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Bright x-ray radiation from plasma bubbles
in an evolving laser wakefield accelerator
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We show that the properties of the electron beam and bright x rays produced by a laser wakefield
accelerator can be predicted if the distance over which the laser self-focuses and compresses prior to
self-injection is taken into account. A model based on oscillations of the beam inside a plasma bubble
shows that performance is optimized when the plasma length is matched to the laser depletion length.
With a 200 TW laser pulse, this results in an X-ray beam with a median photon energy of 20 keV,

> 6 x 10% photons above 1 keV per shot, and a peak brightness of 3 x 10%> photons s~! mrad=> mm™

(0.1% BW)~!.
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Laser wakefield accelerators [1] have gathered increas-
ing interest since it was first shown that they were
capable of producing high-quality electron beams [2-4].
Development has continued apace, and laser wakefield
accelerators can now produce ultrashort bunches of elec-
trons, down to a few femtoseconds [5], and reach multi-
GeV beam energies [6—8]. One of the primary near-term
uses of laser wakefield accelerators is the production of
bright, femtosecond-duration pulses of broadband x rays
[9,10], that are suitable for a range of applications [11].

A laser wakefield accelerator is formed when an intense,
short-duration laser pulse is fired into a moderate-density
plasma. The ponderomotive force associated with the laser
pushes plasma electrons out of its way as it propagates. The
much heavier positive ions are effectively stationary, and so
the electrons are pulled back toward their equilibrium
positions once the laser has passed. The resulting collective
charge oscillation has a relativistic phase velocity in the
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wake of the laser. When driven by a sufficiently intense
laser pulse, almost all of the electrons can be expelled from
an approximately spherical cavity behind the drive, known
as the plasma bubble [12]. The electric fields inside this
bubble are capable of accelerating electrons to ~1 GeV in
just ~1 cm [13].

Electrons can be self-injected into the bubble from the
background plasma if the wave has a sufficiently high
amplitude [14]. The three-dimensional structure of the
bubble means that the injected electron beam undergoes
strongly nonlinear betatron oscillations with a short wave-
length (~1 mm for ~1 GeV) and so generates synchrotron
x rays in the multi-keV spectral range [9].

In this paper, we report on the experimental optimisation
of the x rays generated by a laser wakefield accelerator
driven by a 200 TW laser. We show that the electron and
x-ray properties are well described by an analytical model
that includes the fact that self-injection occurs only after
the pulse has self-focused and self-compressed to a
sufficiently high intensity. We also show that this source
outperforms previous reports of x-ray emission from wake-
field accelerators [7,10].

The experiment was performed using the Astra Gemini
laser at the Rutherford Appleton Laboratory, which delivered
pulses of 12 J and duration 55 fs FWHM onto a supersonic
gas jet target. The laser was focused with an f/20 off-axis
parabolic mirror to a 22 yum FWHM spot containing
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FIG. 1. Schematic of the experimental setup. A 12 J, 55 fs
laser pulse is focused by an f/20 parabolic mirror onto a gas jet
target which produces a centimeter-scale plasma with densities
~10" ecm™3. Giga-electron-volt-scale electrons produced in the
interaction are deflected by a dipole magnet onto two scintillating
screens to measure the energy spectrum. Kilo-electron-volt x rays
pass out of the vacuum chamber through a thin window and are
detected by an indirect-detection x-ray CCD camera. An array of
metallic filters in front of the CCD allows properties of the x-ray
spectrum to be inferred.

a~30% of the energy. The peak intensity at focus in
vacuum was I~ 2.2 x 10 Wem™, corresponding to a
normalized vector potential a, = eA,/(mec?) =~ 3.0.

Two different helium gas jet targets with exit diameters
of (10, 15) mm were used, producing approximately
uniform density plasmas of length (8.5, 13) mm with
electron densities up to (8.0,4.0) x 10'® cm™3, respec-
tively. The laser was focused onto the front edge of the
gas flow. The generated electron beam was analyzed using
a magnetic spectrometer consisting of a 30-cm-long 1 T
permanent dipole magnet and two scintillating (Kodak
Lanex regular) screens.

The magnet also swept the electron beam away from
an indirect-detection x-ray CCD camera (Princeton
Instruments PIXIS) placed on the laser axis. This was
mounted outside the vacuum chamber behind a 180-um-
thick Be window. An array of 16 metallic filters mounted
on a thin Al/Mylar substrate was placed directly in front of
the camera’s Csl scintillator. A schematic of the exper-
imental layout is shown in Fig. 1.

