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Outline	

§  Gamma-ray	source	based	on	Compton	scaEering	
—  Performance	
— Gamma-ray	measurements	
—  Applica@ons	

§  X-ray	source	based	on	betatron	emission	
—  Principle	
—  X-ray	measurements	as	a	diagnos@c	of	electron	beam	proper@es	
—  Applica@ons	
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Narrow	band	gamma-rays	from	Compton	sca9ering	

   γ 0 = E0 / mec
2  E0 / 0.511 MeV

Energy-momentum	conserva@on	yields	4γ2	upshiM	
Compton	scaEering	cross	sec@on	very	small	6	x10-25	cm2	

High	photon	and	electron	densi@es	required	at	interac@on	point	



LLNL-PRES-xxxxxx 
5	

T-REX	source	components	

Interac?on	laser	(ILS)	
-Up	to	750	mJ	(IR)	
-150	mJ	(UV	or	green)	
-20	ps	
	

Photocathode	drive	laser	(PDL)	
-261	nm	
-50	μJ	flat	top	(space	and	?me)	
-10	ps	

LINAC	
-Up	to	120	MeV	
-5	mm.mrad	
-35	x40	μm	focus	
-10	ps	
-0.5	nC	
	

D.	J.	Gibson	et	al,	Phys.	Rev.	ST	Accel.	Beams	13,	070703	(2010).	
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T-Rex:	LLNL’s	first	Compton	gamma-ray	source	
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T-Rex	proper?es	

F.	Albert	et	al,	Phys.	Rev.	ST	Accel.	Beams,	13,	070704	(2010).		

Tunable		0.2-1	MeV	

Narrow	band	–	12	%	

Collimated	6	x	10	mrad2	
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Photon	flux	and	divergence	

CsI[Tl]	Scin@llator	

3:1	Fiber	Taper	

Andor	intensified	CCD	

Electron	beam	and	ILS	
0.478	MeV	gamma-rays	

Electron	beam	only	
No	gamma-rays	

Gamma-rays	

Es@ma@ons	indicate	105	photons/shot	(based	on	calibra@ons	with	137Cs	source	@	662	keV)	
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Spectrum	measurement	

Al	plate	

Compton	sca9ered	
gamma	rays	

10%	

	

Concrete	walls-	
Separa?on	from	LINAC	

Gamma-rays	

€ 

Eγ
' =

Eγ

1 +
Eγ

E0

(1−cosθ )

θ

Input	spectrum	(simula?on)	

Indirectly	measured	spectrum	and	
Monte	Carlo	simula?on	
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Nuclear	Resonance	Fluorescence	(NRF)	can	provide	
isotope-specific	contrast	

§  Incident	photon	excites	nucleus	
— MeV	
—  Discrete	energies	
—  Isotope	specific	

§  Nucleus	subsequently	re-radiates	
photons	
— NRF	lines	very	sharp	(1	eV)	
— Need	high	brightness	narrow	band	

source	to	detect	them	

§  Applica@ons	
—  Isotope	specific	detec@on	
—  Special	Nuclear	Materials	detec@on	

(Homeland	security)	
— Nuclear	waste	assay	and	detec@on	
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NRF	transi?ons	are	isotope-specific	and	have	large	
cross	sec?ons	

Gamma-rays	in	the	0.5-3	MeV	range	are	both	highly	penetra@ng	and	non	ac@va@ng	
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Direct	detec?on	of	7Li	NRF	line	with	T-REX	

60Co	Lines	(1.33	and	
1.17	MeV)	

511	keV	Line	
e-p	produc?on	

NRF	Line		
478	keV	

Pb	
Fluorescence	 Compton		

sca9ering	from	
Sample	

Gamma-ray	beam	

HPGe	Detector	

LiH	sample	
NRF	7Li	at	478	keV	Pb	

Al	

478	NRF	7Li	

511	keV	e-p	
annihila?on	pairs	

Drawback:	7.5	hours	measurement	

F.	Albert	et	al,	Phys.	Rev.	ST	Accel.	Beams,	13,	070704	(2010).		
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10–20 micrometers
Ion bubbleElectron sheath

Laser pulse
Trapped electron

Betatron x-ray beam

“Betatron	x-rays	bring	focus	to	a	very	small,	very	fast	world”,	LLNL	S&T	Review,	January/February	2014		

Betatron	x-ray	radia?on	
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Modeling	

and imaging techniques. Traditionally, betatron x-rays are produced in the blowout regime of laser wakefield
acceleration20 using pure helium gas, where electrons are self-injected into the wake. This paper investigates
the properties of betatron x-ray radiation produced in mixed gases end employs similar electron beam and x-ray
characrerization techniques. After a brief review of the electron acceleration scheme in the ionization-induced
trapping regime21,22 and the betatron x-ray source theory, we review the experimental techniques and results
obtained using the 200 TW Callisto laser system at the Jupiter Laser Facility, LLNL.

