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The interaction of high-intensity lasers with plasma is predicted to produce extreme quasi-static magnetic fields with
magnitudes approaching Megatesla (MT) levels. In relativistically transparent plasmas, these fields can enhance direct
laser acceleration and allow efficient gamma-ray emission by accelerated electrons. However, due to the so-called mag-
netic suppression effect, the magnetic field can also affect radiating electron trajectories and thus reduce the emission
probability of the bremsstrahlung. This is the first study to examine the bremsstrahlung suppression mechanism in the
context of high-intensity laser-plasma interactions. Our paper describes a new module that integrates the suppression
effect into the standard bremsstrahlung module of the EPOCH particle-in-cell code by considering the impact of mag-
netic fields and extending the analysis to electric fields. We also investigate this suppressing mechanism’s effect on the
emitting electron’s dynamics. Our findings show that this mechanism not only suppresses low-energy emissions but
also has an impact on the dynamics of the radiating electrons.

I. INTRODUCTION

Super-strong magnetic fields with a strength that is in the
MT range and above are typically associated with astrophys-
ical environments, where they play a key role in a variety of
phenomena!~®. Until recently, this field strength was inac-
cessible to laboratory experiments. However, recent develop-
ments in high-power laser technology’~'? have enabled multi-
ple concepts that can be employed to generate slowly evolving
(compared to the laser period) magnetic fields with a strength
reaching the MT-level 317,

One such concept considered in this paper relies on the phe-
nomenon of relativistically induced transparency'$-2 to facil-
itate the volumetric interaction of a high-intensity laser pulse
with a dense plasma. The high-intensity laser electric field
energizes plasma electrons, making them relativistic and thus
changing the optical properties of the plasma. As a result,
a classically opaque plasma can become transparent, allow-
ing the laser pulse to propagate and drive a longitudinal elec-
tron current. Due to the high electron density, this current can
be sufficiently strong to generate an MT-level azimuthal mag-
netic field. The combination of the oscillating laser fields and
the quasi-static plasma magnetic field creates favorable con-
ditions for enhanced energy gain by plasma electrons. It has
been shown using particle-in-cell (PIC) simulations that the
already accessible laser intensities are sufficient to produce
a large population of energetic electrons whose energies are
hundreds of MeV.

The energetic electrons have the potential to emit ener-
getic gamma rays when deflected by magnetic or electric
fields, which opens a path for creating an efficient laser-driven
gamma-ray source. It has been shown using PIC simulations
that electron deflections by the macroscopic strong plasma
magnetic field lead to synchrotron emission of multi-MeV
photons!7228 " The photon population can be so energetic
and dense that photon-photon collisions yield an appreciable
number of electron-positron pairs?*=2. The electrons can also

be deflected by plasma ions, leading to the bremsstrahlung
emission of gamma rays, where the deflection is caused by the
microscopic electric field of an ion. The typical implementa-
tion of the bremsstrahlung in PIC codes used for laser-plasma
simulations ignores any suppression due to the presence of
extreme macroscopic fields. The purpose of this paper is to
examine whether this is justified and, if not, to provide an as-
sessment of possible suppression.
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FIG. 1. Magnetic suppression of bremsstrahlung emission. Color-
coded is the relative reduction of the bremsstrahlung cross-section
as a function of the electron energy and macroscopic magnetic field
experienced by the electron, where oy is the cross-section in the
presence of the magnetic field (MS stands for the magnetic suppres-
sion effect) and oy is the cross-section in the absence of the field.
Highlighted are 1) the parameters at the Compact Muon Solenoid
experiment at the Large Hadron Collider (marked as LHC) and 2)
the parameters expected for high-intensity laser-plasma interactions
due to the relativistically induced transparency (marked as RIT).
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The concept of bremsstrahlung suppression is well-known
in the field of high-energy physics. The photon emission
during bremsstrahlung takes place over an extended distance
called the formation length /z. If the electron trajectory is
disrupted during the time that the electron travels the forma-
tion length, then the emission becomes suppressed as a result
of the disruption. The disruption can arise from relatively fre-
quent collisions with atoms or ions in a dense medium, as in
the case of the Landau-Pomeranchuk-Migdal effect. A macro-
scopic magnetic field can be another source of disruption. The
resulting magnetic suppression of bremsstrahlung has been
extensively examined in Ref. [33].

Figure 1 shows how the total bremsstrahlung cross-section
changes for a given electron energy in the presence of a static
uniform magnetic field due to suppression. The plotted ratio
is the relative reduction in the total emission due to magnetic
suppression. It is instructive to examine high-energy physics
scenarios where suppression becomes important. The sup-
pression is significant for high-energy cosmic rays (1020 eV)
in the earth’s magnetic field (50 uT)3*. In contrast to that,
the bremsstrahlung emission by the electrons generated by
the Large Hadron Collider (LHC) is unaffected by the earth’s
magnetic field. However, the 4 T magnetic field at the Com-
pact Muon Solenoid experiment at the LHC is sufficient to
suppress the emission of 1 TeV electrons.

