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Abstract

A one-dimensional steady-state model for stimulated Raman backscatter (SRS) and stimulated
Brillouin backscatter (SBS) processes in laser-irradiated plasmas is presented. Based on a novel
“predictor-corrector” method, the model is capable to deal with broadband scattered light and
inhomogeneous plasmas, exhibiting robustness and high efficiency. Influences of the electron
density and temperature on the linear gains of both SRS and SBS are investigated, which indi-
cates that the SRS gain is more sensitive to the electron density and temperature than that of
the SBS. For the low-density case, the SBS dominates the scattering process, while the SRS
exhibits much higher reflectivity in the high-density case. The nonlinear saturation mecha-
nisms and competition between SRS and SBS are included in our model by a phenomenolog-
ical method. The typical anti-correlation between SRS and SBS versus electron density is
reproduced in the model. Calculations of the reflectivities are qualitatively in agreement
with the typical results of experiments and simulations.

Introduction

Stimulated Raman backscatter (SRS) and stimulated Brillouin backscatter (SBS) are crucial
issues for laser-driven inertial confinement fusion (ICF) (Lindl et al., 2004). Some of the
Nova experiments have shown as much as 35% of the incident laser energy backscattered as
SBS (Lindl, 1998). In other experiments, SRS-reflected energy fractions as high as 25% have
been observed (Lindl, 1998). Experiments at the National Ignition Facility (NIF) also show
that the laser energy scattered through SRS and SBS from the hohlraum is beyond the expec-
tation (Glenzer et al., 2011). The backscattered light can lead to energy loss of the incident
laser, and the hot electrons generated by the SRS can preheat the capsule and spoil the implo-
sion symmetry (Kruer, 1988; Powers et al., 1995; Lindl et al., 2004). As a result, the backscat-
tered processes would significantly reduce the energy deposition of the incident beams and
increase the laser energy required to drive a target to ignition. Thus, it is urgent to clearly com-
prehend the detailed physics of the SRS and SBS, and find a way to restrain these instabilities.

In the past decades, lots of theoretical and experimental work have been carried out to
investigate the SRS and SBS (Tang, 1966; Rosenbluth, 1972; Pesme et al., 1973; Ramani and
Max, 1983; Berger et al., 1998; Boyd and Sanderson, 2003; Hu and Hu, 2003; Hao et al.,
2012, 2014; Gong et al., 2013; Amiranoff et al., 2018; Kirkwood et al., 2018; Marques et al.,
2019; Peng et al., 2019). Linear theory based on the three-wave interaction model is the
most widely used method in analysis of experiments (Hinkel et al., 2008; Neumayer et al.,
2008; Froula et al., 2010; Li et al., 2012). Tang (1966) developed the traditional linear theory
further by including the pump depletion effect in their model. However, due to the assump-
tion of homogeneous electron density, Tang’s model fails for the inhomogeneous plasmas.
Strozzi et al. (2008) extended the traditional three-wave model to a more robust one, in
which the volume noise source by bremsstrahlung and Thomson scattering is considered.
According to the new model, the code DEPLETE is developed. Nevertheless, the DEPLETE
overestimates the reflectivities of both SRS and SBS because the nonlinear saturation mecha-
nisms are not included in the code. Peng et al. (2019) also present the recent progress in the
strong-coupling regime of Brillouin scattering (sc-SBS), which describes the role of the global
phase in the spatio-temporal equations for backscattering. Recently, several models that focus
on the competition mechanism between SRS and SBS have been proposed with more physical
processes than the DEPLETE (Gong et al., 2013; Hao et al., 2014). However, the efficiencies of
these models are limited since the complicated coupling equations of the pump laser and scat-
tered light with various noise sources need to be solved. Thus, a generally applicable, quanti-
tative model which can describe the SRS and SBS process simultaneously with high efficiency
and less computationally expensive is still lacking.
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In this paper, we propose a one-dimensional steady-state
model to describe the SRS and SBS processes simultaneously in
laser-irradiated plasmas. With high efficiency and robustness,
the model is capable to deal with broadband scattered light.
Pump depletion, boundary noise sources, and inverse-
bremsstrahlung damping effects are self-consistently included. A
phenomenological method is proposed to include the nonlinear
saturation mechanisms and the competition effect between SRS
and SBS in our model, and reasonable reflectivity can be obtained.
Compared with the traditional Tang’s model, our model is also
valid for the inhomogeneous plasma case. Besides, much higher
efficiency is exhibited in our model than in the DEPLETE
model since the solving of a two-point boundary value problem
via a shooting method is avoided. Based on the model, we inves-
tigate the influences of the electron density and temperature on
the linear gains of both SRS and SBS. The anti-correlation
between SRS and SBS versus electron density is analyzed in detail.
Qualitatively agreement with the typical results of experiments
and simulations demonstrates the effectiveness of our model.

