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allowed changes to the radiation spectrum to be observ-
able. Figure 6 shows the spectral intensity of radiation
emitted under conditions identical to those of Fig. 3 except
that here the electron beam has zero momentum spread, as
in Table II B. The distribution has fine features that are
smoothed out when the electron beam has a momentum
spread, as would be expected. To see more clearly the
effect of momentum spread on the radiation distribution,
Figs. 7 and 8 show two-dimensional slices through the
radiation intensity distribution, in the planes parallel and
perpendicular to the laser polarization. In addition, the
spectral intensity has been converted into a photon distri-
bution per electron, !0d

2N=d!d!, which is more likely
to be the form of data obtained in an experiment (i.e., a
histogram of photon hits on an array of single-photon
counting detectors).

Figure 7 shows the photon distribution from a
zero-momentum-spread electron-beam interaction. In

(a) and (c), radiation-reaction force is not included, and in
(b) and (d), radiation-reaction force is included. (a) and
(b) show the photon distribution in the plane perpendicular
to the laser polarization. (c) and (d) show the photon distri-
bution in the plane parallel to the laser polarization. The
angular distribution of photons shows pronounced differ-
ences with and without radiation-reaction forces, and the
energy distribution is also dramatically changed, in particu-
lar resulting in a large number of low-energy photons in the
damped case compared to no damping. Another feature is
slow oscillations in the spectral intensity with frequency and
energy. These oscillations may be due to the short truncated
electron bunch and laser pulse in the time domain, which
result in long wavelength oscillations in the frequency
domain.
When the electron bunch is given the momentum spread

of Table II A, the distinction between the cases with and
without radiation-reaction force becomes significantly
less. Figure 8 shows the photon distribution from this
interaction. There is little difference in the spectral inten-
sity distribution with and without radiation-reaction-force
effects, except that the overall magnitude is reduced, and
the peak energy is reduced. Differences in the angular
distribution are small, however, and are likely to be
much-smaller-than-expected shot-to-shot fluctuations in
electron-beam emittance. Coupling this observation to
the intrinsic difficulty of measuring high-energy photons
in a collimated beam, it appears to be unfeasible that
radiation-reaction effects will be discernible in experimen-
tal measurements in this configuration in the near term.

C. On the observation of radiation-reaction effects in
the electron phase-space distribution

In contrast to the photon measurements, it should be
very easy to observe radiation-reaction effects in the
electrons as measured using a standard scintillating-
screen configuration. It is typical in laser-wakefield-
accelerator experiments to measure either the
electron-beam profile using a scintillating screen, or

(a) (b)

FIG. 6. The angularly resolved spectral intensity (d2I=d!d!)
due to a zero-emittance (Table II B) 500-electron bunch with
! ¼ 400 scattering from a laser pulse with a0 ¼ 50. The
radiation-reaction force is not included in (a) and is included
in (b). The contours are taken at identical spectral intensity levels
for both cases, normalized to the peak, which is 2:6872"
10#26 Js#1 at 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8.

(a) (b) (c) (d)

FIG. 7. The photon distribution (normalized to the laser frequency !0d
2N=d!d!) per electron due to a 500-electron bunch with

! ¼ 400 and zero momentum spread (Table II B) scattering from a laser pulse with a0 ¼ 50. In (a) and (c), radiation-reaction
force is not included; in (b) and (d), radiation-reaction force is included. (a) and (b) show the photon distribution in the plane
perpendicular to the laser polarization; (c) and (d) show the photon distribution in the plane parallel to the laser polarization.
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invariant; hence, the electron energy in this geometry may
be crucial to determining whether the field is quantum
electrodynamically strong or not.

In this paper, radiation-damping effects on the full an-
gular and energy distribution of photons produced in
the counterpropagating geometry interaction between a
tightly focused ultrashort pulse with intensity of order
1022 W cm!2 and an electron beam are studied by solving
modified classical equations of motion numerically and
generating spectra with a numerical radiation spectrometer
[30]. The layout of the manuscript is as follows: First, we
parametrize the interplay between the field strength a0 and
electron energy !mec

2 in the colliding pulse geometry, and
identify the regime relevant to near-term experiments
where radiation damping is strong but quantum electro-
dynamic effects are relatively small. Next, we introduce
the numerical model for calculating both the electron
dynamics and the radiation spectra. We then proceed to
calculate the !-ray spectrum with realistic conditions and
then examine the effect of radiation reaction on the photon
and electron phase-spaces. Finally, we show that semiclas-
sical corrections to the radiation-reaction force may be
observable in experiments.

II. PARAMETRIZING STRONG
FIELD INTERACTIONS

A. Radiation-reaction-force effects

Although radiation force is properly described by quan-
tum electrodynamics, there exists a classical form for a
radiation force that is self-consistent within the limit that
the acceleration time scale is much larger than "0 ¼
2e2=3mc3 ¼ 6:4# 10!24 s [31,32]. In the beam-laser ge-
ometry described here, this condition corresponds to
!2a0!0"0 $ 1. The effect of this force is principally a
damping of motion due to loss of the momentum to the
radiation. The Lorentz-Abraham-Dirac equation is a third-
order differential equation of motion for a charged particle
in the presence of accelerating forces; it includes the change
of momentum due to the radiation generated by the charge.
The force on an electron is given in covariant form by

d

d"
v# ¼ ! e

me
ðF#$v$ þ "0D

#Þ; (1)

whereD# is the radiation-reaction (damping) force,F#$ ¼
@#A$ ! @$A# is the electromagnetic field tensor, and

v$ ¼ dx$=d" ¼ f!c;!!vg is the particle four-velocity.
For an 800 nm laser interacting with a 200 MeV beam,
the validity condition above is reasonably fulfilled only for
a0 & 50 (i.e., where the acceleration time is of the order
10"0). It is worth emphasizing that using this model outside
of this limit may not be accurate.
The radiation-reaction force, according to the Lorentz-