The general trend for magnetic suppression is that the
strength of the magnetic field able to induce the effect goes
up as the electron energy goes down. This is one of the rea-
sons why the magnetic suppression effect has been so far ig-
nored for the energetic electrons generated in laser-plasma in-
teractions. Even for 10 GeV electrons, which is currently the
upper limit of what can be achieved experimentally, the mag-
netic field strength has to be in the range of 10° T for the
suppression to be noticeable. Such a field is inaccessible to
conventional magnets. However, the plasma magnetic fields
in the regime of relativistically induced transparency can be
much stronger than 10° T, as discussed earlier, which suggests
that the effect of magnetic suppression can come into play.
Indeed, as shown in Fig. 1, the bremsstrahlung cross-section
for 300 MeV electrons—the energy not uncommon for high-
intensity laser-plasma interactions—should be suppressed by
20% in a 200 kT plasma magnetic field.

The goal of this paper is to quantitatively examine the sup-
pression of bremsstrahlung in high-intensity laser-plasma in-
teractions involving MT-level magnetic fields. Such inter-
actions necessarily involve electric and magnetic fields, so
we have generalized the analysis employed for the magnetic
suppression to also include a strong electric field. To self-
consistently evaluate the suppression, we have upgraded the
standard bremsstrahlung module of the EPOCH particle-in-
cell code?>3° to include the suppression effect by a combi-
nation of electric and magnetic fields. Two-dimensional PIC
simulations performed with this module have revealed that
the bremsstrahlung emission inside the laser-irradiated plasma
can become noticeably suppressed, with the total emitted en-
ergy decreasing by as much as 30% for some electrons. The
reduction primarily impacts the sub-MeV part of the emit-
ted photon spectrum. Even though the synchrotron emission

dominates over the bremsstrahlung in the considered regime,
our results provide new insights into the bremsstrahlung emis-
sion in high-intensity laser-plasma interactions. Specifically,
our results indicate that the conventional implementation of
bremsstrahlung used by PIC codes needs to be adjusted to in-
clude the discussed suppression effect.

The rest of the paper is organized as follows. In Section II,
we provide a qualitative description of the electric-magnetic
suppression mechanism for high-energy electron emissions,
and in Section III, we discuss the routine of implementing
these mechanisms in the EPOCH code. This discussion sets
the context for the analysis that follows. Section IV presents
simulation results of high-intensity laser pulse interactions
with a structured plasma target obtained by using the modified
bremsstrahlung module. Finally, a summary and conclusions
are given in Section V.

Il. MODEL FOR BREMSSTRAHLUNG SUPPRESSION BY
MACROSCOPIC ELECTRIC AND MAGNETIC FIELDS

In this section, we present a derivation of the suppression
factor due to the presence of external fields, following an ap-
proach similar to that of Ref. [33]. We start by discussing for-
mation length and then derive a general form of suppression
factor. We apply it to the regime where macroscopic elec-
tric and magnetic fields are both present. In the absence of
an electric field, we show that our derivations converge to the
previously described magnetic suppression effect®?.

The term bremsstrahlung refers to the radiation emitted by
an electron as a result of its interaction with the microscopic
electric field of an ion. The emission takes place over an ex-
tended time interval that sets the so-called formation length,
or, more generally, the coherence length Iy, that the elec-
tron must travel during the emission process. The formation
length appears in classical and quantum-mechanical calcula-
tions. We use a quantum-mechanical approach here to find the
formation length.

We begin by considering the conservation of energy in an
isolated electron-ion collision, where an ultra-relativistic elec-
tron with energy &, collides with an initially immobile ion and
emits a forward-directed low-energy photon with energy &;:

£ =€ +&y, (1)

where €] is the energy of the scattering electron. Note that the
ion recoil energy in the elastic scattering situation can be es-
timated as O(10™* x g,/y?), where 7 is the relativistic factor,
for relativistic electron scattering at a small angle ~ O(1/7)
from a Carbon ion. This is even smaller for inelastic scatter-
ing, so it is neglected in Eq. (1). Furthermore, the conservation
of momentum is written as,

Pe =P, +Py P ()
Here, p, is the momentum of the electron prior to the collision,

and p), py, and p; are the momenta of the electron, emitted
photon, and ion after the collision.
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For the sake of simplicity, it is assumed that this process
occurs in the (x,y) plane, with the incoming electron propa-
gating along the x-axis. The x and y components of Eq. (2)
then read