2. THEORY AND MODELING

2.1 Electron acceleration in the ionization induced trapping regime

The blowout regime of laser wakefield acceleration has been widely investigated through 3D Particle-In-Cell
(PIC) simulations.20 In this case, the plasma wavelength ⌅p is superior or equal to the axial laser dimensions c⌃ ,
where ⌃ is the laser pulse length. If the laser intensity is su⌅ciently high (on the order of 3 ⇥ 1018 W/cm2 for
electrons densities of 1019 cm�3), the laser ponderomotive force expels the plasma electrons toward the low light
intensity regions. This leaves an ion cavity (or bubble) in the wake of the laser pulse, with dimensions close to
that of the light pulse (several femtoseconds). Electrons injected in this accelerating structure can be accelerated
until they outrun the wakefield over a dephasing length Ldp = 2

3r⌥
2
0/⌥

2
p and gain a maximum energy Emax

[GeV]=0.36(P[TW]) 1/4⇥ (Ldp[cm])1/2, where P is the peak laser power. The blowout radius r is matched to the
laser beam waist w0: kpr ⇤ kpw0 = 2

⌅
a0. A result of this mechanism is that accelerating high energy electrons

is limited either by the dephasing length or the pump depletion length Lpump = c⌃⌥2
0/⌥

2
p. One solution is to

accelerate the electrons in a capillary discharge to guide the laser pulse and accelerate electrons to GeV energies.23

Since the dephasing length increases with decreasing electron density, operating at lower electron densities is
favorable. Unfortunately, for given laser parameters, there is a density threshold below which electrons can no
longer be trapped. Ionization-induced trapping21,24 has been proposed to permit electron trapping below this
threshold to take advantage of large dephasing lengths. Instead of using pure helium gas to drive the wake and
accelerate electrons, trace amounts of dopant (N, CO2) are added. For a He/N mix, the leading edge of the
laser pulse is su⌅ciently intense to fully ionize the He atoms and strip the outer five electrons of nitrogen. The
laser ponderomotive force pushes the electrons out to create the accelerating structure, just like in the case of
a pure helium plasma. However, there is a large di⇥erence between the ionization potential of the 5th (L-shell)
electron and the two K-shell electrons on nitrogen (N6+ and N7+). When this step in the ionization potential
is matched to the laser intensity profile such that the two nitrogen K-hell electrons are ionized near the peak of
the laser electrical field, these electrons are born at the center of the structure. These electrons appear initially
at rest and slip backwards relative to the bubble, then they are trapped and gain additional energy as they
accelerate to the center of the accelerating structure. The only drawback of this method is that the electrons are
continuously trapped into the bubble, which yields electrons with a large energy spread. Two-stage acceleration
schemes, where electrons are trapped in a first stage containing a mix He/dopant and accelerated in a second
stage containing pure helium25 can be implemented to obtain GeV-class monoenergetic beams.

2.2 Betatron x-ray radiation

The motion of an electron accelerated along ⇡uz with momentum ⇡p and position ⇡r in the wake of a laser pulse
can be described by the Lorentz equation of motion:

d⇡p

dt
= �m⌥2

p
⇡r

2
+ �

mc⌥p

e
⇡uz, (1)

where m is the electron rest mass, e the elementary charge, and ⌥p =
⇤

nee2/m⇤0 is the plasma frequency. Here,
ne is the electron density, and ⇤0 the vacuum permittivity. In the blowout 3D nonlinear regime of laser wakefield
acceleration,20 � = 1

2

⌅
a0 is the normalized accelerating field, where a0 is the laser normalized vector potential,

typically around 2 for our experiments. Equation 1 can be solved by using a 4th order Runge-Kutta algorithm
and obtain the single electron trajectories for given initial conditions and fields. The electron trajectory is used
to calculate the intensity radiated by the particle per unit frequency ⌥ and solid angle �:26

d2I

d�d⌥
=

e2⌥2

4⇧c

����
⇥ 1

�1
⇡n⇥ (⇡n⇥ ⇥) ei�(t� ⇧n.⇧r

c )dt

����
2

, (2)

