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A new technique is presented for obtaining a large broadband nanosecond-laser pulse. This technique is
based on multipass phase modulation of a single-frequency nanosecond-laser pulse from the integrated
front-end source, and it is able to shape the temporal profile of the pulse arbitrarily, making this approach
attractive for high-energy-density physical experiments in current laser fusion facilities. Two kinds of
cavity configuration for multipass modulation are proposed, and the performances of both of them are
discussed theoretically in detail for the first time to our knowledge. Simulation results show that the
bandwidth of the generated laser pulse by this approach can achieve more than 100 nm in principle
if adjustment accuracy of the time interval between contiguous passes is controlled within 0.1% of a
microwave period. In our preliminary experiment, a 2 ns laser pulse with 1.35-nm bandwidth in
1053 nm is produced via this technique, which agrees well with the theoretical result. Owing to an
all-solid-state structure, the energy of the pulse achieves 25 pd. In the future, with energy compensation
and spectrum filtering, this technique is expected to generate a nanosecond-laser pulse of 3 nm or above

bandwidth with energy of about 100 pJ. © 2014 Optical Society of America
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1. Introduction

High-power laser facilities like the National Ignition
Facility in the United States and Laser Megadoule in
France are designed to create the ignition of a deu-
terium-tritium nuclear fusion target in a laboratory
setting [1,2]. In such a large laser system, a broad-
band laser plays a crucial role in many aspects. First,
it can be used in smoothing by spectral dispersion
(SSD) to achieve the required irradiation uniformity
on the target [3-11]. A large broadband laser is
desired since the amount of bandwidth determines
the rate of smoothing, which must be accomplished
before the target can significantly respond to the
laser nonuniformity [5,6,8]. Second, a large laser
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bandwidth can significantly reduce parametric insta-
bilities in high-intensity laser-plasma interaction
(LPI), such as stimulated Raman scattering and
simulated Brillouin scattering [12-18]. These para-
metric instabilities can cause poor coupling of laser
beams onto the target. Broadband laser is desirable
in LPI because the power of the laser is dispersed
over a frequency range Aw, which may exceed the
bandwidth y associated with parametric instabilities.
The frequencies of light outside the instability
bandwidth will not be able to drive parametric
instabilities. Therefore, the effective power that is
available to drive instabilities is reduced by the
factor y/Aw.

There are mainly two approaches to generate a
nanosecond broadband laser pulse. The first one is
stretching an ultrashort pulse produced by a mode-
locked laser to a duration of nanoseconds by a grating
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stretcher [19]. This method is simple and direct, yet
the nanosecond-laser pulse produced in this way is
unable to flexibly change its temporal shape to meet
the requirements of a wide range of high-energy-
density physical experiments. Another approach is
phase modulating an nanosecond optical pulse from
an integrated front-end source (IFES) that generates
a single-frequency pulse at 1053 nm [1]. Although a
nanosecond-laser pulse with an arbitrarily shaped
temporal profile can be obtained in this way, the dis-
advantage is that the bandwidth of the laser pulse is
merely 0.3-0.5 nm [20], limited to the microwave
power delivered to the phase modulator P, which
determines the modulation index of the modulator
6 for a constant electro-optic (EO) crystal length L.
If the problem of limitation of the modulation index
can be solved, the bandwidth of the modulated beam
is expected to be comparable to or even larger than
that of a mode-locked oscillator.

Phase modulation in a multipass configuration is
an effective solution to this problem and was first
proposed in an all-fiber architecture by van Howe
et al. [21]. The principle of this technique is using
a phase modulator driven at low RF power in a fiber
loop to simulate many stacked phase modulators. On
this basis, Xin and Zuegel developed a directly
chirped laser source which was expected to generate
a 2.5-ns laser pulse with 0.78-nm bandwidth in
1053 nm by a similar experiment configuration
[22]. However, there are two deficiencies for the ap-
plication of this broadband fiber laser source in high
power laser systems: first, the laser pulse traveled in
the fiber ring a lot of times, and the length of fiber it
passed through was too long. Therefore, group veloc-
ity dispersion of the fiber gave rise to frequency-
modulation-to-amplitude-modulation  (FM-to-AM)
conversion of the output pulse [23-25], which would
detrimentally influence the laser performance and
reduce the safe margin against damage to the optics.
Second, the energy of the broadband laser pulse ob-
tained in this way was only a few nanojoules since
the multipass modulation loop was in an all-fiber ar-
chitecture. The broadband laser pulse still needs to
experience a gain of ~10!3 that raises its energy from
~1 nd to ~20 kJ before injecting into a target cham-
ber and frequency converting. The total gain is large
enough to cause gain narrowing of the laser pulse
during the amplification process, which will also lead
to severe FM-to-AM conversion [26].