Abraham-Dirac model, is a source of much controversy
precisely because it is a third-order differential equation,
which allows, for example, for self-accelerating solutions
that do not conserve energy. Various authors have reformu-
lated the equation to eliminate the third-order term. (See
Sokolov [33], Hammond [34], and references within.)
These are generally identical to first order in "0 (and
are therefore basically all equivalent to the Landau-
Lifshitz form of the radiation-reaction force [35]), but are
otherwise not identical. The modified force can be written
in the form [32]

d

d"
v# ¼ ! e

me

!
F#$v$ ! "0P

#% d

d"
ðF$

%v$Þ
"
; (2)

where P#% ¼ &#% þ v#v%=c2 and &#$ is the Minkowski
metric tensor with trace!2. In Ref. [36], several examples
show that the solutions of the Lorentz-Abraham-Dirac
model and Eq. (2) are identical in the classical regime.
One of the interesting phenomena arising from this

laser-electron interaction is that the radiation damping is
theoretically predicted to be so extreme that, for a suffi-
ciently intense laser, the electron beam may lose almost all
its energy in the interaction time. In particular, Koga et al.
have studied the effect of radiation damping on the radia-
tion spectrum [20]. Di Piazza et al. also studied the effect
of radiation damping on the angular distribution of radia-
tion [37]. The effects of real-world conditions on the
radiation spectrum emitted have also been studied previ-
ously, for example, the effects of higher-order field correc-
tions for tightly focused pulses [38,39].
Radiation damping can be parametrized by considering

the energy loss of the electron due to the most significant
damping term [20,29]. Here we proceed from Eq. (2),
where, ignoring terms of "20 and higher and the Schott
term, the damping contribution can be written in the
form [32]

d

d"
v# ¼ ! e

me
F$
%v$

!
&%# ! "0

e

mec
2 v'v

#F%'

"
: (3)

The electromagnetic four-force can be written in the
form

F%$v$ ¼ !dA%

d"
þ v$@

%A$: (4)

For the case of a linearly polarized plane wave, A# ¼
<½fA0g#ei(%x

%
fð('x

'=!0tLÞ), where (% is the four-wave

vector (% ¼ !0f1;!k̂=cg, fð(%x
%=!0tLÞ is a function

describing the temporal envelope, and tL is the pulse

LWFA driver pulse30 fs, 1021 Wcm-2
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FIG. 1. Schematic drawing of counterpropagating laser-
beam-interaction geometry using laser-wakefield-accelerated
electrons.
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the electrons effectively interact with this higher intensity
region. Numerical calculations (discussed in the following)
indicate the contribution of this interaction to the γ-ray
spectrum to be negligible, and we will thus neglect it
hereafter. The F=15 hole in the parabola was necessary in
order to allow for clean transmission of the scattered
electrons and the generated γ-ray beam and to avoid
backreflection of the two laser beams into the amplification
chain.
Downstream of the F=2 OAP, a pair of permanent

magnets (B ¼ 1 T, length of 15 cm) deflected the electrons
away from the generated γ-ray beam to a LANEX [28]
scintillator. This arrangement allowed resolving electron
energies from 120 MeV to 2 GeV. The LANEX scintillator
was cross-calibrated using absolutely calibrated imaging
plates [29]. An estimate of the quantum nonlinearity
parameter χ0 ¼ 5.9 × 10−2Ee− ½GeV#

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IL½1020 W=cm2#

p

[12] shows that in our experiment (Ee− ∼ 550 MeV and
IL ∼ 8 × 1018 W=cm2) quantum effects are negligible
(χ0 ≃ 0.01). Moreover, by estimating the average energy
Ee− emitted by an electron with an energy of 550 MeV from
the Larmor formula [30], we obtain Ee− ∼ 11 MeV such
that radiation-reaction effects are also negligibly small. The
electron spectrum after the interaction is substantially
unchanged (recoil-less interaction) and it can thus be used
as a valid approximation for the initial electron spectrum.
Spatial overlap between the two laser pulses was

achieved with 5 μm precision using an alignment wire
whereas temporal synchronization was obtained using a
spectral interferometry technique [31].
The γ rays were then spectrally resolved 2 meters

downstream of the interaction. A 2 cm thick block of Li
(transverse size of 5 mm) was inserted into the γ-ray beam
path to allow for the generation of secondary electrons via
Compton scattering. This angular acceptance was explicitly
chosen to be comparable to the theoretically predicted
angular spread of the γ-ray photons: θγ ≈ a0=γe− ≈ 2 mrad.
The on-axis scattered electron population retains the
spectral shape of the γ-ray beam with an energy resolution
of the order of the MeV. A 0.3 T, 5 cm long pair of magnets
spectrally dispersed the secondary electron beam onto an
absolutely calibrated imaging plate [29]. This spectrometer
was encased in a 30 cm thick box of lead to minimize noise
arising from off-axis scattered electrons and photons and
from bremsstrahlung photons emerging from the dumping
of the primary electron beam. Typical spectral resolution, as
resulting from the interplay of the magnetic spectrometer
resolution and uncertainty introduced by the deconvolution
process, was of the order of 10%–15% whereas the
uncertainty in yield was of the order of 10%. This system
allowed us for the first time to measure the absolutely
calibrated spectrum of the generated γ-ray beam, in an
energy window between 6 and 20 MeV and an energy
resolution of the order of 1 MeV (see Ref. [32] for a
detailed description of this spectrometer).

In this Letter, we discuss the experimental results
obtained in two different runs with the same measured
intensity profile of the laser intensity at best focus
[Fig. 2(c)]. In the first run, we generated a reproducible
electron beam with a typical spectrum depicted in Fig. 2(a).
This run produced the γ-ray spectra shown in Figs. 3(a) and
3(b). In conditions of best overlap and synchronization
between the electron beam and the laser pulse, this run
produced a γ-ray beam with a monotonically decreasing
spectrum, with a typical number of photons per MeV
exceeding 106, extending up to 15–18 MeV [green band in
Fig. 3(a)]. The number and peak energy of the measured
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FIG. 3 (color online). (a) Green band: γ-ray spectrum as
measured during the interaction of the laser-driven electron beam
[spectrum depicted in Fig. 2(a)] with the high-intensity focal
spot of a secondary laser beam [spatial distribution shown in
Fig. 2(c)]. The band represents the uncertainty associated with the
experiment, as mainly resulting from the spectral resolution of the
γ-ray spectrometer and the response of the detector. Solid and
dashed brown lines depict theoretical expectations for the same
electron and laser parameter as the experimental ones but with
a0 ¼ 2 and a0 ¼ 1, respectively. (b) The green line represents the
measured spectrum for optimized electron-laser overlap [same as
green band in frame (a)], whereas dashed curves depict the
measured spectra if an artificial misalignment of $20 μm is
introduced. (c) The green line represents the measured spectrum
for optimized electron-laser synchronization [for an electron
spectrum as the one in Fig. 2(b)] whereas dashed curves depict
the measured spectra if an artificial desynchronization of$100 fs
is introduced.
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Inverse Compton scattering has a large potential in a variety of radiological applications. An
algorithm created by Professor Alexander Thomas at the University of Michigan is used to model
an inverse Compton scattering event using a relativistic electron accelerated in a laser-wakefield.
Analyzing the results of this algorithm provided a way to determine the most favorable parameters
for one of the radiological applications, nuclear resonance fluorescence. As a result, the desirable
characteristics of the scattering laser beam pulse has an arms value of 0.5, and a circular polarization.
These results will help with future applications of nuclear resonance fluorescence that do not use
conventional particle accelerators.