This paper is structured as follows. In Section "Theoretical
model", the detail theoretical model is presented. Detailed discre-
tized algorithm of our model is illustrated in the "Discretized algo-
rithm" section. The typical numerical results are exhibited in the
"Numerical results" section. Section "Nonlinear saturation and
competition between SRS and SBS" deals with the nonlinear sat-
uration and competition between SRS and SBS. Furthermore, the
comparison of the model with the experimental results is also dis-
played. Finally, we summarize the results and give the conclusions
in the last section.

Theoretical model

In our model, we consider a one-dimensional static plasma slab
which locates between x = 0 and x = L. The pump laser pulse is
supposed to incident into the plasma from the left side (x = 0),
while the scattered light reflects from the opposite boundary (x
= L). Only backward scattering is dealt with in this article.
Customarily, we define Ii as the intensity of light with the fre-
quency ωi and the wave number ki, where the subscript i = 0, s
for incident and backscattered light, respectively. To describe
the broadband scattered light, the intensity is defined as
Is(x) =

�
is(vs, x) dvs, where is is the spectral density (intensity

per angular frequency). Following the DEPLETE model (Strozzi
et al., 2008), as well as Gong et al. (2013), the coupled intensity
equations between the pump and scattered light for the steady
state in strong damping limit can be described by

∂I0
∂x

= −v0

vs
GI0Is, (1)

∂Is
∂x

= −GI0Is, (2)

where the coupling coefficient Γ is

G = e2

210m2
ec

4

k2

v0k0ks
Im

xe(1+ xi)
1+ xe + xi

[ ]
, (3)

where e, ε0, me, c denote the electron charge, vacuum permittivity,
electron mass, and speed of light, respectively. k is the wave

number of the Langmuir wave for the SRS and the ion acoustic
wave for the SBS, respectively. χe(χi) is the electron (ion) suscept-
ibility. For a Maxwellian distribution, the electron susceptibility χe
is given by

xe = − 1

2k2l2De
Z′(je), (4)

where λDe = υte/ωpe denotes the Debye length of electrons,
yte =

�������
Te/me

√
is the electron thermal velocity,

vpe =
������������
nee2/10me

√
means the electron plasma frequency. Te

and ne are the electron temperature and density, respectively.
The plasma dispersion function (Fried and Conte, 1961) is

Z(je) = ip1/2e−j2e erfc(− ije), (5)

where erfc is the complimentary error function (Abramowitz and
Stegun, 1970). je = v′/

��
2

√
kyte, and v′ = v− �k · �u is the fre-

quency of the Doppler-shifted Langmuir wave due to the plasma
speed �u. The total ion susceptibility χi is

xi =
∑
j

x j, (6)

where the susceptibility for the ion species j is given by

xj = − 1

2k2l2Dj
Z′(j j), (7)

where λDj = υtj/ωpj, ytj =
�������
Tj/mj

√
, vpj =

��������������
njZ2

j e
2/10mj

√
. Tj, nj,

and Zj are the temperature, density, and charge state of ion species
j, respectively. jj = v′/

��
2

√
kytj, and v′ = v− �k · �u is the fre-

quency of the Doppler-shifted ion acoustic wave.
Based on Eqs (1) and (2), the intensity of the scattered light at

the left boundary (x = 0) is derived as follows:

Is(0) = Is(L)× eG, (8)

where the linear gain exponent G is defined as

G =
∫L
0
GI0 dx. (9)

Replacing the Γ in Eq. (9) via Eq. (3) yields

G =
∫L
0

I0e2

210m2
ec

4

k2

v0k0ks
Im

xe(1+ xi)
1+ xe + xi

[ ]
dx. (10)

Applying Tang’s model (Tang, 1966) directly, the reflectivity R
of SRS or SBS, as a function of the gain G, can be obtained by

1 = R(1− R)
eG(1−R) − R

, (11)

with an initial seed value for the backscattered light of ε = 1 × 10−9.