In this work, we propose a solid-state broadband
laser source based on multipass phase modulation.
Modulation performances of two kinds of cavity
configuration are analyzed theoretically in detail
for the first time. The tolerance of broadening the la-
ser bandwidth by this technique is also discussed,
and the result shows that if adjustment accuracy
of the time interval between contiguous passes can
be controlled within 0.1% of a microwave period,
the bandwidth of the generated laser can reach more
than 100 nm in principle. A preliminary experiment
is carried out to validate the feasibility of this
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broadband laser source, and a nanosecond-laser
pulse with 1.35-nm bandwidth in 1053 nm is
acquired by this technique, which can be scalable
up to 3 nm or above bandwidth. It should be noted
that benefiting from the all-solid-state configuration,
this broadband laser source has an energy capability
of ~25 pd, which will dramatically reduce the
amount of FM-to-AM conversion due to gain narrow-
ing during the preamplifier and main amplifier
chains.

2. High-Frequency Standing Wave Bulk Phase
Modulator

The high-frequency bulk phase modulator is a key
component of our broadband nanosecond-laser
source. A number of high-frequency bulk phase mod-
ulators were developed for the application of two-
dimensional (2D) SSD [27-35]. Among all these
designs, a velocity-matched lithium niobate (LiNbQO3)
modulator employing a microwave resonant design is
most promising because of its effective microwave
power coupling and high @ factor [33-35]. A schematic
of such a waveguide-coupled resonant bulk phase
modulator is shown in Fig. 1. Microwave radiation
is coupled into the LiNbOg crystal positioned in an
air waveguide by a waveguide-coaxial adaptor and
a TE;, waveguide. Because the dielectric constant
of LiNbOj3 is much higher than that of air, the operat-
ing frequency is below the cutoff frequency of the air
waveguide. Therefore, a high-@ standing-wave micro-
wave resonator is formed in the LiNbOj; crystal,
performing at TE,, , mode.

When a laser pulse with angular frequency w,
passes through this bulk phase modulator, the
electric field of the output laser beam can be ex-
pressed by [3]

E(t) — Eoei(w0t+§ sin w,,t) — EO Z Jl(5)ei(’”+l“""t), (1)
[=-00

where w,, is the frequency of microwave imposed on
the phase modulator, 6 is the modulation index, J;(5)
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Fig. 1. Schematic of a microwave resonant bulk phase modulator.



is the Bessel function, and / is any integer. It can be
seen from this expression that the laser spectrum is
broadened by sinusoidal phase modulation. The
spectral bandwidth produced by phase modulation
can be approximately given by

Av = bw,, /7. (2)

Due to the cutoff-waveguide coupled resonator de-
sign, the microwave wave is imposed across the
EO crystal in the form of standing waves, which
can be decomposed into fields copropagating and
counterpropagating with the laser beam. Since the
sign of the space phase terms of copropagating and
counterpropagating microwaves are opposite, the ex-
pressions of copropagating and counterpropagating
microwave fields cannot be incorporated normally.
Thus the analytical expression of § cannot be
obtained directly and must be solved by a numerical
method.

Ignoring phase shifts associated with the reflec-
tions at the cutoff waveguide, the electrical fields
of microwaves traveling along the +z and -z
directions can be written as

E,. = E, cos wm(t$Z/Urf), 3)

where v,; represents microwave velocity in the EO
crystal.

When the laser pulse propagates along the z axis in
Fig. 1, and both the optic and microwave vectors are
along the y direction, the optical refraction index in
LiNbO; crystal is given by

1
n=n,- §r33n§(Em+ +E, ), (4)

where n, is refraction index and rs3 is the EO coeffi-
cient. The optical phase retardation at z in a single
pass can be expressed by [36]

2 'z
1—‘single = 7”/0 I’L(Z’)dZ’. (5)

Assuming the laser beam travels along the +z axis
and is at z = 0 at time ¢ = ¢, it is at point z when

z
t =

+ o, (6)
Uopt

where v, is the optical group velocity in the EO
crystal.