I. INTRODUCTION

A relativistic electron with a certain energy traveling
through a directionally and energetically uniform radi-
ation field will scatter the photons with a spectrum of
energies. This is known as inverse Compton scattering.
The concept of inverse Compton scattering was first in-
troduced in 1947 to describe the energy loss of cosmic
ray electrons [1]. Due to the phenomenons ability to
scatter photons into the gamma ray energy range, it has
been found useful for several di↵erent radiological appli-
cations, especially nuclear resonance fluorescence (NRF)
because of the radiations very specific bandwidth and
tunability [2].

NRF can be best described as the process of a nucleus
releasing a photon with a high, distinct energy unique to
its isotopic identity due to the excitation from a resonant,
absorbed gamma ray. Since the radiated energy is unique
to each isotope, this process can be used to detect spe-
cific isotopes, regardless of shielding, with much higher
resolution than already existing bremsstrahlung gamma-
ray sources. This will allow for higher accuracy in vari-
ous applications such as detection of dangerous isotopes
in cargo to prevent proliferation, imaging of the human
body, and nuclear waste investigation. Several di↵erent
experimental Compton sources exist that are used to per-
form NRF experiments, including the Thomson-Radiated
Extreme X-rays (T-REX) source at the Lawrence Liver-
more National Laboratory (LLNL) as well as the High
Intensity Gamma-ray Source (HI�S) at Duke University
[3, 4].

The T-REX source at the LLNL was designed to per-
form NRF experiments using two synchronized laser sys-
tems as seen in Figure 1: A laser used to create an elec-
tron beam from a photocathode combined with a linear
accelerator and another laser opposite of the latter to
scatter o↵ of the electron beam and generate the high
energy gamma ray beam. The electrons are accelerated

⇤
hpsmith@umich.edu

to 120 MeV while the light produced by the opposing
laser has a wavelength of 355 nm. This allows scattered
photon energies of up to 700 keV which can be used to
display NRF measurements of isotopes with both low and
high atomic masses [5, 6]. The HI�S at Duke University

FIG. 1: Diagram of the T-REX system (Figure taken
from Ref. [5]).

has multiple research uses, including NRF. The facility
uses a linear accelerator to accelerate the electron beam
to 180 MeV which is then further accelerated in a syn-
chrotron. Once the desired energy value of the electron
beam is reached, it is introduced into a storage ring where
it will then collide with a free-electron laser beam to pro-
duce a beam of gamma rays as seen in Figure 2; this beam
can reach energies of 5 MeV [7]. The T-REX and HI�S

FIG. 2: Diagram of the HI�S system (Figure taken
from Ref. [7]).

have proven to be very useful in the research of NRF and
other topics of nuclear physics; however, they both utilize
a linear accelerator for the electron beams, which are very
expensive and large. A relatively new method of electron
acceleration arises from plasma science. As a high energy
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By squaring both sides of the equation for energy con-
servation

E

2
e0

= [Ee + (E� � E�0 )]2 (11)

Which reduces to

E

2
e0

= E

2
e + (E� � E�0 )2 + 2Ee(E� � E�0 ) (12)

And finally,

E

2
e0
� E

2
e = E

2
� + E

2
�0 � 2E�E�0 + 2Ee(E� � E�0 ) (13)

By comparing equations (10) and (13), one can see that
two terms will cancel; we will assume that the angle of
collision, ↵, will be ⇡. This also gives � = ⇡ � ✓. There-
fore,

2E�E�0
cos(✓) + 2cpe[�E� � E�0

cos(✓)] =

2Ee(E� � E�0 )� 2E�E�0 (14)

Now, using algebra, we can isolate the energy of the scat-
tered photon, E�0 to achieve

E�0 =
EeE� + cpeE�

E� cos(✓)� cpe cos(✓) + E� + Ee
(15)

Dividing by E� gives

E�0

E�
=

Ee + cpe

E� cos(✓)� cpe cos(✓) + E� + Ee
(16)

Through rearrangement, the equation becomes

E�0

E�
=

Ee + cpe

E�(1� cos(✓)) + Ee � cpe cos(✓)
(17)

Multiplying the right side of the equation by 1 in the

form of
1

mc2
1

mc2
and using the identity Ee

mc2 = �, where � is

the Lorentz factor, gives

E�0

E�
=

� + pe

mc
E�

mc2 (1� cos(✓)) + � � pe

mc cos(✓)
(18)

Now, using E� = ~!0 and E�0 = ~!,

!

!0
=

� + pe

mc
~!0
mc2 (1� cos(✓)) + � � pe

mc cos(✓)
(19)

By using equation (17), equation (19) can be checked
by first using ✓ = 0. Since the electron is relativistic,
Ee ⇡ cpe. This should result in a maximum scattering
energy ratio equal to 4�2 as shown below [2].

E�0

E�
=

Ee + cpe

E�(1� cos(✓)) + Ee � cpe cos(✓)
(20)

Using ✓ = 0,

E�0

E�
=

Ee + cpe

E�(1� cos(0)) + Ee � cpe cos(0)

=
Ee + cpe

Ee � cpe
(21)

While it is fair to assume Ee + cpe ⇡ 2Ee, Ee � cpe 6= 0;
using the energy-momentum relation we can obtain,

cpe =
p

E

2
e �m

2
c

4 = Ee

s

1� m

2
c

4

E

2
e

(22)

Now, using the taylor series approximation for a su�-
ciently small x = �m2c4

E2
e
,
p
1 + x ⇡ 1 + 1

2x ⇡ 1� 1
2
m2c4

E2
e

as we can neglect the higher degree terms; now, (22) be-
comes

cpe = Ee(1�
1

2

m

2
c

4

E

2
e

) (23)

Thus, (21) becomes

E�0

E�
=

2Ee

Ee � Ee(1� 1
2
m2c4

E2
e
))

(24)

Reducing (24) and using m2c4

Ee
= 1

� gives

E�0

E�
= 4�2 (25)

B. Comparison of Theory with Numerical Model

Using circular polarization with an intensity value of
0.1, we can produce a MATLAB plot, as seen in figure 4,
by using the algorithm to display how the energy scatter
ratio and ✓ vary.
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FIG. 4: Plot created by the algorithm. It shows the
relationship between the energy scattering ratio and ✓

with an intensity colormap of arbitrary units.

Now, equation (19) will be plotted over figure 4, and
they will be compared.
As one can easily observe from figure 5, the theory and

the algorithm are very much within agreement; therefore,
the algorithm should be a reasonable model for an inverse
Compton scattering event.

6

we must consider the intensity of the spectra as well
as the amount of upshifting that occurs. The spectral
peaks intensity must be great enough to be distinct, but
the unshifting that occurs with increasing intensity also
increases the energy bandwidth. Examining figure 13
shows allows us to eliminate arms values of 1, 0.1, and
0.3, as their peaks are much lower in intensity than 0.5
and 0.7.
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FIG. 13: Plot of intensity in arbitrary units vs. the
energy scattering ratio showing various arms values at

✓ = 0.