Pex— Pix = P,C0s 0 + pycos®d, 3)
p,’-,y = pLsin® + pysin®, (@)
where 0 is the scattering angle for the electron and ¢ is the
angle of photon emission. By squaring both sides of these

equations and then adding the resultant equations, we obtain
the following relation:

Prt DR = 2pex), = PP+ DY+ 2p,pycos®,  (5)

where ® = 0 — ¥. By employing Eq. (1) and considering
= - m2¢?, and neglecting p}? due to its negligible magni-
tude in comparison, we derive the following relation for ultra-
relativistic electron (&, €] > Mec?):

/ 2
i 1 & & €
Pie (L &me” (1 &) & 1 _cos@],  (6)
mec 2 €(E —¢&) & ) mec?

where m, is the electron mass and c is the speed of light. The
maximal probability of emission of a bremsstrahlung photon
is associated with the maximal coherence length and the re-
lated minimal momentum transfer to the ion. The minimal
value of p/, is obtained when both 6 and ¥ are zero. In this
case, Eq. (6) reduces to

P,’;min _ 1 .&‘ymec2 @

mee  2¢e.(e &)

Using the uncertainty principle, we find that the maximum
coherence length is

n _ 2h €.(e.— &)
p;.min meC gymi’CQ

Iy~ ®)

where 7 is the Planck constant. Note that 7i/m,c =~ 3.86 x
10713 m is the Compton wavelength of the electron. For
& =100 MeV and &, = 0.1 MeV, we have Iz ~0.15 pm, so
the formation length is a non-negligible fraction of the wave-
length (~ 1 pm) for an optical laser. In contrast, because the
transverse momentum transfer is substantially greater than its
longitudinal counterpart, the associated transverse formation
length 1/ pr",y becomes considerably shorter. Therefore, it is
considered to be of less significance in this context.

If macroscopic fields, such as electric and magnetic fields,
exert additional influence on the electron during its interac-
tion with the ion, the derived formation length can be re-
duced. In this circumstance, the scattering of the electron is
affected not only by the Coulomb force of the ion, but also by
the macroscopic fields. We derive an expression for the sup-
pressed formation length by substituting p! . from Eq. (6) into
the uncertainty principle relation and employing [, as defined
in Eq. (8). The resulting expression for the suppressed forma-
tion length I5 is

h Ly

F‘X: 1+ 04[1—cos®]’ ©)

where o = 2(&, —€,)?/m2c*. This equation can be applied to
define the suppression factor as the ratio of formation length
in a disturbed state to formation length in an undisturbed state
(see Ref. [33] for a supporting discussion):

S=1/ly =1+l —cos®] ", (10)

To examine the impact of external macroscopic fields, we
relate ® to a deflection angle accumulated during the emis-
sion process. We set @ = arctan(|Ap, /p|), where Ap is the
transverse change in momentum due to the interaction with
the macroscopic fields. We estimate it as

Ap, ~ |e|8exidt, (11)
where
Ext = |(E+VxB),| 12)
and
At~ 1s/2¢ (13)

is the travel time over half the formation length. After taking
into account that the electron is ultra-relativistic, we find that

© = arctan (Je|8exly/2ymec?) (14)

‘We substitute this expression into Eq. (10) to obtain

-1
) 1
Sz (8{’,78’}'7é5Xt) - [1 T <1 B W>:|

-1
1
=1+ |1 - —/—m—m—m— s
[ ! < l+(azlbeg)2>}

15)

where 0 = Eexmec/2YExh and Ee = m2c3/eh = 1.3 x
10'® V/m denotes the Schwinger critical electric field. In
Eq. (15), we have obtained a concise form for the electric-
magnetic suppression factor, Sg, by using the trigonometric
equation, cos(arctan(x)) = 1/v/1+x2, which relates the tan-
gent and cosine functions. Equation (15) can be applied as
a multiplicative correction factor to the original differential
cross-section,

dO'g
dey

doy
dey’

= Sg (80; &y, gexl) (1 6)
with o and oy being the total cross-sections with and with-
out suppression effect. It is important to stress that significant
suppression already occurs at small deflection angles. It fol-
lows from Eq. (6) that for ® < 1 we have

/
Pix 1 gmec? le.—¢& & o
mec  2¢&(e—&) 2 € mec?

a7

The deflection significantly alters the momentum exchange
and thus disrupts the emissions when the second term on the
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right-hand side exceeds the first one. We assume that &, > &,
Then the corresponding condition reads

O > myc?/e,. (18)

The quantity on the right-hand side is very small for an ultra-
relativistic electron, which confirms that appreciable suppres-
sion occurs at small ©.