Figure 1. From left to right: example of an electron trajectory in the plasma, with the corresponding betatron spectrum
observed on-axis and the x-ray beam profile. Shown on the center plot are the full spectrum (solid line), calculated using
Equation 2 and containing the harmonic structure of the radiation, and the asymptotic limit (dashed red line), calculated
using Equation 3. For this example, the parameters are ne = 1019 cm�3, ⇥ = 200, x0=1 µm, y0 = 0, and � = 0. Here the
critical frequency h̄⌅c[keV]=5⇥ 10�24 ⇥ ⇥2ne[cm

�3]r[µm]= 4.2 keV and K ' 6. The beam has a divergence of 1/⇥ and
K/⇥ along the direction parallel and perpendicular to the plane of the oscillations.

where ⇠n is the vector corresponding to the direction of observation, and ⇥ = v/c the normalized electron velocity.
For relativistic energies, ⇥ ⇥ 1. In the case where the wiggler parameter K = 1.33� 10�10⌅⇤ner0 is larger than
unity, the spectrum, observed at an angle ⌅ from the plane in which the particle oscillates, can be approximated
by the asymptotic limit:26,27

d2I

d�d 
=

e2

3⌥2c
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⇥2
⇤
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⇤2
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K2
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K2

1/3(⌃)

⌃
, (3)

where K2/3 and K1/3 are modified Bessel functions. Here, � is the radius of curvature of the electron trajectory

and ⌃ = ⇤⇥
3c

�
1
�2 + ⌅2

⇥3/2
. When integrated over all angles of observation, the spectrum becomes:

dI

d 
=

⌅
3
e2

c
⇤
 

 c

⌥ 1

�
�c

K5/3(x)dx, (4)

where K5/3 is also a modified Bessel function and  c = 3⇤3c/� is the critical frequency. Equation 3 peaks
at  ⇥ 0.45 c for ⌅ = 0 while Equation 4 peaks at  ⇥ 0.3 c. Similarly, the betatron x-ray beam profile is
calculated by integrating Equation 2 over frequencies. Figure 1 shows an example of electron trajectory, with its
corresponding betatron x-ray spectrum and beam profile. For this particular case, the parameters are ne = 1019

cm�3, ⇤ = 200, x0=1 µm, y0 = 0, and � = 0. The trajectory was calculated using 3000 time steps (with each
unit step dt = 0.2c/ p). At each point of calculation of the trajectory, the spectrum and beam profile were
calculated using frequency steps of 100 eV. For the chosen parameters,  c= 4.2 keV and K ⇤ 6. The beam has a
divergence of 1/⇤ and K/⇤ along the direction parallel and perpendicular to the plane of the oscillations, and the
on-axis spectrum peaks at ⇥ 2 keV. Although more computationally intensive, electrons trajectories obtained
from PIC simulations can be post-processed using Equation 2 to calculate the spectrum and profile with a much
better resolution.28

3. EXPERIMENTAL SETUP

The experiments were conducted at the Jupiter Laser Facility (JLF) using the 200 TW Callisto laser system.
Callisto can deliver up to 12 J in a 60 fs pulse (full width at half maximum, fwhm). The 13 cm diameter beam
was focused by an o⇥-axis parabola (f/8 or f/20) onto the 500 µm entrance pinhole of a gas cell. Two di⇥erent

J.D.	Jackson,	Classical	Electrodynamics,	3rd	ediJon	(1998)	
E.	Esarey,	B.	A.	Shadwick,	P.	Catravas,	and	W.	P.	Leemans,	Phys.	Rev.	E	65,	056505	(2002)	

Equa?on	of	mo?on	

Intensity	per	unit	solid	angle	and	
frequence	

Asympto?c	limit	

and imaging techniques. Traditionally, betatron x-rays are produced in the blowout regime of laser wakefield
acceleration20 using pure helium gas, where electrons are self-injected into the wake. This paper investigates
the properties of betatron x-ray radiation produced in mixed gases end employs similar electron beam and x-ray
characrerization techniques. After a brief review of the electron acceleration scheme in the ionization-induced
trapping regime21,22 and the betatron x-ray source theory, we review the experimental techniques and results
obtained using the 200 TW Callisto laser system at the Jupiter Laser Facility, LLNL.