Selection between arms values of 0.5 and 0.7 will re-
quire further examination of their upshifting. As seen
in figure 14, the arms value of 0.5 shows much less up-

shifting as well as an approximately equal intensity peak.
Therefore, for the applications of NRF, a circularly po-
larized laser pulse with arms = 0.5, scattering o↵ of a
relativistic electron accelerated in laser-wakefield are the
ideal characteristics because the energy spectrum main-
tains a narrow bandwidth of energies with no harmonic
energies and a distinct intensity.
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18 MeV (approximately 107 photons with energies exceeding  
6 MeV per shot), form the 18 J, 40 fs Astra-Gemini laser 
facility [126].

2.3.3. Comparison with Compton scattering from RF  
accelerators. The development of Compton scattering x-ray 
and gamma-ray sources with conventional accelerators is also 
a very active field of research. Characteristics of some of these 
current sources are described in table  3. The first Compton 
machine producing gamma-rays was demonstrated at SLAC 
in the late 60s [127], and the first source specifically con-
ceived for applications of Compton-scattered gamma-rays 
was built in Italy in the late 70s [128]. Several sources have 
been built by utilizing free-electron laser (FEL) radiation from 
an electron bunch and by interacting it with the next electron 
bunch in a storage ring, but conventional optical lasers offer 
much better beam quality. Similarly, sources rely on many dif-
ferent accelerator technologies: Linac, energy recovery linac, 
or storage rings. Currently, the narrower bandwidth of Comp-
ton sources from RF accelerators makes them more desir-
able for precision nuclear physics applications. A Compton 
source with photon energies up to 19.5 MeV and a spectral 
bandwidth better than 0.5% is currently being constructed in 
Europe specifically for nuclear physics [129]. Although the 
precision of a LWFA-driven Compton scattering source is not 
yet at the level of RF accelerator sources, several projects in 
the US, which are showing very promising results, are specifi-
cally targeting nuclear forensics applications at LBNL [130] 
and the University of Nebraska [123].

2.3.4. Radiation reaction. When a charged particle emits 
radiation, that radiation carries momentum and therefore this 
momentum must be accounted for. This is true whether the 
physical model being considered is a classical or quantum 
one. The loss of momentum by an emitting particle is known 
as radiation reaction, and as suggested by equation  (10), it 
can play a role in the photon energy of Compton scattering 
sources. We may assume that however difficult it may be to 
perform the calculation, radiation reaction is self-consistently 
contained within the framework of quantum electrodynamics. 

However, in classical dynamics, the force equation must be 
modified to include the effect of the radiation. The problem 
cannot be solved by simply taking the classical limit of the 
quantum equations in a straightforward way [137].

The radiation-reaction force was first formulated nonrela-
tivistically by Lorentz, relativistically by Abraham and then 
self consistently by Dirac. The resulting equation has been a 
source of much controversy because it is a third-order differ-
ential equation that allows, for example, for self-accelerating 
solutions that do not conserve energy. Many authors have 
offered modified solutions [138]. These are generally identi-
cal to first order in the expansion proposed by Landau and 
Lifshitz [139],

⎡
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µ αβv
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0 2 (11)

where µv  is the four-velocity, τ proper time, αβF  is the 
electro magnetic field tensor, /τ π= εe m c6 e0

2
0

3 and ηµν is the 
Minkowski metric tensor with trace  −2. Quantum radiation 
reaction is essentially the overall recoil experienced by an 
electron undergoing multiple simultaneous incoherent photon 
emission events [140].

The importance of radiation reaction in general can be 
determined from the relative magnitude of the radiation force 
in equation (11) as

ψ γ ω= a
r
c

2
3

,e2
0 (12)

where re is the classical electron radius, ω is the inverse time 
scale over which the particle is accelerated and /=a eA m ce0 . 
Quantum radiation reaction is important when the parameter 
χ≫ 1, where

∥ ∥
χ = µν

νF v

cEcr
 (13)

[141], which corresponds to an electric field that is large com-
pared with / λm ec c

2 .
Radiation reaction is intrinsically linked to light sources; 

radiation damping is well known in storage rings and 

Table 3. Recent Compton scattering x-ray and γ-ray sources with RF accelerator technology.

Facility Accelerator

Electron 
energy 
(MeV) Laser

Laser 
energy  
(J)

Photon  
energy  
(MeV)

Spectral 
bandwidth 
(%)

Flux  
(photons s−1) Year

HiγS Storage ring 1200 FEL 0.15 1–158 1–10% 108 1996 [131]
PLEIADES  
(LLNL)

S-band Linac 54–57 Ti : Al O2 3 0.4 0.04–0.08 ∼few% 108 2000–2004 [132]

T-REX (LLNL) S-band Linac 120 Nd : YAG 0.15 0.075–0.9 ∼10% 106 2005–2008 [133]
NewSUBARU  
(Japan)

Storage Ring 1000 Nd : YVO4 CW 6.6–17.6 17% 105 2003 [134]

THOM-X Storage Ring 50–70 −Fiber FB × −2.5 10 6 0.05–0.09 NA NA In construction [135]
PHOENIX Superconducting  

linac
22.5 Ti : Al O2 3 0.1 0.08–0.013 4.5% 105 2013 [136]

ELI-NP S/C-band linac 19.5 Ti : Al O2 3 
-OR

0.3 6.6–17.6 0.5% > ×5 108 In construction [129]

Note: FB  =  Fabry–Perot cavity. CW  =  Continuous Wave. OR  =  Optical Recirculator.
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FIG. 4. (Color online) Top panels: Spectral density d2Nquantum/dω′d" as a function of the scaled frequency ϖ ′ = ω′/ω′
1,classical for a

hyperbolic secant pulse with σ = 20 (left) and 50 (right). Bottom panel: Spectral density for a flat-top pulse with hyperbolic secant edges,
τ = 30 and σ = 20. In all panels a0 = 1.0, γ = 105, ω = 1.5 eV, θ = 1/γ , and ϕ = 0. The thin vertical lines depict the nonlinear Compton
energies defined in Eq. (46).

