Modeling the pedestal in a chirped-pulse-amplification laser
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ABSTRACT

The pedestal (pre-pulse and post-pulse) associated with a chirped-pulse-amplification (CPA) laser is modeled. In this
model, the power gain can be treated as a function of instantaneous frequency due to the large chirp of this type of laser. It is
found that sclf-phase-modulation (SPM) can play an important role determining the final shape of the compressed pulse, even
at relatively low values of the cumulative B-integral, B < 2.

1. INTRODUCTION

The study of high-density plasma physics,1 and ultrafast x-ray emission,2-3 using high-power, ultrashort laser
pulses is of great current interest. Detailed knowledge of the temporal shape of the pulse is crucial. High-density plasma
physics experiments require a laser pulse with high-intensity contrast. Short pulse x-ray conversion efficiency may be
improved with an appropriate pre-pulse.4 A fully controllable pulse shape is desirable for the studies of these fields.

CPA laser systems allow the production of high-power, ultrashort pulses in solid-state lasing media.> Before
amplification, a laser pulse is frequency chirped and temporally expanded using a fiber,5 and/or an expansion grating pair.’
The longer pulse allows more energy to be extracted from the subsequent amplifier system than would be by a short pulse.
After amplification, the pulse is compressed by a compression grating pan8 to picosecond or subpicosecond duration. There is
aresulting increase in power equal to the chirp ratio, 9 the chirped-pulse duration divided by the compressed-pulse duration. In
this type of laser, the compressed pulse may carry an s1gmﬂcant amount of energy which remains uncompressed. This
uncompressed portion is commonly referred to as the pedestal. 10

The purpose of this paper is to provide an intuitive way of understanding the pedestal of a CPA laser. The model is
based mainly upon time domain analysis. The instantaneous frequency, defined as the time derivative of the light-field phase,
is used as an approximation of Fourier-transform frequency to simplify the analysis. The validity of this approximation is
based on the assumption that the time scale of the envelope variation of the laser pulse is much larger than the dephasing
time of the gain medium. The details of this treatment are derived in the appendix. Within this model, the following topics
are studied: (a) the power spectrum of a linearly chirped pulse, (b) pulse compression and the resulting pedestal, (c) spectral
gain-narrowing effect in amplification process, (d) SPM induced from the amplifier, (¢) the results of the frequency mis-match
between the seeding pulse and the gain profile of the amplifier.

2. MODEL

The model considers a laser pulse, E(z, t) = Ej(z, t) el[m0t+¢m(t)] traveling in the, +z dlrectn n through a gain
medium with a small-signal power-gain coefficient a(w). The input pulse is E(0, t) = A1(t) el [wot+é where Ait) is
the amplitude of this laser pulse. The time derivative of the initial phase variation ¢m(t) = 1/2 &t/1)2 + ¢NL(t), describes the
frequency chirp of the input pulse, where 1 is a scale length of the pulse width, b defines the amount of linear chirp, and
ONL(®) = O[(t/x)3] represents the possible nonlinear frequency chirp generated from the optical fiber or expansion gratings.
Dispersion effects and transverse intensity variations are neglected to simplify the analysis. Since preserving the initial
frequency chirp is necessary for a CPA laser, the role of SPM becomes important. The nonlinear dependence of the index of
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refraction on applied signal strength is given by the optical Kerr effect? n= no + mE<E2> =ng + nog [E112/2 =ng + nol.
The basic equation governing the light propagation in an amplifier including SPM is (see appendix)

9E1(z.) _ ofw; (1))
dz 2

Ey(z.t)-i %2- |E1|2 Ei(z,t), 6))

where B3 = 2ntnyg/Ag, and Ag is the laser wavelength in vacuum. Note that z and t refer to coordinates in the moving pulse
frame, which is defined by the transformation, z = Z and t =1 - 2/c, where Z and! are ordinary laboratory coordinates and c is the
velocity of light in the amplifier. The instantaneous frequency is defined by wj(t) = d¢tot/0t, where o is the total field

phase variation. When the SPM is still small, such that the instantaneous frequency wj(t) can be approximated by wg +
dém(t)/dt with no z dependence, Eq. (1) can be solved to obtain®