2. THEORY AND MODELING

2.1 Electron acceleration in the ionization induced trapping regime

The blowout regime of laser wakefield acceleration has been widely investigated through 3D Particle-In-Cell
(PIC) simulations.20 In this case, the plasma wavelength �

p

is superior or equal to the axial laser dimensions c⌧ ,
where ⌧ is the laser pulse length. If the laser intensity is su�ciently high (on the order of 3 ⇥ 1018 W/cm2 for
electrons densities of 1019 cm�3), the laser ponderomotive force expels the plasma electrons toward the low light
intensity regions. This leaves an ion cavity (or bubble) in the wake of the laser pulse, with dimensions close to
that of the light pulse (several femtoseconds). Electrons injected in this accelerating structure can be accelerated
until they outrun the wakefield over a dephasing length L

dp

= 2
3r!

2
0/!

2
p

and gain a maximum energy E

max

[GeV]=0.36(P[TW]) 1/4⇥ (L
dp

[cm])1/2, where P is the peak laser power. The blowout radius r is matched to the
laser beam waist w0: kpr ⇠ k

p

w0 = 2
p
a0. A result of this mechanism is that accelerating high energy electrons

is limited either by the dephasing length or the pump depletion length L

pump

= c⌧!

2
0/!

2
p

. One solution is to
accelerate the electrons in a capillary discharge to guide the laser pulse and accelerate electrons to GeV energies.23

Since the dephasing length increases with decreasing electron density, operating at lower electron densities is
favorable. Unfortunately, for given laser parameters, there is a density threshold below which electrons can no
longer be trapped. Ionization-induced trapping21,24 has been proposed to permit electron trapping below this
threshold to take advantage of large dephasing lengths. Instead of using pure helium gas to drive the wake and
accelerate electrons, trace amounts of dopant (N, CO2) are added. For a He/N mix, the leading edge of the
laser pulse is su�ciently intense to fully ionize the He atoms and strip the outer five electrons of nitrogen. The
laser ponderomotive force pushes the electrons out to create the accelerating structure, just like in the case of
a pure helium plasma. However, there is a large di↵erence between the ionization potential of the 5th (L-shell)
electron and the two K-shell electrons on nitrogen (N6+ and N7+). When this step in the ionization potential
is matched to the laser intensity profile such that the two nitrogen K-hell electrons are ionized near the peak of
the laser electrical field, these electrons are born at the center of the structure. These electrons appear initially
at rest and slip backwards relative to the bubble, then they are trapped and gain additional energy as they
accelerate to the center of the accelerating structure. The only drawback of this method is that the electrons are
continuously trapped into the bubble, which yields electrons with a large energy spread. Two-stage acceleration
schemes, where electrons are trapped in a first stage containing a mix He/dopant and accelerated in a second
stage containing pure helium25 can be implemented to obtain GeV-class monoenergetic beams.

2.2 Betatron x-ray radiation

The motion of an electron accelerated along ~u

z

with momentum ~p and position ~r in the wake of a laser pulse
can be described by the Lorentz equation of motion:

d~p

dt

= �m!

2
p

~r

2
+ ↵

mc!

p

e

~u

z

, (1)

where m is the electron rest mass, e the elementary charge, and !

p

=
p

n

e

e

2
/m✏0 is the plasma frequency. Here,

n

e

is the electron density, and ✏0 the vacuum permittivity. In the blowout 3D nonlinear regime of laser wakefield
acceleration,20 ↵ = 1

2

p
a0 is the normalized accelerating field, where a0 is the laser normalized vector potential,

typically around 2 for our experiments. Equation 1 can be solved by using a 4th order Runge-Kutta algorithm
and obtain the single electron trajectories for given initial conditions and fields. The electron trajectory is used
to calculate the intensity radiated by the particle per unit frequency ! and solid angle ⌦:26

d

2
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e

2
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2
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����
Z 1
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dt
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Modeling:	example	

Trajectory	 Spectrum	Beam	profile	

Parameters	
ne=1019	cm-3	

	γ=200	
	x0=	1	μm	
	α=0	

F.	Albert	et	al.,	Proc.	SPIE	2013	
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Betatron	x-ray	characteriza?on	

Magnet	
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Laser	

F.	Albert,	B.B.	Pollock	et	al,	Phys.	Rev.	LeM.,	111,	235004	(2013).		

Experiment	parameters	
Laser:	4-8	J,	60	fs	
Cell	Length:	1	cm	
100%	He	or	He-N2	
ne≈	6×1018	cm-3	

	

This	plaporm	can	be	implemented	on	many	
laser	systems	
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Stacked	image	plates	spectrometer	to	measure	
spectral	and	spa?al	informa?on	on	betatron	beam	
	

tectors. In order to minimize the effect of vacuum electrons
on Bremsstrahlung detectors, we have uniquely used an elec-
tron spectrometer in front of the Bremsstrahlung spectrom-
eter. This not only reduced the background signal on the
detectors due to deflection of electrons but also provided
simultaneous measurements of the vacuum electrons and
Bremsstrahlung spectrum along the same line of sight. This
is the first such measurement. The spectra from vacuum elec-
trons will be the topic of a separate publication. A 6 mm
thick Teflon block is placed in front of the Bremsstrahlung
spectrometer to stop any additional electrons.