In the monochromatic limit τ → ∞, the rising and trailing
edges of the pulse shape function become unimportant, i.e.,
g → 1, and the function H+ in (27) reduces to

H+ = 1
2

(k′
− + q ′

− − q−)x+ + α1 sin ωx+ − α2 cos ωx+

− bp − bp′

2
(cos2 ξ − sin2 ξ ) sin 2ωx+ (49)

with αi = ma0(ϵi · p/k · p − ϵi · p′/k · p′) and identifying
the electron quasimomenta q

(′)
− . Upon plugging (49) into

(18) and expanding into a Fourier series, one obtains a
fourth energy-momentum conservation by integrating over x+,
yielding q− + ℓk− = q ′

− + k′
−. The four energy-momentum

constraints together lead again to Eq. (46).
The individual harmonics, consisting of a multitude of

subpeaks, begin to overlap if the lower edge of the (ℓ +
1)st harmonic coincides with the upper edge of the ℓth
harmonic, i.e.,

ω′
ℓ(a0 → 0) ! ω′

ℓ+1(a0). (50)

This happens always for sufficiently large values of a0
and ℓ. The notion of individual harmonics becomes in-
appropriate, as one rather observes a continuous spectral
distribution.

B. Comparison with Thomson scattering

There are different bookkeeping parameters for the char-
acterization of the Thomson regime as the limiting case
of the presently considered scenario. One parameter is yℓ

introduced in Eq. (2). An alternative would be to employ
the outgoing momenta instead of the incoming ones, defining
ŷ = (ŝ − m2)/m2 with ŝ = (p′ + k′)2. When four-momentum
conservation holds, both definitions coincide (since k′ and p′

both depend on ℓ) and ŝ coincides with the usual Mandelstam
variable s. However, this is not the case here. These recoil
parameters are compared in Fig. 5. The parameter ŷ is a

FIG. 5. (Color online) Different recoil parameters ŷ(ω′) and yℓ

for ℓ = 1,2,3 as functions of the scaled frequency ϖ ′ = ω′/ω′
1,classical.

022101-7

Seipt PRA 2011



Brightness of various 
experimental ICS sources

Topical Review

9

The advent of high intensity laser systems rapidly 
prompted many theoretical studies of Compton scattering 
in the nonlinear regime [112–117], but not necessarily from 
LWFA electron beams. In the first theoretical Compton-
LWFA source study, simulations (using 3D Compton scat-
tering codes for the radiation and PIC codes for the electron 
beam phase space) predicted that with 300 MeV, nC electron 
beams with a 5% energy spread, 107 x-ray photons per pulse 
could be produced, with energies up to 1 MeV [118]. In this 
scheme, nonlinear spectral broadening of the scattered x-ray 
can be reduced by chirping the scattering laser pulse, which 
yields a significant increase in source brightness [119]. More 
recent simulations predict, for a 100 pC, 200 MeV electron 
beam, 1011 photons in a broad spectrum peaking at 10 MeV, 

with approximately 2% conversion efficiency of laser energy 
into gamma rays, in a beam collimated to less than 10 mrad 
divergence [120].

2.3.2. Compton scattering experiments with laser wakefield 
accelerators. Producing Compton scattering x-ray and 
gamma-ray sources from LWFA electrons is extremely 
challenging because it requires the synchronization of elec-
tron and laser beams to within a few femtoseconds and a 
few microns. Figure  5 and table  2 summarize the proper-
ties of LWFA-driven Compton light sources at various laser 
facilities. Some of their notable features are also illustrated 
in figure 6. The first experimental demonstration was done 
with a 10 TW laser and a 180° geometry, which produced 

Figure 5. Peak brightness of Compton scattering x-ray sources produced at the facilities listed in table 2. Here LWFA electrons oscillate 
in the electrical field of a laser pulse to emit high photon energy x-rays or gamma-rays. The experiments of Ta Phuoc [111] and Tsai [122] 
were performed using a foil acting as a plasma mirror to reflect the laser pulse onto the accelerated electrons. In the experiments of Chen 
[97], Powers [123], Khrennikov [125], Sarri [126] and Schwoerer [121] the electrons oscillate in a second laser pulse, which counter 
propagates with respect to the LWFA driver.

Table 2. Compton scattering x-ray source and corresponding laser and plasma parameters obtained at a number of facilities worldwide.

Laser facility
Pulse energy 
E1, E2 (J)

Pulse 
duration  
τ1, τ2 (fs)

Spot 
size 
(µm)

a0,1,  
a0,2

Electron 
density  
(cm−3)

Photons 
/shot

X-ray  
energy (keV) Year

Salle Jaune (LOA) 1 35 17 1.2 1019 108 50–200 2012 [111]
DIOCLES (U. Nebraska) 1.9, 0.5 35, 90 20, 22 1.9, 0.4 1019 107 70–9000 2013 [97, 123, 124]
ATLAS (MPQ) 1.2, 0.3 28, 28 13, 25 4.4, 0.9 ×5 1019 NA 5–42 2015 [125]
JETI (Jena) 0.333, 0.037 85, 85 ∼3,3 3, 0.8 ×6 1019 ×3 104 0.4–2 2006 [121]
UT3 (UT Austin) 0.8 30 12 1.6 1.4– ×2.2 1019 ×2 107 75–200 2015 [122]
Astra-Gemini (RAL) 18, 18 42,42 27, NA 5.4, 2 ×3.2 1018 107 6000–18 000 2014 [126]

Note: Quantities E1, τ1, w0, 1,a0, 1 and E2, τ2, w0, 2,a0, 2 are for the main laser and scattering laser pulse, respectively. For experiments using a foil, only values 
for the drive laser are given. Most of these sources can operate at a 10 Hz repetition rate at best.
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Radiography
• LWFA electrons can be used to 

generate bremsstrahlung 

• Useful for radiography 
applications 

• Nonlinear Compton can produce 
extremely bright source 

different range of energies by providing a low energy cut-
off. The electron beam had a smooth Gaussian profile, with
a FHWM of;78. The electron bunch charge ~above 2.5 MeV!
was estimated to be above 1 nC.

The generated electron beam was used in a proof-of-
principle demonstration of the radiography of dense matter.
For this part of the experiment, a stainless steel key was
placed directly in front of an image plate stack behind a thin
~12 mm! aluminum about 55 mm from the target. The
resulting exposure of the image plate is shown in Figure 5.
In this image the key is displaced from the center of the
electron beam. The resolution of the structure of the key is
not high ~; 1 mm! and is likely to result from the large
amount of small angle scattering of low energy electrons as
they pass through the key material.

Because of the very broad energy distribution of this type
of electron source, it is difficult to obtain high resolution
images of dense objects or of electromagnetic fields. This is
because for beams which have a continuous spectrum with
larger numbers of low energy electrons than high energy,
there will always be more signal on the detector from low
energy electrons ~which have significant small angle scat-
tering! than that from the higher energy component—which
would produce clearer pictures. It is clear than for electron
radiography to be successfully applied, it is necessary that

“quasi-monoenergetic” beams be obtained—and images are
best obtained from higher energy components where small
angle scattering is less important. Recent results shown that
it is possible to produce low energy spread electron beams,
suggesting that this limitation is not insurmountable ~Man-
gles et al., 2004; Geddes et al., 2004; Faure et al., 2004!.

