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Abstract

FM-to-AM (frequency modulation-to-amplitude modulation) conversion caused by nonuniform spectral transmission
of broadband beam is harmful to high-power laser facility. Smoothing by spectral dispersion (SSD) beam is a special
broadband beam for its monochromatic feature at the given time and space on the near field. The traditional method
which uses the optical spectral transfer function as filters cannot accurately describe its AM characteristics. This paper
presents the theoretical analysis of the etalon effect for SSD beam. With a low-order approximation, the analytic model
of the temporal shape of SSD beam is obtained for the first time, which gives the detailed AM characteristics at local and
integral aspects, such as the variation of ripples width and amplitude in general situation. We also analyze the FM-to-AM
conversion on the focal plane; in the focusing process, the lens simply acts as an integrator to smooth the AM of SSD
beam. Because AM control is necessary for the near field to avoid optics damage and for the far field to ensure an optimal
interaction of laser—target, our investigations could provide some important phenomena and rules for pulse shape control.
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1. Introduction

In laser driven inertial confinement fusion!!:2!, the optical
spectrum is broadened for two purposes, one is to avoid the
stimulated Brillouin scattering in the large aperture optics!?],
and the other is to ‘smooth’ the speckle pattern of beam
on the target combined with the spectral dispersion (SSD)
method*®!.  Phase modulation is the current method to
broaden the optical spectrum (also called the frequency
modulation (FM))[7-8!. Ideally, the pure phase modulation
will not change the beam intensity. However, if the optical
spectral transmission is nonuniform in propagation, the FM
would convert to the amplitude modulation (AM)!%- 101, The
AM needs to be reduced or at least controlled for two
reasons. First, it is a main difficulty in controlling temporal
shape to ensure an optimal interaction of laser—target!!- 21,
Second, the intensity peaks due to the AM might damage
optics and hence depress laser performancel'!~131.  The
common basis for all effects is the nonuniform spectral
transmission!”). Etalon effect is an important factor that
causes spectral transmission distortion because the number
of transmissive optics is large and optics coating would
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degrade during long term operation in high-power laser
facilityl!4 151,

Typically SSD beam contains an optical fiber phase mod-
ulation that imposes bandwidth in the front-end system
and an SSD grating that disperses the broadband beam in
the pre-amplifier system!'® 171, Compared with traditional
broadband beam, phase modulation or SSD beam is very
special for its monochromatic feature at given time and
spacel*). The traditional method using optical spectral trans-
fer function as filters to analyze the FM-to-AM conversion
is therefore insufficient to describe the AM characteristics of
SSD beam. Since the AM in near field is associated with
laser nonlinear effect and laser damage of optics!'!, in far
field it affects the laser—target interaction!!), and in partial
area sampled from near field impacts pulse measurement and
precision control!!8]. It is necessary to obtain the complete
AM characteristics for its importance on above-mentioned
aspects.

In this paper, we theoretically investigate the AM charac-
teristic of SSD beam induced by the etalon effect in high-
power laser facility. With a low-order approximation, the
analytic model of temporal shape intensity is obtained for
the first time, which gives the detailed AM phenomenon and
rules of shaped SSD pulse at local and integral aspects.
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2. Theoretical analysis of etalon effect in transmission
plate

When a beam passes through a transmission plate, with
thickness d and residual reflectivity R, as shown in Figure 1,
the number of reflections approaches infinite: in one cycle,
the forward beam in the plate is split into two beams at the
output interface and the reflected part will be reflected again
at the input interface. As aresult, it goes forward as the initial
forward beam in the plate in the next cycle.

According to the reflection process, the delay time of the
m-order output is obtained by

nd
tm = —Qm + 1). (D
c

In the calculation, the change of the refractive index with
the optical wavelength of SSD beam is ignored due to the
beam’s small bandwidth. The output optical field contains
amplitude attenuation and a phase delay. Considering these
two aspects, the m-order optical field transmission is given
by

Tm — (1 _ R)Rmei(2nnd//l)(2m+l)' (2)

The total output is a summation of the infinite series that
comes from the multi-times reflection in the plate and given
by

Aout(®) =Y TnAin(t — t), 3)

m=0

where Aj, (¢) and Aqy(¢) are the input and output amplitudes
of the optical field, respectively. When the steady-state
approximation, which is a traditional method used in the
Fabry—Perot (F-P) etalon, is applied to solve Equation (3),
the output optical amplitude can be derived as

0 _ i2rnd /)
(1 = R)ei(
Aout = Ain E T = A

1 — Reil@mnd/d) - )
m=0
And the intensity is calculated as
Towt = I ! 5
out = ‘“1 | 4Rsin’Qrnd/D) )

(1-R)?