E1(zt) = A1(t) exp[at)z/2] exp[-idspm(z.t)], ()]

with the phase modulation,
dspm(zt) = (1/D)[B/out)] IA1OP {expla(t)z]-1}, ©)
where a(t) is short for a[wj(t)]. Equation (3) is nothing but the result of the B-integral with time dependence. For a multiple-

pass amplifier with a single-pass power gain equal to G(t) = exp[a(t)L], where L is the length of the laser amplifier, and
power loss equal to 1-R, the laser field is amplified M times to become

E1(®) = A1O[RGOIM? exp[-idspm(t)]. @
with
¢spm(®) = (12)[B/a()] A1 [G(t)-1] { [RGOM - 1}/{[RG®]-1}. ©)
In a regenerative amplifier, the transverse mode of the laser pulse is confined to the lowest-order mode, or 00 mode.
Transverse variations of the laser pulse cause different SPM at each transverse position.ll Since our purpose is to avoid SPM
in amplification process, the peak intensity near the beam-axis is most important.

2.1. Power spectrum

The Fourier transform of a linearly chirped pulse A(t)exp{i[wot + 1/2 b(t/)?] } is
f Atyexp{ilwot + 172 b(tr)2] } e7i®t dt = exp[-iw2t2/(2b)] I A®expli®/2)(tr - w'tb)?] dt , ©
where @' is short for @ - wg. The integral on the right hand side of Eq. (6) has a similar form to Huygens' integral in the

Fresnel approximation. This approximation is commonly used in diffraction theory. For light with wavelength A, the
diffractedﬁeldlocatedatadistancezawayﬁ‘omthesom'ccisgivenby9

E(x) = Az) 12 exp[i(2nz/A - 7/4)] IE(x) exp[in(x/a - x'/a)2a2/Az] dx )
where a, the half-aperture width, is added here for comparison. Aside from the multiplicative factors preceding both integrals,
the two expressions are similar with the chirp parameter b equal to 2x times the Fresnel number a/Az in the diffraction

analogy. Just as the power spectrum of a Fourier-transform-limited optical pulse can be compared to Fraunhofer diffraction,
the power spectrum of a linearly chirped pulse can be compared to Fresnel diffraction.
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Following Eq. (6), the power spectrum of the amplified chirped pulse from Eq. (4), including SPM, and nonlinear
chirp is proportional to

If A1OIRGOIM exp{i[ONL() - dspm(®] } explitr2)t - w'e/by?] atl” . ®

The analogy is that the light field “diffracts” from the time domain to frequency domain. The initial pulse envelope is the
light source. The gain function is a soft aperture which shapes the source pulse. The higher order nonlinear chirp ¢NL.(t)
introduces aberration near edges. The phase variation due to SPM, ¢spm(t), is a phase plate which diffracts the light to the
frequency domain and changes the power spectrum. When a sharp change in the pulse envelope occurs, the induced phase
variation ¢spm(t) also change sharply. Thus, the power spectrum changes significantly even when the peak phase variation
due to SPM is relatively small. This is similar to a phase plate, which diffracts light significantly at a sharp change in
thickness, even for a small phase change. The chirp parameter b which behaves like the Fresnel number, is quite large in
CPA lasers (for example, b = 300), and thus the power spectrum is analogous to the near-field diffraction pattern of the pulse
envelope.

2.2. Pulse compression and pedestal

For a large-chirp pulse, pulse compression is performed by using a pair of gratings to eliminate the phase term,
exp[-im’ztz/(Zb)], in front of the integral at the right-hand side of Eq. (6). Applying the inverse Fourier transform to this
spectrum and using the amplified chirped pulse described by Eq. (4), we can obtain the compressed pulse

E(t) = (ib2nt2)1/2 exp[-i 1/2 b(t'k)?2] exp(iogt)
f A1O[RGOIM2 exp{i[ONL(®) - dspm(®]} explibtt/z?] dt . )

If we neglect the the nonlinear chirp and phase modulation in the integral, the compressed pulse envelope is a Fourier
transform of the chirped-pulse envelope.8 Thus, the chirped-pulse envelope A (t)[RG(t)]M/2 should be kept near Gaussian,
which leads to a Gaussian compressed pulse. The nonlinear chirp ¢NL(t) and phase modulation ¢spm(t) “diffuse” the light in
time and form the pedestal of the compressed pulse. This is analogous to focusing a beam (one transverse dimension). When a
beam is focused, the focal spot is the Fourier transform of the input beam spatial profile. When phase aberrations occur, the
focal spot becomes larger and some low intensity light is diffracted away from focal spot.