To summarize, we have demonstrated that the Astra laser
can be used to produce relativistic bunches of electrons with
a broad energy spread up to 20 MeV. This acceleration is not

Fig. 4. Behavior of electron spectral “power law factors” with plasma density.

Fig. 5. ~a! Image of key produced from electron beam exposure.
~b! Schematic showing outline of key and contours of electron beam.
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3.3. Biomedical applications of THz radiation

THz radiation can also be used for biomedical applications, 
by making use of the low frequency modes of biologi-
cally relevant molecules. In particular, water has a strong 
absorption peak for THz radiation and therefore THz can 
be used for identifying tumors in epithelial tissue by differ-
ences in water content, for example [204]. THz radiation is 
non ionizing and can penetrate deeper than optical radia-
tion because of reduced scattering. Imaging and computed 
tomographic imaging [205] with THz radiation are other 
biomedically relevant applications. Preliminary imaging 
measurements have been performed using the THz emitted 
when a LWFA electron bunch emerges from the plasma-
vacuum interface [178].

4. Military, defense and industrial applications

4.1. High resolution gamma-ray radiography

Gamma-ray radiography is widely used for non destructive 
evaluation [206] in a number of applications such as the 
inspection of cargo containers or welded structures (pipes, 
vessels, tanks) produced by large industries. Compton scatter-
ing and bremsstrahlung from LWFAs present several advan-
tages that are desired for this application: high energy photons 
(MeV) to penetrate dense objects, a low dose for safety, and a 
small source size (a few µm) for good spatial resolution.

Short pulse laser/solid interactions can directly produce 
gamma-rays suitable for radiography. High intensity laser 
pulses (>1018 W cm−2) are absorbed into hot electrons with a 
temperature on the order of the ponderomotive potential [207]. 
These hot electrons, observed in early experiments [208, 209], 
can produce copious amounts of gamma-rays with solid, high-Z 
targets such as gold or tungsten [210, 211]. At intensities of 
1019 W cm−2, 104 photons/eV/Sr have been reported, and were 
used to radiograph a high area density object (up to 85 g cm−3)  
[211]. The drawback is the rather large source size, about  
400 µm, which limits the spatial resolution.

A better resolution can be achieved with bremsstrahlung 
produced by the interaction of LWFA electrons (in the self-
modulated [165] and blowout [166] regime) with a solid tar-
get. The resolution in the first blowout regime experiment 
was 320 µm [166], which was well improved to 30 µm with 
optimization of the electron beam parameters [167, 212]. The 
results of some of these gamma-ray imaging experiments are 
presented in figure 9.

Compton scattered x-rays and gamma-rays are also con-
sidered as a promising source for this application. Gamma ray 
photons with energies up to 10 MeV and a spectral bandwidth 
of 10% have been measured for potential radiography applica-
tions [213]. In this experiment, using a driver for the electron 
beam and a scattering beam, the x-ray source size was meas-
ured to be 5 µm using a cross-correlation technique in which 
the scattering pulse is scanned. In addition, the narrow diver-
gence of the beam is well suited for long standoff imaging. 

Figure 9. Gamma ray radiographs of a test object recorded with two different sources. (a) Photo of a 20 mm diameter tungsten object,  
(b) a schematic A–A′ cut, and (c) the resulting radiograph with a LWFA driven bremsstrahlung gamma-ray source. From Ben-Ismail et al 
[167] (d) CAD section view of another similar, 20 mm diameter test object, and radiography images, obtained with bremsstrahlung from 
direct laser-solid interaction through (e) 66 g cm−2, (f) 102 g cm−2, and (g) 85 g cm−2 areal densities. From Courtois et al [211].
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efficiently excite and detect NRF transitions. NRF detec-
tion has been demonstrated with broadband bremsstrahlung 
sources [220, 221], but the best prospect for this applica-
tion appears to be Compton scattering sources, which can 
be tunable and spectrally narrow if well designed. Several 
Compton x-ray and gamma-ray sources with rf accelera-
tor technology have been used to perform NRF detection 
in Japan [222], Duke University [223], and Lawrence 
Livermore National Laboratory [133, 215]. In principle, 
the electron beam parameters (emittance, energy spread) 
are easier to control in a rf accelerator. New projects are 
investigating LWFA-driven Compton scattering sources 
as a driver for, among other applications, NRF detection. 
Recent work that has begun at the Lawrence Berkeley 
National Laboratory shows that with appropriate phasing 
of the injection of the electron beam and plasma lensing 

and guiding, bandwidths on the order of 1% are realistic 
[130, 224].

4.4. Nuclear waste treatment and photo transmutation

Gamma-rays from LWFA electrons (bremsstrahlung or 
Compton scattering) can induce nuclear reactions through trans-
mutation, which can be applied to nuclear waste disposal and 
active interrogation. Transmutation is the changing of a nucleus. 
Artificially, this is triggered by particles (electrons, protons, neu-
trons), which we will not discuss here, or by gamma rays.

The byproducts of nuclear power plants are long-lived  
radioactive isotopes. Examples include 129I ( / = ×T 1.57 101 2

7 
years), 99Tc ( / = ×T 2.1 101 2

5 years) and 126Sn ( / = ×T 2.3 101 2
5  

years). Long-term storage and disposal of these isotopes is a 
real problem, since they need to be buried deep underground. 

Figure 10. Illustration of nuclear processes that could be triggered by LWFA-driven x-ray and gamma ray sources. ((a)–(c)): NEEC. In 
(a), x-ray photons knock electrons out of inner atomic shells, and the nucleus remains in the metastable isomeric state. (b) electrons from 
the plasma are captured in the inner-shell vacancies, their excess energy excites the nucleus to a higher, less stable, energy state. (c) the 
nucleus relaxes to its ground state, releasing photons in a cascade. (d): NRF. An incident gamma-ray excites a nucleus from the ground state 
(angular momentum J0) to the excited state (angular momentum J1). Γ0 is the partial width for the direct gamma-ray transition to the ground 
state. The nucleus relaxes back to the ground state by emitting a photon of characteristic energy. (e) photofission. An incident gamma-ray is 
absorbed by a high-Z nucleus, which breaks into two smaller nuclei and releases neutrons.

Plasma Phys. Control. Fusion 58 (2016) 103001
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Livermore National Laboratory [133, 215]. In principle, 
the electron beam parameters (emittance, energy spread) 
are easier to control in a rf accelerator. New projects are 
investigating LWFA-driven Compton scattering sources 
as a driver for, among other applications, NRF detection. 
Recent work that has begun at the Lawrence Berkeley 
National Laboratory shows that with appropriate phasing 
of the injection of the electron beam and plasma lensing 

and guiding, bandwidths on the order of 1% are realistic 
[130, 224].

