 nm —ar=1cm™!, n, = =5 x 10713 cm?/W (Ref. 11), 0, =
5x 10721 ¢cm3, and 8, = 10 cm/GW— as GaAs at 1.053 um.
However, for x = 0.92 one should take into account the
wavelength dependence (i.e., dispersion) of these parameters
for efficient compensation of the B-integral.

The spatial B-integral accumulated in high-power lasers
can be precompensated by placing a semiconductor wafer
somewhere upstream in the laser path. Aside from coupling
(fresnel) losses, which can be removed by an appropriate AR

2 and T, = Tpwym/3: () radial profile at
the temporal peak of the pulse, (b) tempo-
I'/W() ral profile though the axis of the beam.

coating, linear and TPA losses should be small enough for
sufficient B-integral accumulation to justify placing the semi-
conductor for cancellation. The conditions ol « 1, B, IL.g
< 1,and B=(2m/A)AnL.; are the same as those used in
all optical-switching inequalities.!? These inequalities
(ny/BaA > B/2m, An/a > B/2r) are satisfied for B as large
as 7 due to fairly large nonlinearities of GaAs for a fixed
wavelength. For our case the bound electronic contribution is
ny/BrA =0.2, and free-carrier index change is comparable
to that caused by bound electrons.

Thus, the same semiconductor technique can be used to
cancel the radially dependent B-integral acquired due to a
nonuniform intensity profile in a long-pulse, high-power
laser system. The wafer can be used as a pre- or post-com-
pensator, depending on experimental conditions. Because
the accumulated positive B-integral in the amplifier and the
negative B-integral in the wafer are both proportional to the
intensity, input intensity fluctuations do not affect the quality
of cancellation.

The simulation in Fig. 67.33 shows cancellation of spatial
and temporal B-integral with a GaAs wafer. A supergaussian
in space (n = 8) and Gaussian in time (Tgwpym = 1 ns) pulse

(a) (b)
1.5 T T T T T 1.2 T T T -
Figure 67.33
B 1.0 T TN 7]  Theoretically estimated residual phase after
g 1.0 §% 7% . ] 0.8 - \\ - the propagation of a 1-ns pulse with an inci-
I /’ \ \ dent peak B-integral of unity before (dashed
& 05 ’ \\ 7] 0.6 ! 7 line) and after (solid line) GaAs plate with
g _//_\/;‘_\* 04 F ', 4 a=lem!,L=2mm,linco=90 MW/cm2,
A 0.0 N /’ \ | Trel = TFWHM/10: (a) radial profile at the tem-
0.2 /\ J‘\ poral peak of the pulse; (b) temporal profile
-0.5 1 S L L 0.0 L . . though the axis of the beam.
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with peak intensity incident onto GaAs wafer I (0,0) =
90 MW/cm? has a pre-accumulated B-integral of 1. This pulse
is close to ~3 times the expanded LARA output beam.!3 All
parameters of the GaAs wafer were the same as above except
the thickness, which was 2 mm, and the linear absorption
coefficient & = 1 cm™!. The phase accumulated after the
cancellation is more than five times smaller than the initial
phase and represents reduction of the phase error from A/6 to
A30. A 10% incident-energy fluctuation results in variation
of residual phase by |8 By, | = 0.08.

In conclusion we have demonstrated for the first time that
the nonlinear phase can be canceled in CPA lasers by using a
semiconductor with negative nonlinear index of refraction.
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