2.3. Gain narrowing

To explain the pulse-shaping by spectral gain-narrowing effect, we begin from Eq. (4), with an initial laser pulse
having a super-Gaussian envelope Aj(t) = A1 exp[-(1/2)(t/t)2™). The rise time of this super-Gaussian pulse can be estimated
by 1, = tmSIna system which uses expansion gratings after a fiber to obtain large frequency chirp, the laser-pulse shape
changes depend on the amount of stretching. The super-Gaussian envelope may no longer be a good model for the pulse
seeded into regenerative amplifier, but the heuristic analysis in this paper can still be used. The instantaneous frequency is
w;(t) = g + b2 + O[(t/)2)/r. When the bandwidth of the applied signal Awy, is much smaller than the atomic linewidth
of the gain medium Aw,, the gain coefficient can be simplified with a quadratic form, a[w;j(t)] = o - (&"/2)[wj(t) - 0g)2 =
ag - (@"/2)(wg + bt/2 - 0g)2, where a" = -d2a(w)/dw? evaluated at midband frequency . In the frequency-matched case,
Q = Wy, the total power gain after M passes through the amplifier is

GOM =Gy exp(- A2 (10)

where Gg = exp(agL) is the single-pass power gain at midband, and Tefr = (27%/Ma."Lb2)1/2 represents the shortened half-
width of the chirped pulse after M passes.
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A suitable pulse-shaping is accomplished when T > Tef, that is, the sharp edges of the super-Gaussian pulse and the
unwanted phase variation near the edges, dNL(t), are suppressed by the Gaussian gain curve. With reasonable estimations
b=1AwL/2,and 0" = 8ao/(Aa),)2, which is exact for a Lorentzian lineshape, the inequality becomes

MagL > (Awg/Awr)?. 1n

This equation shows the condition (lower bound) for a significant gain-narrowing effect as a pulse-shaping tool in the
amplifier. In this case we can drop the super-Gaussian term in Eq. (4). If SPM is still negligible, the applied signal becomes
a complex Gaussian pulse,? E(t) = Aj(RGo)M/2 expl-1/2 (t/7ef)2] exp{i[wot + 1/2 b(t/t)2]}, which can then be
compressed to a Fourier-transform-limited pulse with half-width (at 1/e intensity point) approximately equal to (t/teff)(t/b) in
the large-chirp limit b/(t/t.g)2 » 1. Here the factor t/teff = MagL)1/2/(Awg/Awy) is the pulse broadening ratio for the
compressed pulse, which is equal to the pulse shortening ratio of the chirped pulse in the amplifier due to the gain-narrowing.
The power spectrum of this Gaussian pulse in the large-chirp assumption is proportional to exp[-(t4/b2t_¢)(® - w0)?] =
expl- 1/2 Ma"L(® - @g)2], which is exactly the lineshape G(w)M, as expected. 10

To illustrate the gain-narrowing effect, Fig. 1(a) shows the power spectra for different gain-narrowing conditions,
T/teff =0, 1, 2, and 3, with parameters Ag = 10530 At=175 ps, m = 25, b = 236, and a small amount of phase variation
ONL(®) = -(t/1)3 -4(t/1)*. The bandwidth for the initial pulse (t/teft = 0) is 37 A (FWHM), and this power spectrum looks
like a diffraction pattern from a slit. The term -(t/t)3 makes the spectrum asymmetric, and the term -4(t/r)* makes the
spectrum more peaked near the two edges. Figure 1(b) shows the corresponding intensity profiles of the compressed pulses.
For t/teff = 0 case, the compressed pulsewidth is 1.6 ps (FWHM) and the gross pedestal is the result of its original chirped
pulse profile (nearly square top) and the nonlinear chirp. For other cases, the pedestal is significantly suppressed by spectral
gain-narrowing as was found in Ref. 10.
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Fig. 1 (a) Power spectra for different spectral gain-narrowing conditions, t/teff = 0, 1, 2, and 3. They approach Gaussian in
large gain narrowing limit. (b) The intensity profiles of compressed pulses. Pedestal suppression by spectral gain
narrowing is shown.