DOSIMETER CALIBRATION

The BAS-MS image plate consists of a BaFBr0.85I0.15
phosphor layer. When exposed to x rays, electrons in the
phosphor layer are excited and trapped in a metastable state.
Subsequent irradiation with red light liberates the trapped
electrons, resulting in the emisson of blue photons, which are
detected via a photomultiplier tube. The image plates are
light and time sensitive, and good procedural controls are
required for proper dosimetry. Following the exposure, the
image plates are kept in the light-tight Lexan cartridge and
stored in a dark space to prevent stray light from erasing the
plates. They are scanned with a FLA-7000 image plate scan-
ner, which reads out photostimulated luminescence values
!PSLs" by exposing the plates with a red laser. Since image
plates fade with time, the fade curve was measured from
5 to 50 min by exposing the image plates for 32 s to a fil-
tered Cs-137 !662 keV" source. It was found that they fade
by about 20% in the first 30 min and then level off from
30 to 50 min. The image plates are thus scanned between 30
and 50 min after exposure on the flat part of the fade curve.
In our analysis the image plate PSL is taken to be propor-
tional to the total energy deposited in the active layer. To test
this assumption and calibrate the plates, they were exposed
to a Cd-109 source !22 keV" and a filtered Cs-137 source for
60 and 32 s, respectively, and scanned at exactly 30 min af-
ter the start of exposure. Using a one dimensional !1D"
Monte Carlo simulation from the INTEGRATED TIGER SERIES

3.0 code package,10 the total energy deposited is compared to
the PSL readout. The ITS code tracks electron and gamma ray
showers, including such physics as elastic and Compton scat-
tering, pair production, and x-ray fluorescence. The calibra-
tions with the two sources were consistent, giving
1.47!9% MeV /PSL for the Cd-109 source and 1.24!15%

for the Cs-137, where the larger error bar from the Cs-137
exposure is from uncertainties in the activity of the source.

SIMULATION OF RESPONSE MATRICES

The response of the spectrometer to electrons incident on
the target is broken down into two components. The spec-
trometer response matrix !SRM" is calculated in one dimen-
sion using ITS and models the response of the image plates to
the incident photons. This response is shown in Fig. 2. Each
of the 13 lines corresponds to the response of the image plate
behind the different filters. The SRM is built up by simulat-
ing the energy deposition in the active layer of the 13 image
plates in response to 150 logarithmically spaced photon
spectral bins from 1 keV to 100 MeV. The second compo-
nent, the target response matrix !TRM", is modeled in three
dimensions with ITS for each target type. 80 logarithmically
spaced electron spectral bins from 10 keV to 100 MeV are
injected normally into a 30° full cone angle from an 8 "m
diameter source. The Bremsstrahlung spectrum into a 5°
cone angle off the rear surface is calculated for the photon
emission. The SRM and the TRM are multiplied together to
obtain the full response matrix for the electrons.

The mean deposition values from each of the 13 images
plates are taken as the measured data. The electron spectra
can be back-calculated a number of ways, including fitting
sample spectra and maximum entropy techniques. For our
experiments, we have found that a one-temperature Boltz-
mann distribution of electrons provides a good fit to the mea-
sured data. Figure 3 shows the fit to a sample shot where an
Al /Cu /Al sandwich target was irradiated with 121 J of
1.06 "m light for 0.7 ps on the Titan laser at Lawrence Liv-
ermore National Laboratory. A Boltzmann distribution of
electrons with a 1.3 MeV slope temperature provides a good
fit to the data. In this case, the reduced chi squared value is
0.95. The upper and lower temperature boundaries are drawn
at the edges of the contour in a two-parameter space where
the reduced chi squared is twice its minimum value. Other

FIG. 1. !Color online" A diagram of the Bremsstrahlung spectrometer. The
image plates are in a Lexan cartridge that fits into the Pb housing. The
electron spectrometer deflects incident electrons.

FIG. 2. !Color online" Spectrometer channel response !SRM" calculated
from ITS 3.0. Each curve represents the energy deposited in that layer by the
photon spectrum.