4.4. Nuclear waste treatment and photo transmutation

Gamma-rays from LWFA electrons (bremsstrahlung or 
Compton scattering) can induce nuclear reactions through trans-
mutation, which can be applied to nuclear waste disposal and 
active interrogation. Transmutation is the changing of a nucleus. 
Artificially, this is triggered by particles (electrons, protons, neu-
trons), which we will not discuss here, or by gamma rays.

The byproducts of nuclear power plants are long-lived  
radioactive isotopes. Examples include 129I ( / = ×T 1.57 101 2

7 
years), 99Tc ( / = ×T 2.1 101 2

5 years) and 126Sn ( / = ×T 2.3 101 2
5  

years). Long-term storage and disposal of these isotopes is a 
real problem, since they need to be buried deep underground. 

Figure 10. Illustration of nuclear processes that could be triggered by LWFA-driven x-ray and gamma ray sources. ((a)–(c)): NEEC. In 
(a), x-ray photons knock electrons out of inner atomic shells, and the nucleus remains in the metastable isomeric state. (b) electrons from 
the plasma are captured in the inner-shell vacancies, their excess energy excites the nucleus to a higher, less stable, energy state. (c) the 
nucleus relaxes to its ground state, releasing photons in a cascade. (d): NRF. An incident gamma-ray excites a nucleus from the ground state 
(angular momentum J0) to the excited state (angular momentum J1). Γ0 is the partial width for the direct gamma-ray transition to the ground 
state. The nucleus relaxes back to the ground state by emitting a photon of characteristic energy. (e) photofission. An incident gamma-ray is 
absorbed by a high-Z nucleus, which breaks into two smaller nuclei and releases neutrons.

Plasma Phys. Control. Fusion 58 (2016) 103001
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TABLE I. Isotopic composition of the 240Pu target calculated using a weighted least-squares approach for spherical and ellipsoidal sample
geometries. The pear-shaped sample geometry, a best estimate based on digital radiograph data, was obtained as an average of the results for
spherical and ellipsoidal sample geometries.

m239Pu m240Pu m241Am m237U m241Pu mO Low-Z mass
(10−2 g) (g) (10−2 g) (10−10 g) (10−2 g) (10−1 g) (g)

Sphere model 2.4 ± 0.6 4.71 ± 0.03 2.55 ± 0.03 3.83 ± 0.09 1.29 ± 0.04 6.39 ± 0.05 0.8 ± 0.1
Ellipsoid model 2.2 ± 0.6 4.62 ± 0.03 2.46 ± 0.03 3.61 ± 0.07 1.14 ± 0.03 6.26 ± 0.05 0.9 ± 0.1
Pear-shaped estimate 2.3 ± 0.7 4.65 ± 0.08 2.50 ± 0.08 3.73 ± 0.19 1.22 ± 0.11 6.33 ± 0.12 0.85 ± 0.15

transition present in both the NRF and background spectra
at 2614.5 keV is attributed to decay of 208Tl. The circles at
2221.3 keV and 2601.5 keV indicate relatively low-intensity
regions in the radioactive background spectrum upon which
NRF 240Pu γ rays corresponding to transitions to the first
excited state of 240Pu appeared to be present.

The integrated cross section for a particular NRF transition
in 240Pu, "i

"

!
σPu(Eγ )dE, was obtained relative to the 2212-

keV 27Al resonance,
!
σAldE, as

"i

"

"
σPu(Eγ )dE =

!
σAldE NPunAlWAl(θ )ϵAl&AlλAl

NAlnPuWPu(θ )ϵ(Eγ )&(E)λPu(E,Eγ )
,

(2)

where NPu and NAl are the dead-time-corrected number of
counts in the full-energy peak for each NRF transition and
the fiducial 27Al resonance; nPu and nAl are the number of
240Pu and 27Al atoms in the sample; WAl(θ ) and WPu(θ ) are
the angular correlation functions of the scattered photons
with respect to the incoming photon beam for the 27Al and
240Pu NRF states; ϵ is the photopeak detection efficiency
as a function of γ -ray energy, Eγ ; & is the bremsstrahlung
flux at the energy of the NRF state, E; and λ is the photon
attenuation within the sample, a function of both Eγ and
E, which may include substantial resonant attenuation for
γ rays at energies corresponding to resonances with larger
integrated cross sections. Peak areas were determined via
curve fitting with an asymmetrically-modified Gaussian-plus-

FIG. 3. NRF spectrum of the 240Pu target (solid line) and
radioactive target background (dashed line) in the γ -ray energy range
from 2 to 2.8 MeV. The arrows indicate the 18 γ rays corresponding to
the nine populated NRF states. The asterisk denotes the 27Al resonance
at 2212.0 keV and the circles indicate relatively low-intensity regions
in the background spectrum upon which 240Pu γ rays are expected.

exponential functional form above a linear background [14].
Local baselines were fit as linear functions and subtracted
before peak characterization was performed. The angular
correlation functions for the 240Pu resonances, WPu(θ ), for spin
sequences of 0-1-0 are not isotropic, but have values close
to unity over the angular range subtended by the detector.
Conversely, the values of WPu(θ ) for the spin sequences
of 0-1-2 and the angular correlation function for the 27Al
resonance, WAl(θ ), are very nearly isotropic. As such, the ratio
WAl(θ )/WPu(θ ) is assumed to be unity. The energy-dependence
of the detection efficiency and bremsstrahlung flux were
estimated using MCNPX simulations, described in more detail
below. Values for photon attenuation in the sample, λ, were
calculated using an iterative finite element method, assuming
spherical sample geometry, and included attenuation of both
the incident bremsstrahlung and emitted NRF photons.

The energies and integrated cross sections of the 18 γ rays
observed are given in Table II. No transitions to states other

TABLE II. 240Pu NRF transition energies and integrated cross
sections. The ratio of the reduced transition probabilities for transi-
tions to the first excited and ground states, Rexp, was deduced from
the experimental data as described in the text. Total integrated cross
sections are given with associated statistical uncertainties, followed
by systematic uncertainties.