The x-ray spectrum was found by performing a
least-squares fit to the signal detected behind each filter,
taking into account the transmission through each filter
and the absolutely calibrated detector response under the
assumptions that the spectrum has a synchrotronlike shape
given by d*I/(dEdQ),_o x &K 5(£/2), where Ky 3(x) is
a modified Bessel function of the order of 2/3 and
& =E/E.. The shape of this spectrum is characterized
by a single parameter, the critical energy E. [15], which
was assumed to be constant over the detector. Gaps
between the x-ray filters and repeated filters allowed
gradients in the x-ray beam profile to be taken into account.

32 mrad
= 10

g

1.0 t+ =
_ F.
3 081 %8
< o3
o0 ;_‘O
g 0.6 | X =
5} Uj%
aQ
2 5t
2 I _
g v O
< o

=]

0.2 £
&

n_ /10"
[cm?]

SIUN0D AvI-X

FIG. 2. Variation of electron and x-ray beams as a function of
n for the 10 mm nozzle. Top: Dispersion-corrected spectrally
dispersed images of the electron beam for a selection of shots.
The horizontal axis represents the angle at which electrons exit
the accelerator in the nondispersion plane. Bottom: X-ray CCD
camera images for the same shots.

Figure 2 shows the variation of the electron beam
spectrum and corresponding x-ray CCD images with
plasma density for the 10 mm nozzle. Shots in this data
subset correspond to the brightest x-ray image recorded at
each density. The data show that there is an optimum
density for acceleration of n, ~ 3.8 x 10'® cm™ and that
the x-ray signal is correlated with the electron beam energy.
Above the optimum density, the electron beam begins to
develop transverse structure and increased divergence. This
is consistent with the electron beam interacting with the
plasma, driving its own wake, and becoming susceptible
to propagation instabilities [19]. As the electron beam
dephases, it can also interact with the laser field [20], which
can also increase the x-ray flux [21]. However, under these
conditions, no major enhancement in x-ray flux is evident
due to these effects.

Figure 3 shows the variation of the electron energy W .,
with 7, for both the 10 and 15 mm gas nozzles. Both datasets
show a similar trend; above a threshold density, W, rapidly
increases until it reaches a maximum, after which it
decreases approximately « 1/n.. Both the threshold and
optimum densities occur at lower densities for the 15 mm
nozzle. As the x-ray signal is optimized when the electron
beam energy is highest, optimization of the x-ray generation
relies on understanding how to optimize the electron energy.
The maximum energy predicted by Lu ef al. [22],

W/ (mec?) = 3 au(rne/ ). (1

is plotted in Fig. 3 (dot-dashed line) using the a for vacuum.
Here, n, = eym.w?/e* is the critical plasma density for
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FIG. 3. Variation of W, with n, for 10 (squares) and 15 mm
(triangles) gas jets. Each point is the mean from N = 1-13 shots,
and bars represent the combined statistical and measurement
errors. Curves show the maximum energy predicted using Eqgs. (1)
(dot-dashed), (3) (dashed), and (4) for the 10 (blue) and 15 mm
(red) nozzles. The regions (I, 11, and III) described in the text are
indicated for each nozzle. Region II for each nozzle is also
indicated as a shaded region.

radiation with angular frequency w. Equation (1) consis-
tently underestimates the electron energy at high densities
and does not predict an optimum density.

Equation (1) assumes a nonevolving laser pulse.
However, self-focusing and pulse compression occur as
the pulse propagates in its self-generated wakefield, caus-
ing ag to increase. The maximum value of a, can be
calculated by assuming that the pulse evolves to a matched
spot size that satisfies aq ~ 2(P;/P.)'/? [22], where P, =
(2mec?/re)ne/n. is the critical power for relativistic self-
focusing and r, is the classical electron radius. The final
power P; depends on pulse compression and the amount of
laser energy that is trapped in the bubble. For a fraction a of
the total laser energy E; compressed to a pulse duration z,
the resulting expression is

Amax = 2[aEL/(TfPC)]1/3' (2)

Even though this expression does not include the effects
of pump depletion and photon deceleration, it has been
shown to be sufficiently accurate to predict the self-
injection threshold [14]. The pulse compression can be
quantified by assuming that the front of the pulse travels at
the linear group velocity in the plasma, while the rear of
the pulse, which sits in the significantly reduced plasma
density inside the bubble, travels at c¢. For an initial pulse
duration 7, the pulse duration after propagation length / is
then 7¢(1) ~ 79 — n.l/(2cn.) [23]. The maximum propaga-
tion length L, will be limited by pump depletion L, =
ctone/ne [22] or by the length of the target, Liyge, if

Ligrger < Lpump- SO, accounting for pulse evolution, the
beam energy varies as

W/ (mec?) 3 B/ PO P /). (3)

Equation (3) is shown as the dashed line in Fig. 3. This
model overestimates the observed energy gain, approach-
ing the data only at high densities. It also still fails to
explain the initial increase in beam energy with increasing
density. These features can be explained by including a
distance over which the @, amplification occurs before
self-injection. We call this the preinjection pulse evolution
(PIPE) length Lppg. This PIPE length will decrease at
higher densities as the pulse evolution rates increase [24].
The variation of electron energy with density can be split
into three regions. At low density (region I), the PIPE
length is longer than the gas jet, and so no electrons are
injected.