Inserting Eq. (6) into Eq. (3), and using Eqgs. (4) and
(5), the optical phase retardation at point z can be
rewritten as

Fsingle(z) =T

n sin(u_)

3 .
anorsk, oz [sin(u
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Fig. 2. Relationship between modulation index and crystal
length in LiNbOj for several different velocity-matching
conditions.

where T’y is a time-independent phase retardation,
and u, are the copropagating and counterpropagat-
ing velocity-mismatch reduction factors, which are
given by

2 Uopt  Urf

Ignoring Ty, which does not contribute to phase
modulation of the laser beam (if not mentioned par-
ticularly, time-independent phase retardations will
be neglected in the remainder of this paper), Eq. (7)
can be written as

andrysE oz [sin(u
Cgingle(2) = ——= 3; m0 [ () cos(wpty + 1)
Uy
sin(u_)
+ cos(wtog +u_)|. (9)

Now, [gnge(2) in Eq. (9) is equivalent to the
modulated phase term 6 sin w,,¢ in Eq. (1). Using
Eqgs. (8) and (9), the relationship between modulation
index § and crystal length L under different velocity-
matching conditions for a modulation of 10.5 GHz
can be obtained, which is plotted in Fig. 2. Agreeing
with [34], the effective interaction length increases
with degrees of velocity matching of the laser beam
and microwave. The red solid curve represents a
rigid-velocity-matched design, and there is a flat re-
gion between L = 22 and L = 26 mm. If velocity mis-
match is controlled within 10% (1 < v,¢/vop < 1.1),
the modulation index for L = 23 mm is comparable
to or even larger than that of a rigid-velocity-
matched design. Thus, ov,/v,y =11 and L=
23 mm are chosen for our design. It should be noted
that the analytical expression of velocity-mismatch
reduction g in [34] is not rigorous because the differ-
ent space phase terms of standing microwaves are
not considered, which are very important for the
analysis of phase matching for multipass phase
modulation, which will be investigated below. Also

10 December 2014 / Vol. 53, No. 35 / APPLIED OPTICS 8231



for this reason, the effective interaction lengths plot-
ted in Fig. 2 are slightly larger than those obtained in
[34] under the same velocity-matching conditions.

3. Multipass Phase Modulation Configuration Design

It can be inferred from Eq. (9) that the modulation
index of a standing-wave EO phase modulator can
be expressed by

6 = pL - (xnlrssEo) /A, (10)

where p is a velocity-mismatch reduction factor
which takes into account influences of both copropa-
gating and counterpropagating microwave velocity
mismatch with the laser beam in a EO crystal. In
general, § can only be calculated by a numerical
method because of the different space phase terms
between standing microwaves mentioned above.

From Egs. (2) and (10), it can be seen that the
bandwidth of the phase modulated laser beam is
proportional to both of the EO crystal length and
microwave power. Concerning the cost and volume
of the microwave source, microwave power imposed
on the EO crystal is finite in practice. And the EO
crystal length is limited to about 23 mm to ensure
effective modulation efficiency under certain veloc-
ity-matching conditions. Therefore, the bandwidth
of the laser beam after a single-pass phase modula-
tion is limited to merely 0.35 nm.

If the laser beam passes through a phase modula-
tor more than once, and in each pass a rigid phase
matching condition is satisfied, phase modulation
can be accumulated effectively as the number of
passes increases. To realize multipass modulation,
an optical cavity should be designed to make a laser
pulse pass through the modulator many times. There
are mainly two types of cavity configuration suitable
for multipass modulation: a linear cavity and a ring
cavity, which will be discussed separately below.

A. Multipass Phase Modulation in a Ring Cavity
Configuration

Figure 3 presents a sketch of a ring optical cavity
configuration for multipass phase modulation. In
each pass, a laser pulse enters the modulator from
surface A and exits the modulator from surface B.
Highly reflective mirrors M5 and M6, which simulta-
neously move along the z axis, act as a horizontal
retroreflector, which is used for adjusting the time
interval between contiguous passes

M1 M8
M7 Mg
M4 M5
Modulator
M2 - Z M3
0 L

Fig. 3. Schematic of a ring cavity configuration for multipass
phase modulation.
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L
AT ing = + g 1D
Uopt C

where d is the distance from surface B in the
previous pass to surface A in the latter pass.