To conclude this section, we consider a better-known
regime where the macroscopic field is a static external mag-
netic field, Bex; so that © = arctan (|e|Bexlf/2ymec). For a
small deflection angle, we have ® ~ |e|Bex(/2Ym.c. We now
assume that the suppression is significant, which means that
P;,x given by Eq. (17) is determined by the ®>-term. We use
this value to find /s and then to calculate the suppression fac-
tor,

eptec” Ba ]2/3 (19)

52 Bexl

Sp (8147 8’)’1B€Xl) ~ [

e
where B, = m2c? /el = 4.4 x 10° T is the Schwinger criti-
cal magnetic field. Here we explicitly took into account that
€ > €y to simplify the expression. This expression for the
suppression factor matches the one given in Ref. [33] in the
limit of & > €. In the following Section, we will explain
how both of the aforementioned suppression effects were im-
plemented in a PIC simulation code.

11l. BREMSSTRAHLUNG SUPPRESSION
IMPLEMENTATION IN A PIC CODE

For a quantitative analysis of the relevance of suppression
of bremsstrahlung in the regime of relativistic laser-plasma
interactions, we have chosen to study this effect with the
aid of PIC simulations. In particular, we have modified the
bremsstrahlung module of the EPOCH (the Extendable PIC
Open Collaboration) code.’>® In the standard module of
bremsstrahlung of EPOCH, two Monte-Carlo simulation steps
are used to calculate the emission of a photon. The first step
evaluates the emission probability, and if a photon is gener-
ated, the second step will sample the resulting spectral distri-
bution.

For computational reasons, the total bremsstrahlung cross-
sections and the corresponding cumulative distribution of the
differential cross-section as a function of the photon energy
CDF(g,, &) are tabulated in EPOCH following the Seltzer
and Berger data set®” and loaded at the initialization stage of
the code. As an additional variable, we have also embedded
the suppression factors Eq. (15), computed using the iterative
Newton-Raphson numerical method outside of EPOCH, for
the electric and magnetic suppression effect and also its cor-
responding values for the magnetic suppression effect. In this
case, the dimension of the EPOCH tabulated data is increased
to account for the suppression factors. The total cross-sections
and the corresponding cumulative distribution of the differen-
tial cross-sections are then modified to reflect the suppression
models employed.

A. Magnetic Suppression (MS) effect implementation

To include the effect of magnetic suppression, we first ob-
tain the bremsstrahlung differential cross-sections by multi-
plying total cross-sections by the differential of cumulative
distribution functions with respect to photon energies. Then,
we correct the differential cross-sections by multiplication
with the precalculated suppression factors, resulting in the
modified differential cross-sections dowms / dey. "MS’ repre-
sents the magnetic suppression effect.

In the next step, the adjusted differential cross-sections are
integrated over photon energy to produce total cross-sections
OMs (€, Bext ), with the additional dependence on the magnetic
field. The new modified tables are returned to the code, re-
placing the original tables and concluding the bremsstrahlung
routine setup step. Further, we had to modify the routines in-
terpolating the discrete tabulated data, used at the time of code
execution, to account for the higher dimension due to the ad-
dition of the field dependence.

B.  Electric and Magnetic Suppression (EMS) effect
implementation

The implementation of the electric and magnetic suppres-
sion model into the EPOCH code, however, adds considerable
complexity to the methodology of the previous Section IIT A.
As a first step, the original total cross-section and correspond-
ing cumulative distribution tables are revised using precalcu-
lated suppression factors from Eq. (15) to account for the new
dependencies, GEMS(EL,,&X[) (CEMS’ represents the electric
and magnetic suppression effect) and CDF(¢,, &y, 8Eext).-

As the EPOCH standard bremsstrahlung module has been
implemented inside the PIC loop, we directly evaluate the
electron deflection angle from the transverse part (compared
to the electron velocity vector) of the Lorentz force from the
change of momentum, ®p;c = Ap | /p, calculated by the parti-
cle pusher of EPOCH for each simulation time-step (At). For
photons with energies of &, = 10 KeV and &, = 100 KeV emit-
ted by an electron with €, = 100 MeV, the formation time
is typically 5 fs and 0.5 fs, respectively. This time is re-
duced to 0.049 fs and 0.0045 fs for photons with &, = 1 MeV
and &, = 10 MeV, respectively, for the same radiating elec-
tron. These times must be considered in relation to the typical
temporal resolution of PIC, which is, for the used simulation
setup, At = 0.018 fs. Therefore, the deflection angle ®p;. must
be scaled now by the formation time of the bremsstrahlung 7y,
to the deflection angle ®gps used as input for the correspond-
ing tables. This step adds complexity to the Monte-Carlo al-
gorithm once again. The formation time, #,, is dependent on
the emitted photon energy. As previously stated, the emit-
ted photon energy is sampled in the last step of the EPOCH
bremsstrahlung Monte-Carlo algorithm and is not available at
this time. As a solution to circumvent this problem, we imple-
mented an additional Monte-Carlo step to evaluate a statisti-
cally relevant photon spectral energy distribution. In order not
to over-bias the significance of low energy photons, we first
construct the marginal density function (e, &) by integrat-
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FIG. 2. A snapshot of the simulation setup at 185 fs where a high-
intensity laser pulse I = 5 x 10?2 W/cm? (aq ~ 150) is propagating
through an initially uniform relativistically transparent narrow chan-
nel (n, = 20n) surrounded by a relativistically over-critical bulk
(n, = 100n¢) while generating a strong azimuthal magnetic field
(upper panel), and a radial electric field (lower panel) shown as an
averaged over one laser period.