Discretized algorithm

The system of equations from Eqs (1) to (11) will be discretized in
one-dimensional space using a staggered grid with N cells having
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N + 1 boundaries (see Fig. 1). Cell j is located between interface j
and j + 1, while interface j separates cell j− 1 from cell j. In gene-
ral, G, Te, ne, Tj, nj, and Zj are defined at cell centers, I0, Is, R, and
x are defined at interface.

Different from Strozzi et al. (2008), who solved the equation
system via a shooting method, we propose a novel “predictor-
corrector” method in our model. The algorithms of the model
proceed in two steps: firstly, the “prediction” step. Based on the
plasma parameters (Te, ne, Tj, nj, Zj, and I0), the gain exponent
G in each cell is calculated by Eq. (10). The total gain Gall is
obtained by adding contributions from all the cells:

Gall =
∑N
j=1

Gj. (12)

The total reflectivity of the backscattered light (the reflectivity
at the first interface R1) can be derived from Eq. (11). Then, we
define the gain deviation of the backscattered light as

DG = ( lnR1 − ln 1)− Gall. (13)

Secondly, the “corrector” step. We revise the gain exponent G
in each cell by

G′
j = Gj +

Gj

Gall
DG. (14)

The reflectivity of the backscattered light at each interface Rj
can be derived from

lnRj − lnR j+1 = G′
j, (15)

marching from the right to left boundary. The above calculation is
suitable for both SRS and SBS. For the pump laser intensity at
each interface I0j, the energy conservation reads

1− RSRS
1 − RSBS

1 = I0j − RSRS
j − RSBS

j . (16)

Now, the system of equations is closed, and all the quantities
are solved. One can prove that, for the homogeneous plasma,
the reflectivity derived by the “predictor-corrector” method will

be the same as the Tang’s model:

lnR′
1 = G′

1 + · · · + G′
N + ln 1 = Gall + DG+ ln 1

= lnR1. (17)

This proves the stability of our method clearly. Compared with
the traditional Tang’s model, the inhomogeneous plasma case can
be also dealt with in our model. Besides, our model exhibits much
higher efficiency than the DEPLETE model (Strozzi et al., 2008)
since the solving of a two-point boundary value problem via a
shooting method is avoided.

Numerical results

In order to demonstrate the validity of our model, the typical
numerical results are presented in this section. The plasma and
laser parameters in experiments conducted by Montgomery
et al. (1998) are considered. A uniform 1mm plasma, consisting
of 50% C3H8 and 50% C5H12, is generated before the incidence of
pump laser (I0 = 2 × 1015 W/cm2, λ0 = 351 nm). The electron tem-
perature is heated to Te≈ 3 keV, while the ion temperature keeps
as Ti = Te/3. The electron density of the plasma varies from 0.05 to
0.15nc for different calculating cases, where nc = v2

010me/e2

denotes the critical density of the pump laser. Hereafter, we
choose the above plasma and laser parameters as default input
condition to calculate the linear gain exponent, reflectivity, and
distribution of backscattered light.

Figure 2 shows the gain exponent of SRS as a function of the
scattered light frequency for different electron densities. One
should notice that we take the above method in steady state to
apply independently at each scattered frequency. This may be
viewed as a “completely incoherent” treatment of the scattered
light at different frequencies. The maximum gain of SRS appears
at the frequency where the three-wave-coupling condition is exactly
satisfied. Besides, the maximum gain of SRS increases with the
electron density, which is consistent with the traditional linear the-
ory (Froula et al., 2010). Furthermore, with the increase of the elec-
tron density, the gain peak moves to lower frequencies, and
narrows. The narrowing in frequency with increased electron den-
sity is mainly due to the enhancement of the three-wave-coupling.