For multipass modulation in the ring cavity
configuration, assuming the laser beam is at z =0
in the first pass at time ¢ = #(, it is at point z in
the kth pass when

L d
t=(k—1)( +—)+ ° 1t
Uopt c Uopt
= (B=1)ATng + — + o, (12)
Uopt

where £ is zero or any positive integer. Using Egs. (3),
(4), and (5), phase retardation in the kth pass can be
obtained:

[(z) = cos{wm[(k - 1)ATring

_andrszEmez {sin(u+)
A

Uy
sin(u_)

+i] Fus)+ cos{@,,[(k = 1) AT ing

+to] + u_}}, (13)

and the total phase retardation of multipass modu-
lation is

N
Tyotat = Y _Tx(L)
k=1

mn3rssEoL LN (sin(u,)
=- ; k;{ » c08{@,,[(k = 1) AT ying

sin(u_)

+ tO] + u+} + cos{wm[(k - 1)ATring + tO]

+u_}}, (14)

where N is the number of passes.

Equation (14) shows that when AT\;,, equals an
integral multiple of microwave period T,, = 1/f,,,
the phase retardation in each pass is the same, equal
to that in the first pass I';. Therefore, Eq. (14) can be
simplified as Ty = NT';. In this case, the phase-
matching condition is satisfied, and the modulation
index increases as the number of passes grows, as
shown in Fig. 4(a). In practice, due to adjustment ac-
curacy of d, the time interval between contiguous
passes is more or less deviated from an integral
multiple of 7',,. In that case, the phase-matching con-
dition between contiguous passes is not rigidly satis-
fied, and the modulation index will grow within a
finite number of passes. The amount of phase
mismatch will accumulate as the number of passes
increases. And finally, when the amount of phase



500 - VpflVopt
—1
, |==-11
4004 7 ceee12
&7
. //".‘..- --=13
S 300- i
E ./'_,..//'/,.
—: 200 ...-'_'/,/"
= L
S O
1004 _.,.-/'/"
0 T T T T T
0 20 40 60 80 100
Pass number (a)