doems (&, €y, Eext). Following that, we calculate

de.
the marginal cumuylative distribution function CDF g (&, &)
for sampling photon energy, as required for determining ey
from the scaled deflection angle @gpms.

Upon finding ey, the next steps of the implementation are
identical to those of the preceding Section IIT A, except for
replacing Bey, With &, in the method description.

ing &yt out of

IV. RESULTS AND DISCUSSION

In order to validate our implementation and examine the
impact of the bremsstrahlung suppression on laser-plasma in-
teractions, we have performed a set of 2D-PIC simulations
with and without suppression effects. To keep things simple,
we will refer to simulations without suppression as EPOCH,
simulations with electric-magnetic suppression as EMS, and
simulations with only magnetic suppression as MS. We have
chosen the regime of relativistically induced transparency
with a configuration similar to that used in Refs. [26] and [28].
In this setup, a Petawatt-class laser pulse with a peak intensity
of 5% 102 W/em?, a wavelength of 800 nm, a normalized
laser amplitude of ap =~ 150, and a pulse duration of 30 fs ir-
radiates a channel with an electron density of n, = 20n,, in
a structured target shown in Fig. 2. Here, ne ~ 1.74 X 102!
em™3 is the classical critical density. The target is initial-
ized as a fully ionized Carbon plasma (Z = 6). Note that the
plasma is relativistically transparent to a laser pulse with fre-
quency @y, if the electron density, n,, satisfies the condition
ne < Yayher, Where 7,y is the characteristic (average) relativis-
tic factor of the electron population and n¢ = mga)f / Ame? is

the classical critical density. In the case of a laser-irradiated
plasma, the electrons are heated by the electric field of the
laser, so we roughly expect ¥, ~ ap, where ag is the normal-
ized laser amplitude. Then the relativistic transparency condi-
tion reads n, < agne;.

Such a regime of interaction has been shown to sus-
tain quasi-static MT-level magnetic fields and generate ultra-
relativistic electrons via the direct laser acceleration assisted
by the magnetic field'”. The color in Fig. 2(a) represents the
amplitude of the quasi-static azimuthal magnetic field |(B;)| in
the (x,y) plane at z =0 generated by the longitudinal electron
current within the channel. The field is normalized to By. Ad-
ditionally, the laser beam produces a transverse quasi-static
electric field |(Ey)|, whose profile is depicted in Fig. 2(b).
The detailed parameters of the two-dimensional simulations
are given in Table I.

TABLE I. Parameters of 2D-PIC simulations.

Parameters Values
General parameters:

Computational cells (ny x ny) 2250 800
Length of simulation domain x € (—15,30) um
Width of simulation domain y € (—8,8) um
Laser parameters:

Peak intensity Iy =5 x 1022 W/em?
Wavelength AL = 800 nm
Pulse duration 30 fs

Focal spot size 2.2 pm
Location of the focal plane x=0um
Target parameters:

Target length (x) 30 pm
Target width (y) 16 pm
Channel radius Rep = 1.8 um
Composition C%* and electrons
Channel density ne = 20n*
Bulk density ne = 100n¢;

“ For the considered vacuum laser wavelength, Ar. the critical density is
ner ~ 1.74 x 102! ecm—3

It is important to highlight that the dominant radiation
mechanism in the considered regime is synchrotron radia-
tion?®. Wan et al.’® demonstrated that this emission becomes
the dominant process at laser intensities I, > 102! W/cm? (for
1 pm-thick Al) and . > 10?2 W/em? (for 1 pm-thick Au)
targets. However, recent research conducted by Martinez et
al.*® has found a regime where the roles of bremsstrahlung and
synchrotron emission are reversed, leading to bremsstrahlung-
dominated radiation mechanisms. Using simulations with a
fixed set of laser parameters (I, = 1022 W/cmz) and a solid-
density copper plasma slab with a thickness of 16 nm <
[ <5 pum, they investigated the impact of target thickness
on laser-plasma interactions. By comparing synchrotron and
bremsstrahlung emission, they discovered that the efficiency
of bremsstrahlung gradually increases with thicker targets and
begins to predominate synchrotron radiation at approximately
(I ~1—2 pum). Even though the target used in this study
does not provide a sufficiently strong magnetic field for inves-
tigating the magnetic suppression effect, this significant find-
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ing demonstrates the importance of studying bremsstrahlung
emission in situations where synchrotron radiation has been
assumed to be the predominant form of radiation.