2.4. Self-phase modulation

Self-phase modulation in CPA lasers is an important issue when the laser operates near gain saturation. Here the
laser pulse has its highest intensity. The laser pulse experiences a time-varying phase modulation, ¢spm(t), produced by the
intensity variation of the pulse itself. The new frequency chirp, Awspm, = -3spm/0t, adds to the original linear frequency
chirp of the laser pulse and changes the laser power spectrum. In the case where a pair of compression gratings is used to
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eliminate the linear frequency chirp and compress the laser pulse, this additional frequency chirp is still preserved in the
compressed pulse. Since the additional frequency chirp has different group velocity delay than that of the linear chirp in the
compression stage, it introduces a new pedestal to the compressed pulse.

Before saturation, the calculated ®spm can be obtained from Eq. (5). Near saturation we can use the small gain
approximation, z = L, exp[a(t)L] = 1+a(t)L, and 1/2 npg |A1(t)|2 = nol in Eq. (3). The induced SPM in the amplifier (one
trip) is spm (t) = 2rn2I(t)L/Ag. The added frequency chirp is A@spm(t) = - (2nn2L/A)9I(t)/0t. The maximum frequency
shift will occur at the points of maximum slope of intensity I(t) or maximum dI(t)/dt. The frequency shift is strongly
enhanced when the initial pulse has a sharp change in its temporal envelope. To amplify an optical pulse which is spectrally
broadened and chirped in an optical fiber leading to a square top in time, one should be very carefully to avoid SPM occurring
near rising or falling edges of the chirped pulse. For a super-Gaussian pulse I(t) = Ipexp[-(t/t)2™], the maximum frequency
chirp, which occurs at t = [1 - 1/(2m)]1/2m) ¢, is6

Aospm = fm (Pmax/t) = f dmax/tr (12

where ¢max = 2nn2IgL/Ag and f is a constant given by the form 2s® exp(-s) with s = 1 - 1/(2m). The numerical value of f
depends on m only slightly; f = 0.86 for m = 1 and tends toward 0.74 for large values of m. Thus, the added frequency chirp
for a super-Gaussian pulse is m times higher than for a Gaussian pulse (m = 1).

Gain-narrowing in the amplifier which reshapes the pulse can also reduce A®gpmy. The laser intensity given by
Eq. (4) is I(t) = Ipexp[-(t/t)2™ - (t/tefp)2], where I is the peak laser intensity after M trips through the amplifier. With this
intensity profile, the new frequency chirp after one additional trip through the amplifier, evaluated at t = T, is

A@spm = 0.74[m + (t/Tefr)2] expl-(t/1eft)?] (Gmax/T)- (13)

Equation (13) compared to Eq. (12) shows that the frequency chirp is reduced a factor exp[-(‘t/‘teff)zl from large m and small
gain-narrowing limits.

In the large gain-narrowing limit, the pulse becomes Gaussian after M trips through the amplifier. The points of
maximum slope of intensity move to t = tt.¢e/V 2. Instead of Eq. (13), the new maximum frequency chirp after one more trip
through the amplifier is A®spm = 0.86(¢max/Teff)-