10E305-2 Chen et al. Rev. Sci. Instrum. 79, 10E305 !2008"

Downloaded 28 Mar 2012 to 128.115.27.10. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

Plas?c	housing	
	
	

Image	plates	+		
Filters	

C.D.	Chen	et	al,	Rev.	Sci.	Instrum.	79,	10E305	(2008).	
F.	Albert	et.	al,	Plasma	Phys.	Control.	Fusion	56	084016	(2014).		
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Betatron	on-axis	spectrum	measurement	
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Injec?on	amplitude	retrieved	from	the	betatron	
spectrum	
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and imaging techniques. Traditionally, betatron x-rays are produced in the blowout regime of laser wakefield
acceleration20 using pure helium gas, where electrons are self-injected into the wake. This paper investigates
the properties of betatron x-ray radiation produced in mixed gases end employs similar electron beam and x-ray
characrerization techniques. After a brief review of the electron acceleration scheme in the ionization-induced
trapping regime21,22 and the betatron x-ray source theory, we review the experimental techniques and results
obtained using the 200 TW Callisto laser system at the Jupiter Laser Facility, LLNL.

2. THEORY AND MODELING

2.1 Electron acceleration in the ionization induced trapping regime

The blowout regime of laser wakefield acceleration has been widely investigated through 3D Particle-In-Cell
(PIC) simulations.20 In this case, the plasma wavelength ⌅p is superior or equal to the axial laser dimensions c⌃ ,
where ⌃ is the laser pulse length. If the laser intensity is su⌅ciently high (on the order of 3 ⇥ 1018 W/cm2 for
electrons densities of 1019 cm�3), the laser ponderomotive force expels the plasma electrons toward the low light
intensity regions. This leaves an ion cavity (or bubble) in the wake of the laser pulse, with dimensions close to
that of the light pulse (several femtoseconds). Electrons injected in this accelerating structure can be accelerated
until they outrun the wakefield over a dephasing length Ldp = 2

3r⌥
2
0/⌥

2
p and gain a maximum energy Emax

[GeV]=0.36(P[TW]) 1/4⇥ (Ldp[cm])1/2, where P is the peak laser power. The blowout radius r is matched to the
laser beam waist w0: kpr ⇤ kpw0 = 2

⌅
a0. A result of this mechanism is that accelerating high energy electrons

is limited either by the dephasing length or the pump depletion length Lpump = c⌃⌥2
0/⌥

2
p. One solution is to

accelerate the electrons in a capillary discharge to guide the laser pulse and accelerate electrons to GeV energies.23

Since the dephasing length increases with decreasing electron density, operating at lower electron densities is
favorable. Unfortunately, for given laser parameters, there is a density threshold below which electrons can no
longer be trapped. Ionization-induced trapping21,24 has been proposed to permit electron trapping below this
threshold to take advantage of large dephasing lengths. Instead of using pure helium gas to drive the wake and
accelerate electrons, trace amounts of dopant (N, CO2) are added. For a He/N mix, the leading edge of the
laser pulse is su⌅ciently intense to fully ionize the He atoms and strip the outer five electrons of nitrogen. The
laser ponderomotive force pushes the electrons out to create the accelerating structure, just like in the case of
a pure helium plasma. However, there is a large di⇥erence between the ionization potential of the 5th (L-shell)
electron and the two K-shell electrons on nitrogen (N6+ and N7+). When this step in the ionization potential
is matched to the laser intensity profile such that the two nitrogen K-hell electrons are ionized near the peak of
the laser electrical field, these electrons are born at the center of the structure. These electrons appear initially
at rest and slip backwards relative to the bubble, then they are trapped and gain additional energy as they
accelerate to the center of the accelerating structure. The only drawback of this method is that the electrons are
continuously trapped into the bubble, which yields electrons with a large energy spread. Two-stage acceleration
schemes, where electrons are trapped in a first stage containing a mix He/dopant and accelerated in a second
stage containing pure helium25 can be implemented to obtain GeV-class monoenergetic beams.

2.2 Betatron x-ray radiation

The motion of an electron accelerated along ⇡uz with momentum ⇡p and position ⇡r in the wake of a laser pulse
can be described by the Lorentz equation of motion:

d⇡p

dt
= �m⌥2

p
⇡r

2
+ �

mc⌥p

e
⇡uz, (1)

where m is the electron rest mass, e the elementary charge, and ⌥p =
⇤

nee2/m⇤0 is the plasma frequency. Here,
ne is the electron density, and ⇤0 the vacuum permittivity. In the blowout 3D nonlinear regime of laser wakefield
acceleration,20 � = 1