As the density is increased, the evolution becomes fast
enough that injection occurs before the end of the gas jet,
resulting in low-energy electron beams. This region II is
marked by the shaded area in Fig. 3. Increasing the density
further reduces the PIPE length and brings the injection
point earlier in the gas jet. But in region II, the density is
low enough that the laser has not depleted by the end of the
gas jet, so earlier injection leads to an increase in accel-
eration length. This, coupled with the increase in the
accelerating field (o /n.), results in a rapid increase of
beam energy with increasing density.

Once the density is high enough that the pump depletion
length is less than the gas jet length (region III), increasing
the density actually decreases the length over which the
electron beam is accelerated. Therefore, in region III,
despite the continuing increase in electric field strength,
higher density results in a decrease in the electron energy.
At the highest densities, the PIPE length is very short, and
the electron beam energy approaches the dephasing limit
[Eq. (3)]. To model all this behavior, we need an expression
for the energy gained by an electron accelerated over some
fraction of a dephasing length and an expression that tells
us what fraction of a dephasing length is available after the
PIPE length is taken into account.

In the bubble regime, the longitudinal electric field,
which is responsible for acceleration, is linearly propor-
tional to the longitudinal distance from the bubble center,
ie., E (&) « & where £ = z — v,t and v, is the velocity of
the bubble [25]. Because injected electrons travel faster
than the bubble, they experience a decreasing accelerating
electric field as they advance relative to the bubble. The
energy gained by the electron is found by integrating the
accelerating force over the path of the electron. To first
order, d¢/dz = (¢ — vy)/c, and so the electron energy is
quadratic with acceleration distance [26]. The maximum
energy is reached when an electron travels from the back to
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the center of the bubble, i.e., when A& = r,/2, which
occurs when the acceleration length is equal to the
dephasing length, L, = %a(l)/ 2(nC /ne)c/w,. Because injec-
tion occurs after the PIPE length, the fraction of the
dephasing length available for acceleration is therefore
Agce = (Limax — Lppe)/Ly, where Ly, is the maximum
length available for the laser wakefield accelerator: the
shorter of Liyge; and Lyymp- The effect of the preinjection
evolution phase is therefore to reduce the maximum energy
reached compared to Eq. (3) according to

Wﬁlax = W;nax (ZAacc - Agcc)' (4)

Equation (4) is plotted in Fig. 3 (solid red and blue lines)
with a single fitting parameter, S = 11.8 &+ 1.8 um, chosen
to best reproduce the experimental trend using a least-
squares fit. As self-focusing happens more quickly than
pulse compression in this regime, the PIPE length is closely
related to the length over which pulse amplification occurs,
Lyo1, Which can be calculated using the model in Ref. [27].
That predicts that S = (n,/n.)Leyo; = 11 um for n, =
2 x 10" cm™3 with a weak dependence on plasma density.
The PIPE model reproduces all of the main features of
the experimentally observed variation in electron energy
including the rapid rise to an optimum density, the
reduction in optimum density for the longer nozzle, and
the slower falloff of maximum energy at higher densities.
The model performs equally well for both the 10 and
15 mm nozzles with the same value for S, indicating that
the precise shape of the gas density plays a minor role in
determining the evolution as compared to the initial laser
parameters.

Perhaps counterintuitively, this shows that for our value
of S the maximum electron energy from a fixed length
target occurs at too low a density for acceleration over a full
dephasing length, i.e., A,. < 1. Rather, the optimum
occurs at the lowest density where the acceleration is
limited by pump depletion, i.e., when Lppg + AycLy =
Liarget = Lpump- In general, for any value of S, the electron
energy from a fixed length target is maximized for the
density at which Liyeer = Lpymp OF Liarger = Ly — Lpipgs
whichever occurs at a lower density. Increasing the length
of the target allows for higher electron energies at a lower
density (as shown by the 15 mm nozzle data), but this
cannot be done indefinitely, as at some density the pulse
will never evolve to the point of injection.