—— 0.1mismatch

- = =0.01mismatch
~~~~~ 0.005mismatch
—-—-0.001mismatch

400 A P

500

300+ -

200 il

Modulation index
\

100

14004
1200+ a
1000+ -

800 pd

600- P

Modulaiton index
N

400+ #
2004 ./

0 . T T T T T
0 100 200 300 400 500 (C)
Pass Number

Fig. 4. Performance of multipass phase modulation in a ring cav-
ity configuration. (a) Relationship between modulation index and
pass number for different velocity-matching conditions when
phase matching between each pass is rigidly satisfied. (b) Toler-
ance of accumulation of multipass modulation index for different
adjustment accuracy conditions. L = 23 mm is selected as the
EO crystal length, and the velocity mismatching factor is
Uy [Vgpt = 1.1. (c) Tolerance of accumulation of multipass modula-
tion index for adjustment accuracy of 0.0017",, displayed in scale of
100 pass number/div.

mismatching adds up to z, the modulation index
achieves its maximum. Figure 4(b) shows the toler-
ance of accumulation of modulation index via multi-
pass modulation for different adjustment accuracy
conditions. It can be inferred from Fig. 4(b) that a
larger modulation index can be obtained by

multipass modulation for higher adjustment accu-
racy of d. When AT,;,, is adjusted to the value which
is 0.0017',, deviated from an integral multiple of T',,,
the number of effective passes can be larger than
490, and the accumulated modulation index can
reach 1360, corresponding to a bandwidth of
105.6 nm, which is shown in Fig. 4(c).

B. Multipass Phase Modulation in a Linear Cavity
Configuration

The linear cavity configuration for multipass phase
modulation is shown schematically in Fig. 5. Multi-
pass modulation is realized by reflecting an optical
pulse back and forth through the modulator. Two
end mirrors M1 and M2 are used for adjusting phase
matching in odd passes and even passes, respec-
tively. Unlike a ring cavity configuration, in which
the modulation index in each pass is the same when
the phase-matching condition is satisfied, the perfor-
mance of a linear multipass modulation cavity in
even passes is generally different from that in odd
passes, which makes multipass modulation in a
linear cavity configuration exhibit distinctive
characteristics.

In odd passes, a laser pulse passes through the
modulator from surface A to surface B in Fig. 5.
Similar to the ring cavity configuration, assuming
the laser beam is at z = 0 in the first pass at time
t = ty, phase retardation at point z in the (2k-1)th
pass is given by

COS{CUm [2 (k - 1)ATlinear

3rosE sin
sz_l(z):_”ne’”% mOz{ in(u,)

A +

ool 3+ oso 20k~ D AT

+t0]+u_}}, (15)

where AT)ieqr 1S the time interval between contigu-
ous passes in a linear cavity configuration, which is
given by

L 2d
ATlinear =—+—.
Dopt C

In even passes, the laser pulse passes through the
modulator from surface B to surface A, and it is at
point z in the 2kth pass when

L-z
= (2k - 1)ATlinear + + tp. (16)
Uopt
|- ﬂ
0 L
M1 Modulator M2

Fig. 5. Schematic of a linear cavity configuration for multipass
phase modulation.
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Fig. 6. Relationship between modulation index and the number
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Using Eq. (4), the refraction index at point z in the
2kth pass is given by

1
Nop, = —57”3371? Epy +En-)

1
= _§r33n§ {EOm COS Wy, |:t0 + (2k - 1)ATlinear

L —
+ ( ud —i):| +E0m COS w,, |:t0 + (2k - 1)ATlinear

Uopt  Urf

L-z =z
- +=) [t
Uopt  Urf
Let us introduce the distance between the position

of the laser pulse in the EO crystal and the entrance
face of even passes (surface B) z; as

(17)

z1=L-z. (18)

Then phase retardation in the 2kth pass can be
obtained by using Egs. (5), (17), and (18):

3 E :
Tyu(z1) = —””@r&; m0?1 {SH;(”” cos{a)m[(Zk ~1)
+

sin(u_)

u

L
ATlinear + tO + 1)_] + u+} +
f

cos{a)m |:(2k = D AT inear + to — L:| + u_}}

vrf

(19)

It can be seen that there is an additional phase
term A¢, = +w,,L/v,s for phase retardation in even
passes compared with that in odd passes. This makes
the features of multipass modulation in a linear
cavity configuration different from that in a ring cav-
ity configuration. The performance of multipass
modulation for different values of L/v,; in a linear
cavity configuration will be discussed in detail below.
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1.  Performance of Multipass Modulation in a
Linear Cavity Configuration when L/v,;s = QT (q
Is Any Positive Integer)

In this case, when the time interval between contigu-
ous passes AT)inear = 2T, where n is any positive
integer, using Eqgs. (15) and (19), the phase retarda-
tions of odd and even passes are equal:

Top_1(L) = 'y, (L)

_ andrssE,oL [Sin(u +)
T A

cos(mw,,
U, (mO

sin(u_)
u

(20)

+uy)+ cos(wp,to + u_)}.

By substituting Eq. (20) into Eq. (14), the total phase
retardation of N-pass modulation is given by