The gain exponent of SBS as a function of the scattered light
frequency is displayed in Figure 3. Compared with that of the

Fig. 1. Schematic of the model and staggered grid.
Fig. 2. The gain exponent of SRS as a function of the scattered light frequency (nor-
malized by the pump laser frequency ω0) for ne/nc = 0.05 (black dashed), ne/nc = 0.1
(blue dotted), and ne/nc = 0.15 (red solid), respectively.

Laser and Particle Beams 171

https://doi.org/10.1017/S0263034620000191 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034620000191


SRS, the general SBS gain peak is much narrower (note that the
range of x coordinator axis is much smaller than that in Fig. 2),
and the maximum also increases with the electron density as
well. Because of the small frequency of ion acoustic wave, the
spectral width of SBS gain keeps almost the same. For the low-
density case (ne/nc = 0.05), the maximum SBS gain (16.5) is
higher than the SRS (8.1). However, with the increase of electron
density, the maximum SRS gain rises rapidly and will become five
times of the SBS for the high-density case (ne/nc = 0.15).

In order to investigate the dependence of the gains on the elec-
tron density quantitatively, we focus on the maximum gain.
Figure 4 presents the maximum gain of both SRS and SBS versus
the electron density with electron temperature Te = 3 keV. The
maximum SBS gain exhibits linear dependence on the electron
density, while the maximum SRS gain increases exponentially
with the electron density. The maximum SRS gain exceeds the
SBS at the density of ne/nc = 0.11. Physically, for the SRS,
the Landau damping of the Langmuir wave is very sensitive to
the electron density and decreases significantly with the increase
of electron density. However, for the SBS, the Landau damping
of the ion acoustic wave keeps almost the same, so the maximum
SBS gain scales linearly with the electron density. Our calculation
is consistent with the results given by Gong et al. (2013).

The dependence of the maximum gain on the electron temper-
ature with ne/nc = 0.1 is exhibited in Figure 5. For both SRS and
SBS, the maximum gain reduce noticeably with the electron

temperature. Compared with the SBS, the maximum gain of
SRS drops much more intensely. Above the temperature of Te =
2.5 keV, the maximum gain of SRS becomes smaller than the
SBS. For the SBS, the Landau damping of the ion acoustic wave
rises with the electron temperature, which results in the deduction
of the maximum gain. While, for the SRS, the Landau damping of
the Langmuir wave is mainly determined by the Debye length of
electrons λDe = υte/ωpe. With higher electron temperature, the
Debye length of electrons becomes larger. Thus, the maximum
gain of SRS decreases with electron temperature significantly.
This indicates that by increasing the electron temperature, one
can effectively suppress the gain of both SRS and SBS in ICF.

The spatial intensity distributions of pump laser and the back-
scattered light of both SRS and SBS are shown in Figure 6. Two
different electron density cases are compared with each other:
(a) the low-density case (ne/nc = 0.05) and (b) the high-density
case (ne/nc = 0.15). The scattered intensities are integrated by all
frequencies of the backscattered light. For the low-density case
(see Fig. 6a), the intensity of pump laser (green solid) keeps
almost constant all over the whole interaction region. While
both SRS (red dashed) and SBS (blue dotted) are driven slightly
since the gains of both SRS and SBS are small as shown in
Figures 2 and 3. The SBS dominates the scattering process in
the low-density case because the maximum SBS gain is nearly
twice the value of SRS as mentioned above. For the high-density
case (see Fig. 6b), the pump laser is depleted obviously because of
the large linear gains of SRS and SBS. Different from the low-
density case, the SRS exhibits much higher reflectivity than the
SBS due to its higher gain. Furthermore, the gain of SRS is
more sensitive to electron density than that of the SBS, and the
ratio of SRS intensity to SBS intensity increases drastically with
electron density. One should notice that the pump depletion is
self-consistently included in our model. Thus, considering the
coexistence of the SRS and SBS processes, the denser the plasma
is, the more significantly the SBS is suppressed.

Nonlinear saturation and competition between SRS
and SBS

Our model has the capability to calculate the reflectivities of both
SRS and SBS simultaneously. However, the reflectivity is calcu-
lated based on the linear gain exponent by Eq. (11), and nonlinear
saturation mechanisms, such as decay instability of daughter
waves (Labaune et al., 1998; Depierreux et al., 2002), wave

Fig. 3. The gain exponent of SBS as a function of the scattered light frequency (nor-
malized by the pump laser frequency ω0) for ne/nc = 0.05 (black dashed), ne/nc = 0.1
(blue dotted), and ne/nc = 0.15 (red solid), respectively.