Figure 4 plots how the x-ray critical energy E. and
peak brightness 3, vary with n, for the 10 mm gas nozzle.
Both the critical energy and brightness show similar
behavior, rapidly increasing as the density is increased
before turning over above n,= 3.8 x 10'® cm™. The
critical energy reaches E. = 30 keV. The peak brightness,
calculated assuming a constant duration matching
that of the laser pulse (55 fs) and an rms source radius
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FIG. 4. Observed x ray: (a) E.. and (b) B, as a function of n, for
the 10 mm nozzle. Each point is the mean of N = 1-10 shots, and
bars represent the combined statistical and measurement errors.
Curves show predictions using Egs. (5) and (6).

consistent with previous measurements (1 ym), reaches
3 x 10?2 photons s~! mrad=> mm~2 (0.1% BW)~!. This is
significantly higher than previous results at lower laser
power (e.g., Ref. [10]), primarily due to the ability to
accelerate electrons to ~GeV energies, thus increasing
their ability to radiate. Under optimum conditions, a total
photon yield of Ny ~ 6 x 10® per shot above 1 keV was
measured.

By solving the equation of motion for an electron in the
fields of a plasma bubble, Thomas [26] calculates the
spectrum of radiation emitted by summing the synchrotron
spectrum emitted at each bend in the trajectory as the
electron is accelerated and then decelerated from the back
of the bubble to the front, i.e., over a distance L = 2L . The
number of betatron oscillations is found to be Ny = Yp»
where 7, is the Lorentz factor associated with the bubble
motion. The resulting x-ray spectrum is synchrotronlike
with an enhanced high-energy tail. We modify the expres-
sion in Ref. [26] to take into account that, in general, the
acceleration does not take place over a full dephasing
length. The modified spectrum for a beam charge of eV, is

d?7 3¢? Wihax \ 2 ®
= N =) Al=—.Akc ), (5
dodQ ~ 7 mege © (mecz) (Za)co ) )

where Eqy=fwg=7.75x1074a)*(n./n.)°/8 is the criti-
cal energy of a synchrotron spectrum corresponding to that
emitted by an electron at the maximum energy Wi,.. The
spectral shape function A(&, A,..) is

A=¢ /_lAacc—l(l _ x2)_3/2’C5/3[§(1 _ x2)—7/4]dx_ (6)

The calculated variation in E,. and B, have been overlaid
on the experimental data in Figs. 4(a) and 4(b), for a plasma
length of 8.5 mm with Lppg = Sn./n. and S = 11.8 um.
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FIG.5. Scaling of x-ray radiation with laser power from various

experiments [7,9,10,29-34]: (a) E_; (b) By. The shaded region
corresponds to Egs. (7) and (8) for ny, < n, < 3ny,

The critical energy curve requires no additional fitting
parameter beyond the PIPE length scaling already
determined from the electron data. In the absence of an
absolute charge calibration, we have used the scaling law
of Lu et al. [22] multiplied by a fitting parameter N,
Ny, = 3.1 x 108N4y\/P;, in the calculation of peak bright-
ness. Taking into account the effect of pulse compression,
this gives an approximately constant charge of ~44 pC
over the density range of interest. The peak brightness
using this model is maximal at the density for which the
pump depletion length equals the given target length. The
models for the electron energy, x-ray critical energy, and
density dependence of the x-ray brightness are all con-
sistent with the experimental data using the single fitting
parameter S.

Figure 5 compares our measured E. and B, with
previous experiments. Kneip, Najmudin, and Thomas
[28] calculated the following scaling laws in terms of
the laser power P (in TW) for both E, (in keV) and B, [in
photons s™! mrad=> mm=2 (0.1% BW)~!]:

E. = 3.5 x 1072(BaP)*/*(n./n.)"/*, (7)
By = 2.7 x 101N (BaP)*?(ne/n.)"*/ 12, (8)

where a power amplification factor £ is included to account
for pulse compression. Compression over a depletion
length at the rate in Ref. [23] gives f = 2.

Equations (7) and (8) treat P and n. as independent
parameters. However, increasing P decreases the threshold
density for self-injection, ng, so experiments at higher
power typically operate at lower density [35]. Using
Ref. [14] to find ny(P), we can therefore eliminate n,
from the above expressions. Furthermore, experiments are
typically optimized just above the threshold, so the curves
for E, and B, (plotted in Fig. 5) span the range [ng,, 3ny].

The scaling laws and experimental data both show that
higher-power lasers produce higher energy and brighter
x-ray sources. However, it is important to note that

experiments can differ significantly from the scaling law.
For example, higher photon energies can be produced if
asymmetries are present in the wake, which increases the
betatron oscillation amplitude. However, this also increases
the source size, decreasing the brightness [29].

The photon source in our experiments is much brighter,
at higher photon energy than those at lower power [10], and
comparable to an unoptimized experiment at 5 times higher
laser power [7]. Our experimental data and the model
developed here suggest that a significant increase in the
flux of x-ray radiation from a laser wakefield accelerator
can be achieved by careful optimization of the length and
plasma density for a given laser system. This would greatly
broaden the range of applications that are accessible with
these sources [11].

The authors confirm that all data used in this study are
available without restriction. Data and analysis codes can
be obtained using the link in Ref. [36].
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