Ciotal = NFI(L)
_ anirssE,,oNL |:sin(u+)
A

n sin(u_)

cos(wy,to +u,)
Uy

(21)

cos(wp,tg + u_):|,

which grows linearly with an increasing number of
passes.

When time interval ATY,cor = (20n-1)T,, /2, phase
retardation of even passes equals the negative value
of that of odd passes:

Fop(L) = —T'gp_1(L)
_ wndrssE,oL |:sin(u+)
B Ji

cos(w,,to
Uy

sin(u_)

+uy)+

cos(w,,to + u_)}, (22)

which indicates phase modulation in even passes and
that in odd passes are completely mismatching. The
total phase retardation is

N is odd number
Nis even number’

' (L)

Ciotal = { 0 (23)

When ATjpear €quals a value between (2n —
T,./2 and nT,,, the phase retardations of odd
passes and even passes are partly mismatched.
And within a finite number of passes, the modulation
index grows as the number of passes increases.
Figure 6 plots modulation index as a function of num-
ber of passes for different time interval values
when L/v,s = qT,,.



2.  Performance of Multipass Modulation in a
Linear Cavity Configuration when L/v,; =
(2q-1)T,,/2 (q Is Any Positive Integer)

In this case, when time interval ATjypear =
(2n -1)T,,/2, where n is any positive integer, using
Eqgs. (15) and (19), the phase retardation of even
passes equals that of odd passes. The phase modula-
tion in even passes and that in odd passes are rigidly
matching, and the total phase retardation is given by

Tiotal = er (L)

_andrggE,oNL [sin(u+)
B A

sin(u_)

cos(w,to
Uy

cos(w,,ty + u_)].

When the time interval between contiguous passes
ATinear = nT,,, the phase retardation of even passes
equals the negative value of that of odd passes. The
phase modulation in even passes and that in odd
passes are completely mismatching, and the total
phase retardation is given by

I'y(L
l—‘tota\l = { 1(() )

When ATyn..r equals a value between (2n-—
1)T,,/2 and nT,,, the phase retardation of odd passes
and even passes are partly mismatched. And within
a finite number of passes, the modulation index
grows as the number of passes increases. Figure 7
plots modulation index as a function of number of
passes for different time interval values when
L/v,s = (29 -1T, /2.

N is odd number

N is even number”’ (25)

3. Performance of Multipass Modulation in a
Linear Cavity Configuration when 2q-1)T,/2 <
L/v,s < qTp, (q Is Any Positive Integer)

Phase velocity mismatching factor v,r/v,y is set
at different values near 1 to realize different L/v,,

—AT,=2n-1)T,)2
- = AT =[(2n-1)2+0.1]T,
100 -+ AT=nT

m

80

60

40

Modulation index

20

0 5 10 15 20

Pass number
Fig. 7. Relationship between modulation index and the number
of passes for various different time interval values between
contiguous passes when L/v,; = (29 - 1)T,,/2.

Table 1. Different L/v,; Conditions by Setting
Rf Velocity Value

Orf / Uopt L/ Urf

1.1571 1.5T,,
1.0848 1.6T,,
1.0210 1.7T,,
0.9918 1.75T,,
0.9643 1.8T,,
0.9135 1.97,,
0.8678 2T,

conditions, which are shown in Table 1. The EO crys-
tal length is selected as 23 mm here.

Using Egs. (14), (15), and (19), multipass modula-
tion performance in a linear cavity configuration for
different L/v,; conditions when time interval
ATnear = 2n-1)T,,/2 and nT,, are shown respec-
tively in Figs. 8(a) and 8(b). It can be seen that when
the value of L/v,s is closer to (2¢ —1)T,,/2 than to
qT,,, the time interval between contiguous passes
ATipear should be set as (2n-1)T,,/2 to acquire the
maximum multipass modulation index, where n is
any positive integer number. Otherwise, when the
value of L/v, is closer to qT',, ATipear should be
set as nT,, to acquire the maximum multipass
modulation index.

250

200
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100

Modulation index

30 40 50

20
Pass number (a)

0 10

250
200

150

100

Modulation index

30 40 50
Pass number (b)
Fig. 8. Relationship between modulation index and the number

of passes for various different L/v,, when time interval values
equals (2n -1)T,,/2 (a) and nT,, (b).
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Fig. 9. (a) Tolerance of accumulation of multipass modulation in-
dex for different adjustment accuracy conditions in a linear cavity
configuration. L = 23 mm is selected as the EO crystal length, and
the velocity mismatching factor is set as v,7 /vy, = 1.1. (b) Toler-
ance of accumulation of multipass modulation index for adjust-
ment accuracy of 0.001 mismatching displayed in scale of 100
pass number/div.

Similar to the ring cavity configuration, tolerance
of accumulation of multipass modulation for differ-
ent adjustment accuracy of d in a linear cavity con-
figuration can be obtained by Eqgs. (14), (15), and (19),
which is shown in Fig. 9. The EO crystal length is
selected as 23 mm, and the velocity mismatching
factor is set as 1.1 here. We can see that if ATYpeqr
could be controlled within 0.0017,,, the maximum
modulation index will reach 1520, corresponding to