Equation (5) is the standard spectral transmission function
of the F-P etalon. Generally, steady-state approximation is
not satisfied in high-power laser facility due to the sharply
shaped pulse which would cause inaccurate solutions. Since
R is a small quantity in high-power laser facility thus the
| Tn+11/1Tm| < 1, one can use the low-order approximation
to solve Equation (3). We get the first two terms of

Equation (3) and calculate the output optical amplitude
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Figure 1. Schematic representation of the beam mixing process in
transmission plate.

Eou(t) = ToAin(t — t0) + T1 Ain(r — 11). (6)

Let us consider a typical SSD beam that the dispersion
direction is along x-axis. Then the time—space optical field
distribution can be written as

Ein(ta x) — Ao(t, x)eia)()tei3 sin(wt+kx)’ (7)

where Ao (¢, x) is the pulse amplitude, and wo and w are the
central and modulation angular frequency, respectively. § is
the modulation depth, k is the dispersion parameter and the
value is 2n N./D, N, is the number of color cycles and D is
the beam aperture. Substituting Equation (7) into Equation
(6), we can obtain the output optical field as

Eou(t,x) = (1 = R)Ag (t - %)

x eiwo(t—nd/c)eié sin[w(t—nd /c)+kx]

+ (1 _ R)RA() <t _ @) eia)o(t—3nd/c)

c
% ei6 sin[w(l—3nd/c)+kx]' (8)

In Equation (8), the time—space optical field has theoretical
expression; therefore, AM can be calculated directly in time
domain instead of using optical spectrum transfer function to
describe FM-to-AM conversion of etalon effect.

3. AM of SSD beam induced by etalon effect in near field

For single sinusoidal phase modulation, the temporal inten-
sity of output optical field is calculated from Equation (8) as

(=)
Aot — —
c

2
[14+2Rncos®(t, x)].

€))

1(t,x) = (1 — R)?
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In Equation (9), the parameters n and &(¢, x) are ex-
tracted by

Aot = %) e
=y SV oy (10)
Ao (1 = %) Ao (1 = %)

and

2nd
d(t,x) =acos |:a) (t - —) +kx] + o, (A1)
c

where a = 2§ sin(wnd/c) and @9 = 2nwod/c. The output
pulse intensity as shown in Equation (9) has a cosine function
term that accounts for the AM of SSD beam; the modulus
and the phase of the cosine function determine the amplitude
and patterns of AM.

With the definition of the FM-to-AM conversion factor! 1%,
the distortion criterion « is calculated as

o = 4Rn. (12)

It indicates that the distortion criterion is proportional to R
and 7. R is a constant parameter related to the plate property,
n is impacted by the pulse temporal shape expressed by
Equation (10). We can easily obtain that the distortion
criterion is reduced at the position where pulse has a sharp
rise.

Equation (9) obviously shows that the time-varying AM
patterns have the same period as FM. In order to obtain the
detailed AM patterns, we performed a modulo-7 operation
on the phase function and quantized the results into discrete
phase levels with the name equivalent phase. @(¢, x) is
accordingly converted into equivalent phases to analyze the
AM patterns, and it indicates that the values of ¢g and
a (the half variation range of ®(z,x)) are key points to
impact AM patterns. Figures 2 shows some examples
of the equivalent phases (Figures 2(a), 2(c) and 2(e)) and
the corresponding AM patterns (Figures 2(b), 2(d) and 2(f)).
For clear comparisons, we classify our discussion into two
cases as follows.

(1) When ¢y satisfies the condition ¢y = 2mwng (ng is an
integer, the same below), the term cos @ (¢, x) from
Equation (9) can be simplified as cos{a cos[w(t —
2nd/c) + kx]}, which has two uniform types in a
period and the AM period is reduced to half, which
is shown in Figures 2(a) and 2(b). Supposing the FM
period is T, the actual period 77 can be easily obtained
asT) =T/2.