A. Macroscopic impact of the suppression effects

To illustrate the bremsstrahlung suppression effect on a
macroscopic level, we examined the photon emission within
the channel of the target where a strong azimuthal magnetic
field is generated. The recoil energy, i.e., the energy lost
when an electron emits photons, was ignored for both sim-
ulations with and without the bremsstrahlung suppression ef-
fect in order to preserve the electron distributions as similar
as possible between these simulation runs. Since the emis-
sion probability of a radiating electron is determined over the
history of the so-called optical depth®®, the emission charac-
teristics are not only determined by the instantaneous environ-
ment of the emitting electron but by the whole history between
the emissions. Therefore, between each emission time in the
bremsstrahlung module of EPOCH, we calculate the average
electron energy (g,), and the average of the electric (§) and
magnetic (B;) field strengths experienced by radiating parent
electrons prior to emission. Then, we save them as new par-
ticle properties alongside other photon characteristics so that
we can use them to analyze the emitted photons.

We start our analysis of the photon emission by consid-
ering a subset of electrons with average energies, (&,), be-
tween 95 MeV and 105 MeV, over emission times. We fur-
ther limit the subset by only considering those electrons that
have sampled before photon emission and have averaged nor-
malized fields with values of 0.29 — 0.31 for |(&)|/Ey for the
electric and magnetic model and |(B;)|/By for the magnetic
suppression model. Ey and By denote the maximal amplitude
of the laser field for the used laser intensity Iy, in our case
Eo ~ 6.13 x 10" V/m and By &~ 2.04 MT. As we restrict our
analysis to the same effective field strength and electron prop-
erties, we anticipate almost similar results for both models.

Figures 3(a) and (d) show the simulated energy distribution
of bremsstrahlung for the MS and EMS models, respectively.
There is a clear deviation in the number of low-energy photons
with energies below 2.7 MeV for both models when the sup-
pression effects are included, compared to the reference runs
(EPOCH). The deviation increases as the photon energies de-
crease. Figures 3(b) and (e) show the total number of photons
with €7 < &y as a function of &, where

. & [ dN, .
Ny(e; < &)= /E ( dgj) de;. (20)
Yeut Y

where €y, is the minimum energy of the emitted photon.
While the EMS and the MS simulations lead predominately
to a reduction in photon yield for the low-energy photons, the
overall spectral shapes of bremsstrahlung are inverse expo-
nential, resulting in a significant reduction of the total num-
ber of photons radiated. For the subsets shown, the reduc-
tion is ANy = 36.25% for the MS and ANy = 50.44% for the

EMS models. The magnitude of the suppression in simula-
tions was also measured by the ratio of the spectral density
of the generated photons with and without the suppression ef-
fects [see the filled blue circles in Fig. 3(c) and (f)]. These
series of data points obtained from the simulations were fitted
with the analytical function of the suppression factor, given by
Eq. (15). To do so, the photon energy is treated as the inde-
pendent variable, and the optimal parameters for the average
electron energy, magnetic, and electric fields are determined.
These fitted parameters recover the subset that we had previ-
ously employed to constrain the photon analysis. In the next
step, we have removed the subset restriction from the aver-
age field strength and have analyzed again the photons gen-
erated by electrons with an average energy (&) between 95
MeV and 105 MeV. We observed still significant suppression
of ANy = 37.10% for the MS and ANy = 35.65% for the EMS
models.

To rule out artificially biasing the significance as a result of
the prior restrictions of our analysis, we conducted additional
simulations to quantify the robustness of the suppression ef-
fects in the relativistically induced transparency regime, in-
cluding the recoil of photon emission onto the parent electron.
Further, we analyzed all emissions inside the 20n,, initial den-
sity channel independently of the emitting electron energies.
Overall, we found that the low-energy emissions are still sig-
nificantly suppressed, and a comparison of their accumulated
number of photons reveals that ANy = 17.43% and AN, =
19.11% fewer photons are emitted when the MS or EMS ef-
fect is considered, respectively, compared to AN, = 18.35%
and ANy = 20.77% when the recoil is ignored. In addition,
we examined the suppression effects of bremsstrahlung for a
target without a channel, a bulk foam with an initial electron
density of n, = 20n.,. We analyzed all electrons and emis-
sions for the entire simulation box in this case. As a result, we
observed a global reduction in the total number of photons of
ANy = 15.27% for the EMS and ANy = 14.14% for the MS
models. In summary, we have successfully benchmarked our
implementation against the theory and have also demonstrated
a substantial suppression of bremsstrahlung in various simu-
lations in the relativistically induced transparency regime.