118.0 nm.

4. Experimental Setup

A preliminary experiment was carried out to verify
the feasibility of this broadband laser source based
on multipass phase modulation. A linear cavity con-
figuration was employed since the cavity length of it
is half of that of a ring cavity length. As shown in
Fig. 10, the solid-state broadband nanosecond-laser
source based on multipass phase modulation consists
of a seed laser, a beam separation unit, and a multi-
pass phase modulation resonator.

The seed laser comprises an IFES and an Nd-glass
regenerative amplifier. The IFES creates a single-
frequency nanosecond-laser pulse at 1053 nm and
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Fig. 10. Experimental setup of the solid-state broadband nano-
second-laser system and a grating spectrometer which is used
for measuring spectrum distribution of the modulated output
pulse.
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Fig. 11. Spectral measurement for the four-pass phase modula-
tion with a grating spectrometer. (a) Grating spectrometer image
of a four-pass phase-modulated 2 ns laser pulse. (b) Temporal spec-
trum converted from the grating spectrometer image. (¢c) Simulated
spectrum for the four-pass phase modulation with the same
modulation index.




is capable of flexibly changing the temporal shape of
the laser pulse. After leaving the IFES, the pulse
enters the regenerative amplifier, experiencing a
gain that raises its energy from 1 nd to 100 pd. The
regenerative amplifier output is p-polarized. A thin-
film polarizer (TFP) in combination with a half-wave
plate (HWP) and a Faraday rotator are used for
separating the modulated broadband pulse from
the input pulse, which also protects the seed laser
against feedback from later optical components. This
waveplate-rotator combination makes the polariza-
tion of the input seed pulse rotate 90 deg from p
to s, and the output beam remains unchanged in
s-polarization.

The seed pulse is injected into the multipass modu-
lation resonator via TFP2 as shown in Fig. 10. After
passing through a quarter-wave plate (QWP) twice,

the beam polarization rotates 90 deg from s to p.
Then the Pockels cell (PC) is switched on, trapping
the pulse in the cavity for two round trips. During
each round trip, the pulse passes through the bulk
phase modulator twice. During the final pass, the
PC is switched off, and the polarization of beam is
transformed from p to s after passing through the
QWP twice again. Then the laser pulse exits the cav-
ity through TFP2. The combination of a HWP and
TFP3 is used for adjusting the polarization of the
beam in the EO crystal in the direction of the micro-
wave vector. The bulk phase modulator, which can
apply 0.35 nm bandwidth in a single-pass configura-
tion with peak microwave pulse power of ~300 W, is
located near the focal plane of a pair of confocal con-
vex lenses to ensure that the beam passes through
the EO crystal without blocking. The end mirrors
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Fig. 12. Near field profiles of the (a) input beam and (b) four-pass modulated beam are measured by a CCD camera. (c) and (d) are single-
line near field intensity distributions of the input beam and four-pass modulated beam, respectively, along the horizontal centerline
direction. (e) and (f) are single-line near field intensity distributions of the input beam and four-pass modulated beam. respectively, along

the vertical centerline direction.
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M2 and M7 are positioned near the object and image
plane of the confocal lenses, respectively, and are
mounted on 1D linear stages which can be used
for adjusting the distance between the end mirrors
and the modulator to make the beam pulse and
microwave satisfy the phase-matching condition in
each pass.

5. Results and Discussion

The spectrum of the output of the broadband nano-
second-laser source is measured by a grating
spectrometer, which consists of a 7x beam expander,
a grating with a groove density of 1740 I/mm, a 1.5 m
focal length lens, and a CCD.

Figure 11(a) shows the far-field intensity distribu-
tion of the broadband laser beam diffracted by the
grating after four-pass phase modulation when the
phase-matching condition in each pass is satisfied.
The separated spots represent the resolving FM side-
bands and the distance of two neighboring sidebands
corresponds to 10.5 GHz bandwidth. Therefore, the
spectrum of the four-pass phase modulated laser
beam can be obtained, which is shown in Fig. 11(b).
It can be seen that via four-pass phase modulation
with microwave driven power of approximately
300 W, the spectral bandwidth of a 1053 nm, single-
frequency, 2 ns pulse length laser is broadened to
1.35 nm. Since the single-pass modulation index of
our bulk modulator is 4, the theoretical simulated