(2) When ¢ is not 2w ng, AM patterns may have multiple
ripples with different amplitudes and widths in a
period. As shown in Figures 2(c) and 2(d), there are
three different ripples. Additionally, if the value of a
is bigger, the number of ripples in one period is larger.
This phenomenon can be easily mistaken for random
noise in high-power laser facility.
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We analyzed the values of ¢p and a with typical SSD
parameters. Thatis, § =2, w = 27 f = 307 GHz,n = 1.5,
and wg = 1.8 x 1015(1053 nm). The results are ¢y =
1.8 x 107d and a = 26 sin(wnd /c). o changes linearly with
the plate thickness, while the large slope coefficient indicates
that the plate thickness is very sensitive. Generally, in high-
power laser facility, ¢g around 2w ng has low probability to
occur, a is periodically varied with the plate thickness and it
indicates that the plate thickness can be precisely designed
to reduce the ripples’ number and amplitude.

For multiple sinusoidal phase modulations, the temporal

shape is calculated as
d
Ao <t — n—)
c

X {1 + 2Rncos |:a1 cos D (t, x)

2
I(t,x) = (1 — R)?

2nwod
+ apcos Dy(t, x) + neo “ . (13)
c

The distortion criterion of AM has the same value as
one sinusoidal phase modulation, but AM patterns are more
complex, as shown in Figures 2(e) and 2(f). The traditional
periodical pattern disappeared and the amplitude and the
width of ripples varied over entire pulse.

When multi-plates are applied in series in system, ignoring
the high order of AM terms, the temporal intensity is calcu-

lated as
d
A() <l‘ — n—)
c
N

x Y [1+2Rncos d(t, x)]

i=1

N
~ {1 + ZZ[R,-m cos @; (t, X)]}

i=1
N
nd;
1—R)*|Ag [t — —
XE( ) o< C)

Equation (14) indicates that AM with multi-plates has
similar patterns and increased distortion criterion compared
to the one plate scenario. When multi-plates have equal
thickness (in high-power laser facility, only the beam passing
through one plate by multi-times can satisfy this condi-
tion), the distortion criterion is superposed with linearity
as o = 425\]:1 R;n;. Otherwise, the distortion criterion

is superposed with quadratic sum as o = 4,/ ZlN: 1 (R; n;)?

because of the random equivalent phase @; (¢, x). Supposing
n; is the passing number for the ith plate, the integral
distortion criterion of multi-plates can be obtained as o =

4,/ vazl (niRini)>.

N

N
It.x)=]]ne.o=]Ja-Rr?
i=1

i=1

2

2
14
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Figure 2. Samples of equivalent phases and the corresponding AM patterns of SSD beam induced by etalon effect. In the left three figures, red curves and
blue curves denote the equivalent phase and the original phase, respectively. The parameters are (a) one sinusoidal phase modulation with g = 27ng,a = 2,
(c) one sinusoidal phase modulation with ¢g = 2nng + /3, a = 3.5 and (e) two sinusoidal phase modulations with ¢g = 27ng + /3, a; = 3, ay = 2.
The corresponding temporal ripples are shown in (b), (d) and (f) and the intensity scale is normalized to mean intensity.

4. AM of SSD beam induced by etalon effect in far field b2 b7z
y (1) = / Io(z, x) dx = / (1= R)?
-D/2 -D/2
For an SSD beam expressed as Equation (10), kx is the nd\ 12
phase factor associated with space, which represents that x |Ag (t - —) {1 +2Rny
the grating generates a time delay proportional to x. In the ¢ ond
focusing process, the lens simply acts as an integrator on the X COS {a cos [a) (t — L) 4 kx} + </)0} } dx
focal plane, as presented in Figure 3. Therefore, the far-field ¢

intensity is temporally averaged due to the time delay. 2

For a spatially flat-top beam, the far-field intensity is
linked to near-field intensity by the following expression:

=(1-R)?