Fig. 4. Maximum gain of both SRS (red solid) and SBS (blue dashed) versus the elec-
tron density with electron temperature Te = 3 keV.

Fig. 5. Maximum gain of both SRS (red solid) and SBS (blue dashed) versus the elec-
tron temperature with ne/nc = 0.1.
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breaking (Forslund et al., 1975), and nonlinear frequency shift
due to particle trapping (Morales and O’Neil, 1972; Divol et al.,
2003), are not included in the model. A detailed discussion of
the nonlinear saturation mechanisms is beyond the scope of
this paper. Whereas, neglecting of the nonlinear saturation mech-
anisms may lead to an overestimate of the final reflectivity. In
order to make the model be able to calculate the reflectivity rea-
sonably, a phenomenological method is proposed to include the
nonlinear saturation mechanisms in our model. The nonlinear
saturation mechanisms mentioned above mitigate the growth of
backscattered light by saturating its gain exponent, so that a
threshold for the gain exponent Gth is introduced in our model.
According to the relevant results of experiments (Lindl et al.,
2004), we set Gth = 30, then the gain exponent G is revised as

G′ = GGth�
[

√
10]G10 + G10

th

. (18)

This revision form guarantees that for small G (G≤ 10), the
revision is negligible, while for large G (G≥ 30), the gain expo-
nent is restrict to Gth. Traditional theory shows that the backscat-
tered light extracts energy from the pump laser and grows quickly
from the noise level up to its maximum (Kruer, 1988; Lindl et al.,
2004). Although the pump depletion is self-consistently included
in our model, the competition between SRS and SBS should be
also considered in the model. Thus, the gain exponents of SRS
and SBS are further revised as

G′
SRS =

GSRSGth�
[

√
10]G10

SRS + G10
SBS + G10

th

, (19)

G′
SBS =

GSBSGth�
[

√
10]G10

SRS + G10
SBS + G10

th

, (20)

respectively. GSRS and GSBS denote the initial gain exponents
derived from Eq. (10). For small gain exponents, the above revi-
sions are negligible. However, when the gain exponents of SRS
and SBS become noticeable, the larger one will suppress the
smaller one significantly according to Eqs (19) and (20).

To illustrate the influences of nonlinear saturation and compe-
tition effect on the SRS and SBS processes, reflectivities of both SRS
and SBS versus normalized electron density are presented in

Figure 7. Parameters of the pump laser and the plasma are the
same as that used in Figure 4. It is seen that, without the nonlinear
saturation effect, the sum of the SRS (red dotted) and SBS (blue
dotted-dashed) reflectivities exceeds the intensity of pump laser
beyond the intensity of ne/nc = 0.13, which is unphysical.
Obviously, the nonlinear saturation effect suppresses the gain of
the SRS and SBS processes significantly; therefore, the sum of the
reflectivities of SRS (red solid) and SBS (blue dashed) are restricted
to a reasonable value. Furthermore, without the nonlinear satura-
tion and competition effect, the reflectivities of both SRS and
SBS increase with the electron density monotonically. However,
considering the nonlinear saturation and competition effect, totally
different trend appears. On the one hand, the SRS reflectivity (red
solid) tends to be saturated when the electron density becomes
higher than ne/nc = 0.115. On the other hand, the SBS reflectivity
does not continuously grow with the electron density any more.
Instead, it keeps increasing with the electron density until
ne/nc = 0.95, then it starts to decrease with the electron density.
Compared with the SRS, the SBS reflectivity is negligible for a high-
density case. The typical anti-correlation between SRS and SBS ver-
sus electron density observed in experiments (Montgomery et al.,
1998) is reproduced in our model, which proves the effectiveness
of the phenomenological method utilized in our model.

In order to investigate the efficiency and accuracy of our
model, two typical experimental results from the OMEGA laser

Fig. 6. Spatial intensity distributions of pump laser (green solid) and the backscattered light of both SRS (red dashed) and SBS (blue dotted) for two different
electron densities: (a) ne/nc = 0.05 and (b) ne/nc = 0.15. The intensities are normalized by the intensity of pump laser at the left boundary.