2

⌅
a0 is the normalized accelerating field, where a0 is the laser normalized vector potential,

typically around 2 for our experiments. Equation 1 can be solved by using a 4th order Runge-Kutta algorithm
and obtain the single electron trajectories for given initial conditions and fields. The electron trajectory is used
to calculate the intensity radiated by the particle per unit frequency ⌥ and solid angle �:26
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2

, (2)

Analy@cal	 Numerical	

This	spectral	analysis	provides	informa@on	about	betatron	oscilla@on	amplitudes	without	any	
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We	use	the	beam	profile	to	retrieve	the	spa?al	
orienta?on	of	the	oscilla?ons	
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This	spectral	and	spa?al	analysis	provides	a	
tomographic	reconstruc?on	of	electron	trajectories	
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Angular	dependence	of	betatron	spectrum	
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Angular	dependence	of	betatron	spectrum	
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Angular	dependence	of	betatron	spectrum	
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Figure 1. From left to right: example of an electron trajectory in the plasma, with the corresponding betatron spectrum
observed on-axis and the x-ray beam profile. Shown on the center plot are the full spectrum (solid line), calculated using
Equation 2 and containing the harmonic structure of the radiation, and the asymptotic limit (dashed red line), calculated
using Equation 3. For this example, the parameters are ne = 1019 cm�3, ⇥ = 200, x0=1 µm, y0 = 0, and � = 0. Here the
critical frequency h̄⌅c[keV]=5⇥ 10�24 ⇥ ⇥2ne[cm

�3]r[µm]= 4.2 keV and K ' 6. The beam has a divergence of 1/⇥ and
K/⇥ along the direction parallel and perpendicular to the plane of the oscillations.

where ⇠n is the vector corresponding to the direction of observation, and ⇥ = v/c the normalized electron velocity.
For relativistic energies, ⇥ ⇥ 1. In the case where the wiggler parameter K = 1.33� 10�10⌅⇤ner0 is larger than
unity, the spectrum, observed at an angle ⌅ from the plane in which the particle oscillates, can be approximated
by the asymptotic limit:26,27

d2I

d�d 
=

e2

3⌥2c

� �
c

⇥2
⇤

1

⇤2
+ ⌅2
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2/3(⌃) +
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(1/⇤2) + ⌅2
K2

1/3(⌃)

⌃
, (3)

where K2/3 and K1/3 are modified Bessel functions. Here, � is the radius of curvature of the electron trajectory

and ⌃ = ⇤⇥
3c

�
1
�2 + ⌅2

⇥3/2
. When integrated over all angles of observation, the spectrum becomes:

dI

d 
=

⌅
3
e2

c
⇤
 

 c

⌥ 1

�
�c

K5/3(x)dx, (4)

where K5/3 is also a modified Bessel function and  c = 3⇤3c/� is the critical frequency. Equation 3 peaks
at  ⇥ 0.45 c for ⌅ = 0 while Equation 4 peaks at  ⇥ 0.3 c. Similarly, the betatron x-ray beam profile is
calculated by integrating Equation 2 over frequencies. Figure 1 shows an example of electron trajectory, with its
corresponding betatron x-ray spectrum and beam profile. For this particular case, the parameters are ne = 1019

cm�3, ⇤ = 200, x0=1 µm, y0 = 0, and � = 0. The trajectory was calculated using 3000 time steps (with each
unit step dt = 0.2c/ p). At each point of calculation of the trajectory, the spectrum and beam profile were
calculated using frequency steps of 100 eV. For the chosen parameters,  c= 4.2 keV and K ⇤ 6. The beam has a
divergence of 1/⇤ and K/⇤ along the direction parallel and perpendicular to the plane of the oscillations, and the
on-axis spectrum peaks at ⇥ 2 keV. Although more computationally intensive, electrons trajectories obtained
from PIC simulations can be post-processed using Equation 2 to calculate the spectrum and profile with a much
better resolution.28

3. EXPERIMENTAL SETUP

The experiments were conducted at the Jupiter Laser Facility (JLF) using the 200 TW Callisto laser system.
Callisto can deliver up to 12 J in a 60 fs pulse (full width at half maximum, fwhm). The 13 cm diameter beam
was focused by an o⇥-axis parabola (f/8 or f/20) onto the 500 µm entrance pinhole of a gas cell. Two di⇥erent

Synchrotron model 
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Angular	dependence	of	betatron	spectrum	
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and imaging techniques. Traditionally, betatron x-rays are produced in the blowout regime of laser wakefield
acceleration20 using pure helium gas, where electrons are self-injected into the wake. This paper investigates
the properties of betatron x-ray radiation produced in mixed gases end employs similar electron beam and x-ray
characrerization techniques. After a brief review of the electron acceleration scheme in the ionization-induced
trapping regime21,22 and the betatron x-ray source theory, we review the experimental techniques and results
obtained using the 200 TW Callisto laser system at the Jupiter Laser Facility, LLNL.