To illustrate the roles of SPM in a CPA laser, Figure 2(a) shows the intensity profiles of ultrashort pulses
compressed from chirped Gaussian pulses (m = 1, T = 100, b = 200) under a variety of SPM conditions, i.e., peak B-integral
values B = 0, 2, 4, 6. Figure 2(b) shows the intensity profiles of ultrashort pulses compressed from chirped super-Gaussian
pulses (m = 5, T = 100, b = 200) under the same SPM conditions as for Fig. 2(a). In both figures changes in the pulse shape
are clearly shown. Note that because of the group velocity delay in grating pairs, the new frequency chirp Awspmy, determines
the width of the pedestal. The energy associated with the pedestal is determined by the fraction of the pulse energy near the
maximum of JdI/dt. In the case of a super-Gaussian pulse of high order, only a small fraction of the pulse energy is in the
region of large dI/dt, whereas for a Gaussian pulse (m = 1), a much larger fraction of the pulse energy is contained within the
region of large dI/dt. Thus, for a Guassian pulse, while the added frequency chirp may be smaller than for a super-Gaussian
pulse, the effect may be as important because of the larger amount of energy involved. These B-integral values can occur quite
easily in a multiple-pass regenerative amplifier operating near gain saturation. 11 For example, a laser pulse at Ag = 1053 nm
with peak intensity equal to 1 GW/cm? traveling through an amplifier with the nonlinear index of refraction nog = 1.2 x
10°13 esu (for Nd*3-doped phosphate-glass Q98), and with the amplifier length L = 115 mm, the peak SPM is equal to 0.22.
Thus, at this intensity level, a laser pulse can accumulate significant amount of SPM in several passes through the amplifier,
and the resulting new frequency chirp will increase the pedestal of the compressed pulse.
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Fig. 2 (a) Intensity profiles of ultrashort pulses compressed from chirped Gaussian pulses (m = 1, T = 100, b = 200) under a
variety of SPM conditions, i.e., peak B-integral values B = 0, 2, 4, 6. (b) Intensity profiles of ultrashort pulses
compressed from chirped super-Gaussian pulses (m = 5, T = 100, b = 200). In both figures changes in pulse shape
are clearly shown.

2.5. Frequency mismatch

If a frequency mismatch exists between the seed pulse and the gain profile of the amplifier, i.e., ®g # @y, one of the
sharp edges of the super-Gaussian pulse (which also carries higher order nonlinear chirp) cannot be suppressed efficiently
through gain narrowing. Thus, the pulse-shaping is poor and SPM remains strong at the sharp edge. To avoid SPM, the
energy extraction efficiency in the amplifier must be lowered. The total power gain in this case is given by

GOM= Gg[ exp(-(t - to)z/fsz] "

where tg = 12(0, - ©0)/b = 2(0, - Wo)T/A®L. If we set a criterion T-Tefr > Ity for the allowed frequency mismatch for
pulse shaping, then Eq. (11) becomes

MogL > [Ang/(AoL - 2l - agl)]2. 15)

Equation (15) compared to Eq. (11) shows that due to frequency mismatch, the required power gain exp(MaogL) for pulse
shaping becomes higher. The final power spectrum will be narrower as well.

The degree of Awspm is affected by frequency mismatch. The laser intensity given by Eq. (4) becomes I(t) = Ip
exp[-(t/t)2m -(t- to)2/1:eff]. With this intensity profile, the new frequency chirp after one more trip through the amplifier
evaluated at t =T is

Awspm = 0.74[m + (t-toyt/i 2] exp{-[(x-to)eese]?} (Bmax/®). (16)

In an extreme case where one spectral edge of the seed-pulse is located at the line-center of the amplifier, which is equivalent
to to = 7, Eq. (16) becomes Awspm = 0.74m(¢max/t). This shows that the amount of frequency-chirp due to SPM is not
suppressed by gain-narrowing effect, and, it is nearly m times higher than that of a Gaussian pulse at same intensity level.
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4. APPENDIX

In this appendix we derive Eq. (1) through the use of the instantaneous frequency approximation. The applied signal
and the resulting electric polarization can be written in a general form,