B. Microscopic impact of the suppression effects

In the previous Section IV A, we showed that, on a macro-
scopic level, the yield of bremsstrahlung is affected by the
consideration of the bremsstrahlung suppression effects. The
current section will investigate in more detail the role of mag-
netic and electric fields in the bremsstrahlung suppression for
the given setup. It will also answer whether the reduction of
bremsstrahlung-associated energy losses is beneficial for elec-
tron acceleration or not. We begin our examination by investi-
gating the microscopic dynamics of emitting electrons. As the
suppression levels for both magnetic suppression and electric
and magnetic suppression are very similar, we first follow the
spatial and temporal history of selected electrons and analyze
the role of each field component for the electron acceleration
and thus its impact on the bremsstrahlung suppression.



AlIP
Publishing

Y

1010 1
. * EPOCH 1 « EPOCH 1.01 e Simulation .
1010 ¥ MS model i v s mod/ — = fitted curve o 2
. ]
L]
v 1 C L)
. ] ot 508 N3 »
s " 8
4 v
210 = . 8 %
£
g Vol aN,=3625% So06 o A°
iy 'y E K] e 7
2 100 z 2 o 9
S 10% r g o s
1 = 204 /
] v n 7
] ® v
107 d v 7’ Fitted Parameters:
1 02 P |<B,>|/B¢=0.293
1, (b) : .,’ (©) <€>=95 MeV
1 + EPOCH « EPOCH 1.01 e simulation
10104 v EMS model v EMS model = = fitted curve
3 .
] .
s ] J L.t 508
10°% Ty, i
? Fi v = . —50.449
H § v 3 ANy =50.44% 8
# ] v 506
> 1 W ]
3 10 Z10° ¢ °/
2 3 v o {
s ] v %0.4 '}/
v
] v w ,/
1073 . v 0 Fitted Parameters:
3 — 0.2 ,/’ |<E>|/Eo=0.306
] (d) (e) I (f) <€.>=104.99MeV
- — v L]
i I e s T LSRR oa
&y [MeV] £y [MeV] &y [MeV]

FIG. 3. Comparison of (a)&(d) the energy distribution of bremsstrahl

ung, (b)&(e) their corresponding accumulated number of photons with

E; < &, defined by Eq.20, as a function of &, for the magnetic suppression (MS) as well as the electric and magnetic suppression (EMS)
models. The analysis was conducted for a subset of radiating electrons with an average energy of between 95 MeV and 105 MeV that passed
through regions with normalized fields of 0.29 — 0.31. Panels (c)&(f) show curve-fitting (red dashed-curve) of PIC simulation data for the

suppression factors obtained from two suppression models (filled-blue

In order to gain more insight into the suppression effect
at the microscopic level, we tracked the number of energetic
electrons accelerated within the channel. Their trajectories
are shown in Fig. 4(a) and 4(b) (see the black and color lines).
These electrons were randomly selected at 1 = 185 fs from
the electrons with energy above 500 MeV. We provide sim-
ulations with and without electric-magnetic field suppression
effects. For both of them, we find that the electrons are in-
jected from the periphery of the channel near the entrance and
accelerated by the intense laser pulse in the forward direc-
tion. We observe, similar to Gong”, that these trajectories
are confined within a magnetic boundary Ryg(~ 1 um) that
is smaller than the initial channel radius R, = 1.8 um. The
locations of the emission events along each trajectory are in-
dicated by the black circles. Qualitatively, both panels show
similar trajectories, but fewer emission vertices can be iden-
tified for the simulation, including suppression. This find-
ing is corroborated by overlaying the counts of low-energy
(< 10 MeV) bremsstrahlung generated per cell and integrated
until simulation time # =185 fs as a colored background. As
illustrated by the figures, the simulation employing the sup-
pression effect Fig. 4(b) appears to result in less localization
of low-energy emissions within the channel than the simula-
tion without suppression Fig. 4(a).

circles).

These suppression levels, as seen in the previous section,
are quite comparable for magnetic suppression and electric
and magnetic suppression effects. In order to further inves-
tigate this observation, we traced the fields accelerating the
color-highlighted electrons from Fig. 4(b) throughout their
passage in the plasma. Figure 5 shows the temporal his-
tory of the normalized transverse electric E, /Ej and mag-
netic V| B; /Eo components of the Lorentz force for these elec-
trons. The field strengths are a measure of the force act-
ing on the electrons with velocity V| along their trajectory,
thus a measure of the deflection angle gy relevant for the
bremsstrahlung suppression mechanism. We can identify two
types of interactions of the electron with the electric and mag-
netic fields in the simulation. Until the simulation time of
t ~ 120 fs, the electron undergoes acceleration by relatively
low strength fields at the entrance of the channel, where the
magnetic and electric field components are highly uncompen-
sated. The moment the electron is injected into the channel
(after r ~ 120 fs), it will be accelerated by the laser electric
and magnetic fields. The transverse Lorenz force component
by a plane wave exhibits high compensation between the elec-
tric and magnetic field components. This is visible in Fig. 5
for all shown electron trajectories.