Fig. 7. Reflectivities of both SRS (red) and SBS (blue) versus normalized electron den-
sity with (solid, dashed) and without (dotted, dotted-dashed) nonlinear saturation
and competition effect.
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facility (Soures et al., 1996) are chosen to be compared with our
model for SRS and SBS, respectively. Figure 8 presents the theo-
retical SRS reflectivity as a function of the gain exponent by our
model, compared with the experimental and simulation results
from Froula et al. (2010). In the experiments, the electron density
is scaled in the 2-mm-long target platform from 0.11 to 0.13nc,
maintaining the electron temperature above 2.5 keV. The reflectiv-
ity is calculated after the rise of the heating laser beams (1.2 ns,
1 × 1015 W/cm2, 351 nm) by averaging over a 100 ps range.
Hydrodynamic simulations by using the pf3d code (Berger
et al., 1998) are also performed. Generally, our calculation is in
agreement with the results of the experiments and simulations,
which indicates that our model can qualitatively reveal the SRS
reflectivity. However, the overestimate of the reflectivity for the
high gains reflects the lack of the multidimensionality of the
real instability process in our model.

Comparison of our model calculation with the experimental
results by Berger et al. (2015) for the SBS is exhibited in
Figure 9. In the experiments, the laser intensity, approximately
constant with a 1ns pulse length, is varied between 2.2 × 1014

and 8.8 × 1014 W/cm2. The 2-mm-long hohlraum is filled with
1 atm of CO2, which yields an electron density of ne/nc = 0.06.
The electron temperature reaches the peak value of 3.5 keV. The
ion Landau damping rate is varied by adding hydrogen to the
CO2 hohlraum gas fill. As shown in Figure 9, the symbols with

different colors represent the SBS reflectivities measured for
different Landau damping rates of the ion acoustic wave. The
black solid line is the calculation result of our model.
Obviously, the experimental results are qualitatively reproduced
by our model. Besides, the result of experiments shows that
increasing ion Landau damping can strongly suppress the SBS.
However, due to the strong damping limit of our model, deviation
from the experimental results exists in the small damping cases,
which means that our model is not valid under the small damping
condition.

Conclusion

A one-dimensional steady-state model for the SRS and SBS
process in laser-plasma interaction is developed. The model can
calculate the reflectivities of SBS and SRS simultaneously with a
“completely incoherent” treatment of the scattered light at differ-
ent frequencies. Compared with the traditional Tang’s model
(Divol et al., 2003), the inhomogeneous plasma case can be also
dealt with in our model. Furthermore, due to the novel
“predictor-corrector” method, the solving of a two-point boun-
dary value problem via a shooting method in the DEPLETE
model (Strozzi et al., 2008) is avoided. Based on the model, the
influences of the electron density and temperature on the gains
of both SRS and SBS are investigated, which indicates that the
SRS gain is more sensitive to the electron density and temperature
than that of the SBS. Spatial intensity distributions of the pump
laser and the backscattered light demonstrates that for the low-
density case, the SBS dominates the scattering process, while
the SRS exhibits much higher reflectivity than the SBS in the
high-density case. To include the nonlinear saturation mecha-
nisms and competition between SRS and SBS in our model, a
phenomenological method is proposed. The typical anti-
correlation between SRS and SBS versus electron density observed
in experiments (Montgomery et al., 1998) is reproduced in our
model, which proves the effectiveness of the phenomenological
method. Two typical experimental results from the OMEGA
laser facility (Soures et al., 1996) are compared with our calcula-
tion for SRS and SBS, respectively. The calculation results qualita-
tively reveal the SRS and SBS reflectivities. However, due to the
lack of the multidimensionality and the strong damping limit in
our model, deviation from the experimental results does exist.
Besides, our model can not handle the ultra-short laser pulse
case, for which the steady-state assumption is not valid. In spite
of the limitations, our model exhibits robustness and efficiency
in a wide range of situations, which will be promising for the
hydrodynamic simulation and theoretical quick analysis of the
ICF experiments.
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