2. THEORY AND MODELING

2.1 Electron acceleration in the ionization induced trapping regime

The blowout regime of laser wakefield acceleration has been widely investigated through 3D Particle-In-Cell
(PIC) simulations.20 In this case, the plasma wavelength ⌅p is superior or equal to the axial laser dimensions c⌃ ,
where ⌃ is the laser pulse length. If the laser intensity is su⌅ciently high (on the order of 3 ⇥ 1018 W/cm2 for
electrons densities of 1019 cm�3), the laser ponderomotive force expels the plasma electrons toward the low light
intensity regions. This leaves an ion cavity (or bubble) in the wake of the laser pulse, with dimensions close to
that of the light pulse (several femtoseconds). Electrons injected in this accelerating structure can be accelerated
until they outrun the wakefield over a dephasing length Ldp = 2

3r⌥
2
0/⌥

2
p and gain a maximum energy Emax

[GeV]=0.36(P[TW]) 1/4⇥ (Ldp[cm])1/2, where P is the peak laser power. The blowout radius r is matched to the
laser beam waist w0: kpr ⇤ kpw0 = 2

⌅
a0. A result of this mechanism is that accelerating high energy electrons

is limited either by the dephasing length or the pump depletion length Lpump = c⌃⌥2
0/⌥

2
p. One solution is to

accelerate the electrons in a capillary discharge to guide the laser pulse and accelerate electrons to GeV energies.23

Since the dephasing length increases with decreasing electron density, operating at lower electron densities is
favorable. Unfortunately, for given laser parameters, there is a density threshold below which electrons can no
longer be trapped. Ionization-induced trapping21,24 has been proposed to permit electron trapping below this
threshold to take advantage of large dephasing lengths. Instead of using pure helium gas to drive the wake and
accelerate electrons, trace amounts of dopant (N, CO2) are added. For a He/N mix, the leading edge of the
laser pulse is su⌅ciently intense to fully ionize the He atoms and strip the outer five electrons of nitrogen. The
laser ponderomotive force pushes the electrons out to create the accelerating structure, just like in the case of
a pure helium plasma. However, there is a large di⇥erence between the ionization potential of the 5th (L-shell)
electron and the two K-shell electrons on nitrogen (N6+ and N7+). When this step in the ionization potential
is matched to the laser intensity profile such that the two nitrogen K-hell electrons are ionized near the peak of
the laser electrical field, these electrons are born at the center of the structure. These electrons appear initially
at rest and slip backwards relative to the bubble, then they are trapped and gain additional energy as they
accelerate to the center of the accelerating structure. The only drawback of this method is that the electrons are
continuously trapped into the bubble, which yields electrons with a large energy spread. Two-stage acceleration
schemes, where electrons are trapped in a first stage containing a mix He/dopant and accelerated in a second
stage containing pure helium25 can be implemented to obtain GeV-class monoenergetic beams.

2.2 Betatron x-ray radiation

The motion of an electron accelerated along ⇡uz with momentum ⇡p and position ⇡r in the wake of a laser pulse
can be described by the Lorentz equation of motion:

d⇡p

dt
= �m⌥2

p
⇡r

2
+ �

mc⌥p

e
⇡uz, (1)

where m is the electron rest mass, e the elementary charge, and ⌥p =
⇤

nee2/m⇤0 is the plasma frequency. Here,
ne is the electron density, and ⇤0 the vacuum permittivity. In the blowout 3D nonlinear regime of laser wakefield
acceleration,20 � = 1

2

⌅
a0 is the normalized accelerating field, where a0 is the laser normalized vector potential,

typically around 2 for our experiments. Equation 1 can be solved by using a 4th order Runge-Kutta algorithm
and obtain the single electron trajectories for given initial conditions and fields. The electron trajectory is used
to calculate the intensity radiated by the particle per unit frequency ⌥ and solid angle �:26
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§  Coloca@on	of	three	laser	systems	
—  XFEL	(8	keV,	70	fs,	3	mJ)	
—  ns	op@cal	laser	(20	J,	ns)	
—  fs	op@cal	laser	(1	J,	40	fs)	

Development	of	a	betatron	radia?on	source	at	LCLS	
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Physical	mechanisms	studied	with	betatron	radia?on	
at	LCLS	
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