(=)
Ag |t — —
C
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near field
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Figure 3. Schematic representations of the focusing process for an SSD
beam (single sinusoidal phase modulation). Integration of intensity on
focal plane can reduce the distortion criterion of SSD beam. The colors
represent the isointensity surface in near field, and the horizontal dashed
line corresponds to AM patterns in near field as shown in Figure 2.

x 1D +2Rn
D72 2nd
X / cos {acos |:kx+a)(t——>]
-D/2 C
+oo¢dx = Iy (t)+Tap(t), (15)

where Ijp(t) and I4p(¢t) are the mean intensity and
modulation intensity, respectively. The relative modulation
Tapm(t)/Ip(2) is calculated as

Tam (@) — 2R
In (1)
1/2 2nd
X / cos{acos[ZﬂNCxo+w<t— —>i|+<p0}dx0-
—1/2 ¢

(16)

Here the transform xo = x/D is applied. From Equa-
tion (16) it can be indicated that, AM in the far field
has similar patterns and reduced distortion criterion to the
near field. Equation (16) clearly shows the dependence of
distortion criterion on the number of color cycle. When

0.20 4
(a) the equivalent phase of ¢
-0

0.15- -~

n/3

! ———2
= 0.104
0.05 1

0.00

[

N. — 0, the distortion criterion of the far field has the
maximum value ¢« = 4Rn, which is the same as the near
field. When N, is an integer, the distortion criterion becomes
0 at any time slice, and AM on the far field disappears.
Generally, the distortion criterion has a decreasing trend with
N, increasing, and the constant phase ¢q has an influence on
the distortion criterion especially when N, is small.

We then investigate the number of color cycle dependence
of the distortion criterion by numerical illustrations as fol-
lows. During the calculation, the temporal pulse profile was
flat-in-time and 3 ns wide, SSD parameters are the same as
in Figure 2(c) and the distortion criterion induced by the
etalon effect is @ = 20% in the near field. The distortion
criterion trend is shown in Figure 4(a). It shows that with
increasing N, the distortion criterion in far field decreases
integrally and it has an inflection point at the position where
N, is an integer; the constant phase ¢g does not change
the characteristic of the curve but can modify the details.
For clear comparisons, in Figure 4(b), we give an example
of AM patterns in the near field and the far field, and the
corresponding parameters are N, = 1.3 and ¢9 = 2wng +
7 /3, respectively. We can see that AM in the far field and
near field has similar patterns, but the distortion criterion in
the far field is obviously smaller. The analytical results are
in good agreement with the simulation ones.

5. Conclusion

Etalon effect is a factor that would cause the spectral trans-
mission distortion and hence impose the FM-to-AM conver-
sion in high-power laser system. SSD beam is a very special
broadband beam for its monochromatic feature at the given
time and space in near field. The traditional method which
uses the optical spectral transfer function as filters cannot
accurately describe its AM characteristics. Based on the
beam mixing process in the transmission optics, the theories
of etalon effect for SSD shaped pulse are studied. With

—— AM on near field

(b) N=13 — AM on far field

1(1)

<, 1.10-]

1.054

1.004

0.95+
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Normalized intensity
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Figure 4. (a) Dependence of the far-field distortion criterion on the number of color cycle for an SSD beam, where the equivalent phase of ¢ is 0, 7 /6, 7 /3
and 7 /2, respectively. (b) The comparison of AM patterns in near field and far field for an SSD beam with the parameters N. = 1.3 and ¢y = 27ng + 7 /3.
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a low-order approximation, the analytic model of temporal
shape of SSD beam is achieved for the first time. It
concludes that the distortion criterion is proportional to the
residual reflectivity of the plate and the temporal gradient
of the pulse. Since AM patterns contain many ripples with
different amplitudes and widths, a precisely designed plate
thickness can reduce the ripples’ number and amplitude.
Additionally, multiple elements in series are analyzed; it
indicates that multiple phase modulations in series would
increase the complexity of the patterns, and multi-plates in
series would increase the distortion criterion. Finally, the
FM-to-AM conversion on focal plane is investigated; the
integration of intensity on focal plane can reduce AM of
SSD beam impacted by the etalon effect and the distortion
criterion is reduced by increasing the number of the color
cycle. Because AM control is necessary for the near field
to avoid optics damage and for the far field to ensure an
optimal interaction of laser—target, our investigations could
provide some important phenomena and rules for pulse
shape control.
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