spectrum of the four-pass modulated laser beam
can be calculated by Egs. (1), (2), and (24), which
is shown in Fig. 11(c). It can be seen that the mea-
sured bandwidth agrees well with the theoretical
results. The difference of the spectrum intensity dis-
tribution between experimental and theoretical re-
sults can be accounted for by the structure of the
bulk phase modulator and the phase modulation de-
viating from a rigorous sinusoidal wave. It should be
noted that the modulation performance of our modu-
lator is worse than the performance of the one
designed by Zuegel and Jacobs-Perkins at the
University of Rochester, which can achieve FM band-
widths of up to 0.55 nm [34]. If we use the 10.4 GHz
bulk modulator made by Rochester in our experi-
ment, the total bandwidth of the output of our broad-
band laser source is expected to achieve ~2.2 nm
after four-pass modulation.

Finally, we measured the near field profile of the
input beam and four-pass modulated beam with a
CCD camera. As shown in Fig. 12, a good quality
near-Gaussian beam profile is obtained in both cases.
It can be seen that the width of the vertical profile is
a little shorter than that of the horizontal profile for
the four-pass modulated beam. This is because the
distance between the two lenses in the cavity has
not been rigorously adjusted to two times the focal
length. Therefore, as the number of passes increases,
the dimension of the beam becomes larger. Since the
vertical length of the LiNbOj crystal is shorter than
the horizontal length, the vertical profile of the beam
will be clipped by the EO crystal and the horizontal
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profile will pass through the crystal completely when
the beam diameter is larger than vertical dimension
and smaller than the horizontal dimension of the EO
crystal. This problem can be solved completely if a
shearing interferometer is used for precisely adjust-
ing the distance between Lensl and Lens2 to make
the two lenses confocal. The spots appearing in the
images are caused by dust particles on neutral gray
filters and the CCD itself.

The output bandwidth of our broadband laser
source, which is determined by the number of modu-
lation passes, is limited by the energy loss in the
cavity. The single-pass transmittance of the cavity
is about 0.7, and the energy of the output laser pulse
after four-pass modulation is 25 pJ. Bandwidth scal-
ing beyond 3 nm with pulse energy of about the order
of magnitude of 100 pJ may be possible if a Yb:glass
amplifier head is used in the cavity for energy loss
compensation. Meanwhile, a spectrum filtering tech-
nique should be employed in the setup to compensate
the gain narrowing effect of Yb:glass.

6. Conclusions

A method of producing broadband nanosecond-laser
pulses by a high-frequency bulk phase modulator
with a multipass configuration has been proposed.
The laser pulse generated in this way has the advan-
tages of an arbitrarily shaped temporal profile, high
output energy, and large spectrum bandwidth, which
make this technique suitable for applications in iner-
tial confinement fusion experiments, such as SSD
technology and reducing parametric instabilities in
high-intensity LPI.

Two cavity configurations, a ring and linear cavity
configuration, were presented. The characteristics of
their multipass modulation performance were ana-
lyzed theoretically for the first time. Compared to
a ring cavity configuration, the modulation perfor-
mance of a linear cavity configuration is more
complex because of the influence of additional space
terms of L /v,; in even passes. The tolerances of accu-
mulation of modulation index in both cavity configu-
rations were analyzed, which were determined by
the adjustment accuracy of the distances between
end mirrors and the modulator. If the time interval
between contiguous passes is controlled within
0.0017,,, the number of effective modulation passes
for both cavity configurations can achieve more than
490, corresponding to a laser bandwidth of 105.6 nm
for a ring cavity configuration and 118.0 nm for a
linear cavity configuration.

Finally, a preliminary experiment was carried out
to validate the feasibility of this technique. A 2 ns
laser pulse was generated with bandwidth up to
1.35 nm via four-pass phase modulation. The energy
of this broadband pulse was 25 pd without an active
medium for energy compensation, and its near field
intensity profile exhibits a good quality near-
Gaussian distribution. It should be noted that the
laser bandwidth is expected to achieve 3 nm or above
with its output energy of the order of magnitude of



100 pd if energy compensation and spectrum filtering
are employed.

This research was supported by the National
Natural Science Foundation of China (Project
No. 61405211).
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