Due to the above-mentioned compensation, the averaged
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field strength evaluated by the electric and magnetic model of
suppression amounts to a small fraction < 0.1 of the average
field strength considered by the magnetic suppression model.
Though the average field strengths are an order of magnitude
different, the yield of bremsstrahlung photons is similar for
the two models. The explanation of this behavior can be found
in the slow scaling of the suppression factor, as shown by
Fig. 1. For the electron energy and field strength ranges ac-
cessible by the relativistically induced transparency regime,
only a few percent level differences are expected, leading in
total to similar bremsstrahlung yields.

In the final part of our investigation, we studied the in-
fluence of electric and magnetic suppression on the electron
dynamics within the channel. Fig. 4(c) and (d) show snap-
shots of the momentum distribution (py, py) of all electrons
in the channel at time ¢ = 185 fs as a color map. While we
can observe subtle differences in the shape of the trajectories
between the two simulations, differences can be seen in the
color maps of the phase-space density distribution. As the
high-energy electrons are prone to undergo the electric and
magnetic suppression effect, we examine in the following if a
systematic different acceleration can be found or if the above
observation is a transient one, the result of slight changes in
the dynamics of the acceleration. We stepped back in time
and examined the phase-space distribution of the electron mo-
menta (x,p,) and (x,py) at several times (exemplary we show
(x,pyx) at 160 fs [see Fig. 6]). Since the magnetic field gen-
erated by the accelerated electrons effectively prevents injec-
tions into the channel apart from its entrance*’, we limit our
analysis to the x segment windows located around the peak of
laser intensity. We can observe differences in the electron dy-
namics when comparing the peak momenta between the two
tests, highlighted with red arrows. Although this can be ex-
plained by the fact that the electric and magnetic suppression
effect induces different recoil energies, thus altering the de-
phasing between electron and accelerating fields, it appears
not to follow a systematic pattern. We conclude that the sup-
pression of bremsstrahlung would not degrade or improve in
general the electron acceleration, but the details of the elec-
tron acceleration dynamic will be altered. For the given den-
sity of, 20n., the probability of Bremsstrahlung emission by
an electron with 100 MeV is ~ 10~ for a propagation length
of 10 um. The emissions are sparse events and will not sig-
nificantly alter the overall electron distribution properties.

V. CONCLUSION

In conclusion, we have incorporated, for the first time,
the electric and magnetic suppression of the bremsstrahlung
mechanisms in a particle-in-cell simulation code. This al-
lowed us to examine the influence of the high fields on sup-
pressing bremsstrahlung emitted from high-energy electrons
in the regime of relativistically induced transparency. The
results demonstrate appreciable suppression of low-energy
emissions due to strong macroscopic electric and magnetic
fields, and this has an impact on the details of the electron
acceleration dynamic.

10° 107

X /A
1016 1014 1012

electron density [a.u.]

P, [mcc]

-l I‘ L T
0 500 1000 1500
Px [mcc]

FIG. 4. Tracking trajectory of eight emitting electrons [black
lines] with energy greater than 500 MeV and their location of
bremsstrahlung vertices [hollow circles] inside the channel. The
background color shows the snapshot of the density of emissions
below 10 MeV emitted by the electrons with energy greater than
95 MeV integrated until # = 185 fs for simulations from (a) EPOCH
and (b) the electric and magnetic suppression model. A snapshot of
the phase-space of all electrons for (c) EPOCH and (d) the electric
and magnetic suppression model.
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VHBZ/E(), for the three highlighted electrons in Fig. 4(b).
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FIG. 6. Snapshots of longitudinal py, the phase-space density distri-
bution of accelerated electrons with energy above 95 MeV at 160 fs
from EPOCH, and the electric and magnetic suppression (EMS)
model. The maximal momentum is found at different positions, a
signature of a distinct acceleration history.

Furthermore, the analyses performed indicated notable dis-
parities in the electron dynamics with and without suppression
mechanism. One possible explanation for these discrepancies
could be variations in recoil energies employed by the EMS
effect, which could subsequently alter the dephasing between
the electron and accelerating fields. However, these discrep-
ancies did not demonstrate any systematic pattern. This leads

us to conclude that while bremsstrahlung suppression does not
categorically enhance or degrade electron acceleration, it un-
questionably influences the specific characteristics of electron
acceleration dynamics.
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