E(z.t) = Eg(z.) /90!
P(z.) = Po(z.t) €190t (A

where @y is the center frequency (carrier frequency) of the laser light, and z, t refer to coordinates in the moving pulse frame.
The three basic equations9 which govern the light propagation in the amplifier are the resonant-dipole equation

aZP(z,t) doP(z,t) 2
—_ P(z,t) = —KN(z,t)E(z,t),
—5— + A, x 0% (z,t) (z,t)E(z,t) )
the population-inversion equation
ON(zt)  .2%[.» .
ey _ 12-;[Eo(z,t)Po(z,t)—Eo(z,t)Po(z,t)], )
and the radiation transport equation
) . @0 B2 2
— = - ——-—P ' - E 5y E il ’
5, Bo@t) = —i— Po(z.n-i >-[Eo(z.0"Eo(z.0) )

where w, and Aw, are atomic transition frequency and atomic linewidth, N(z,t) is the number density of the inverted
population, K is a constant, 2* is a dimensionless population saturation factor with values between 1 and 2, depending on the
gain medium.? We have used the slowly varying envelope approximation (SVEA) to simplify Eqs. (A3) and (A4). In
Eq. (A3), pumping effects and spontaneous emission are neglected due to the short time scale of amplification. The nonlinear
term in the radiation transport Eq. (A4) is added due to optical Kerr effect in the host medium (for example, glass of Nd:glass
amplifier). We have neglected dispersion (92Eg/ot?) in Eq. (A4).

By using SVEA, the resonant-dipole Eq. (A2) can be simplified to

Po(zt) , Aw, [1+ ICIE)

. K
o > Ao, ]Po(z,t) = IEN(ZJ)EO(ZJ). (AS)

Due to the frequency chirp, with .
Eo(z) = E; (z,t) e¥m(®
and .
Po(z) = Pi(z) M (A6)
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the resonant-dipole equation becomes

Py(z1) | Aw, {l+i2[o)i(t)—ma]

- K
= > ro, }Pl(z,t) = i5o-N@OEI @), (A7)

where wj(t) = ®p + d¢m(t)/dt is the instantaneous frequency. If

M) Ay R
2 Ty

o (A8
where T2 = 2/A®, is the dephasing time of the resonant dipoles,9 then, we can simplify Eq. (A7) as
R = i| —& 1 N(z OE; (z.t) (A9)
> mo A(j)a > 1\%, .

1+i do;()-w, ]
Aw

a

The limitation (A8) sets the validity for using the instantaneous frequency as the Fourier-transform frequency. The time scale
of the change of the laser pulse envelope should be larger than the dephasing time of the resonant dipoles. The physical
explanation is that the dephasing time of the resonant dipole is so short compared to the laser pulse duration that the
oscillating dipole tends to “forget” the history of the laser field, and only resonates with the instantaneous frequency of the
field. The existence of phase modulation ¢, does not change the basic forms of Eqs. (A3) and (A4). We can simply replace
Eq(z.t) and Pq(z,t) by Ej(z.t) and Py (z,t), respectively. If the gain medium is homogeneous, by substituting Eq. (A9) into the
radiation transport Eq. (A4) with Eq(z,t) replaced by E;(z, t), we obtain Eq. (1), with

a(w;) = K 4w, — (N@zt) = a;+iq; . (A10)
echis | [2(0;-0,)
Aw,

The imaginary part of the gain coefficient aj describes the phase added (per distance) by the resonant dipoles. This
phase shift has a linear relation with the instantaneous frequency near the gain center ,. If the laser spectrum is narrower
than the bandwidth of the gain profile, then the phase shift induced by the resonant dipoles in the amplifier is

o;L - w;()-w,
2 Am,

bamp(t) = agL .

(All1)

For a linearly chirped pulse, the reactive frequency shift compared to the laser bandwidth is [0damp()/dt)/AwL =
(Ao /Awa)apL/(4b). Since the parameter b is large in a CPA laser, we can neglect this frequency shift.

By substituting Eq. (A9) into the population Eq. (A3), with Eg(z,t) replaced by E1(z, t), we obtain

oN(z,t) _ 2% .
v, olw;(t)IN(z,t)I(z,t),

(A12)

where I(z,t) = eclE1(z,t)l2/2, is the laser intensity, and
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K 1

ceAm, ) {2[(oi(t)—(oa]}2
=17 a-
Aw,

(Al13)

olw;(t)] =

is the transition cross section as a function of the instantaneous frequency w;(t). To describe the gain saturation, one needs to
incorporate Eq. (A12) with Eq. (1), with a = No for homogeneous gain media, or a=IN(§) o(§)dE for inhomogeneous
gain media with site parameter .
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