Energy "i

"

!
σdE Rexp

!
σdE

(keV) (eV b) (eV b)

2113.1 ± 0.6 19.6 ± 4.3
1.41 ± 0.44 34.4 ± 5.4 ± 1.8

2155.6 ± 0.4 14.8 ± 3.5
2221.3 ± 0.8 8.3 ± 4.8

0.42 ± 0.26 29.4 ± 6.7 ± 1.5
2263.3 ± 0.4 21.0 ± 4.8
2390.4 ± 0.3 35.8 ± 6.0

0.56 ± 0.10 103.7 ± 7.7 ± 4.9
2433.2 ± 0.3 67.9 ± 6.2
2421.2 ± 0.4 19.1 ± 4.1

0.85 ± 0.22 42.7 ± 5.4 ± 2.0
2464.2 ± 0.3 23.6 ± 3.9
2505.3 ± 0.4 23.8 ± 6.5

1.40 ± 0.55 41.8 ± 8.1 ± 3.8
2547.4 ± 0.6 17.9 ± 5.6
2523.3 ± 0.4 39.1 ± 5.7

1.14 ± 0.21 75.2 ± 6.7 ± 7.1
2566.4 ± 0.4 36.1 ± 6.1
2534.9 ± 0.4 39.0 ± 6.0

1.04 ± 0.17 78.3 ± 6.7 ± 8.2
2577.5 ± 0.4 39.3 ± 6.5
2601.5 ± 0.5 24.2 ± 7.0

0.58 ± 0.17 68.3 ± 9.1 ± 10.2
2644.5 ± 0.3 44.1 ± 9.6
2693.8 ± 0.3 37.5 ± 8.4

1.70 ± 0.50 60.7 ± 8.3 ± 9.5
2736.0 ± 0.5 23.2 ± 6.8
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By squaring both sides of the equation for energy con-
servation

E

2
e0

= [Ee + (E� � E�0 )]2 (11)

Which reduces to

E

2
e0

= E

2
e + (E� � E�0 )2 + 2Ee(E� � E�0 ) (12)

And finally,

E

2
e0
� E

2
e = E

2
� + E

2
�0 � 2E�E�0 + 2Ee(E� � E�0 ) (13)

By comparing equations (10) and (13), one can see that
two terms will cancel; we will assume that the angle of
collision, ↵, will be ⇡. This also gives � = ⇡ � ✓. There-
fore,

2E�E�0
cos(✓) + 2cpe[�E� � E�0

cos(✓)] =

2Ee(E� � E�0 )� 2E�E�0 (14)

Now, using algebra, we can isolate the energy of the scat-
tered photon, E�0 to achieve

E�0 =
EeE� + cpeE�

E� cos(✓)� cpe cos(✓) + E� + Ee
(15)

Dividing by E� gives

E�0

E�
=

Ee + cpe

E� cos(✓)� cpe cos(✓) + E� + Ee
(16)

Through rearrangement, the equation becomes

E�0

E�
=

Ee + cpe

E�(1� cos(✓)) + Ee � cpe cos(✓)
(17)

Multiplying the right side of the equation by 1 in the

form of
1

mc2
1

mc2
and using the identity Ee

mc2 = �, where � is

the Lorentz factor, gives

E�0

E�
=

� + pe

mc
E�

mc2 (1� cos(✓)) + � � pe

mc cos(✓)
(18)

Now, using E� = ~!0 and E�0 = ~!,

!

!0
=

� + pe

mc
~!0
mc2 (1� cos(✓)) + � � pe

mc cos(✓)
(19)

By using equation (17), equation (19) can be checked
by first using ✓ = 0. Since the electron is relativistic,
Ee ⇡ cpe. This should result in a maximum scattering
energy ratio equal to 4�2 as shown below [2].

E�0

E�
=

Ee + cpe

E�(1� cos(✓)) + Ee � cpe cos(✓)
(20)

Using ✓ = 0,

E�0

E�
=

Ee + cpe

E�(1� cos(0)) + Ee � cpe cos(0)

=
Ee + cpe

Ee � cpe
(21)

While it is fair to assume Ee + cpe ⇡ 2Ee, Ee � cpe 6= 0;
using the energy-momentum relation we can obtain,

cpe =
p

E

2
e �m

2
c

4 = Ee

s

1� m

2
c

4

E

2
e

(22)

Now, using the taylor series approximation for a su�-
ciently small x = �m2c4

E2
e
,
p
1 + x ⇡ 1 + 1

2x ⇡ 1� 1
2
m2c4

E2
e

as we can neglect the higher degree terms; now, (22) be-
comes

cpe = Ee(1�
1

2

m

2
c

4

E

2
e

) (23)

Thus, (21) becomes

E�0

E�
=

2Ee

Ee � Ee(1� 1
2
m2c4

E2
e
))

(24)

Reducing (24) and using m2c4

Ee
= 1

� gives

E�0

E�
= 4�2 (25)

B. Comparison of Theory with Numerical Model

Using circular polarization with an intensity value of
0.1, we can produce a MATLAB plot, as seen in figure 4,
by using the algorithm to display how the energy scatter
ratio and ✓ vary.
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FIG. 4: Plot created by the algorithm. It shows the
relationship between the energy scattering ratio and ✓

with an intensity colormap of arbitrary units.

Now, equation (19) will be plotted over figure 4, and
they will be compared.
As one can easily observe from figure 5, the theory and

the algorithm are very much within agreement; therefore,
the algorithm should be a reasonable model for an inverse
Compton scattering event.



Photofission and 
transmutation

• ~5 MeV photons can trigger fission 

• Useful for active interrogation 

• Also transmutation of nuclides 

• No need for narrowband source
Cu target was then removed and !-ray counting was begun
within 12 min of the last laser shot. Figure 3 shows the mea-
sured background-subtracted count rate of the 0.511 MeV
!-ray line as a function of time after the last shot. Short-lived
and longer-lived components were separated through multi-
exponential fitting of the decay curve. The short-lived com-
ponent, exhibiting a half-life of 9.7 min, is attributed to beta
decay of photoproduced 62Cu.

Using the same analysis as for C, we deduce a produced
activity rate of about 5.2"103/s, 0.511 MeV !-rays emitted
at zero time after the last shot, arising from 2.3"106 62Cu
nuclei produced during the 15 laser shots, or a production
yield of 2.5"105 63Cu!! ,n"62Cu reactions per laser shot,
after correcting for decay between shots. Compared to pre-
vious reported experiments by the LOA group,9 this is an
increase of about a factor of 20 in production rate #!! ,n"’s
per shot$. The reduced enhancement in this experiment com-
pared to carbon excitation is attributed mainly to the lower
average laser energy/shot employed in excitation of the cop-
per target. This reaction was also investigated by the LBNL
group,7 using 10 TW, 50 fs pulses at 10 Hz interacting with
a helium gas target, in which a near Boltzmann distribution
electron energy spectrum was produced. They found that
about 1.6"103 reactions/s were induced by 4–5 nC of elec-
trons per pulse with a measured low energy peak electron
energy distribution that extended beyond 25 MeV. In the
present experiment, to match the number of 62Cu nuclei pro-
duced per shot, simulations using the GEANT3 code14 indicate
a production rate of about 3"108 electrons/shot !%48 pC" at
100–150 MeV.

Finally, we performed an experiment on photofission in a
2.9 mm thick, 238U sample.16 In this case, owing to the high
nuclear charge of the target, no Ta converter was necessary,
as the sample itself was efficient in producing the brems-
strahlung !-rays. For the very high energy electrons pro-

duced in these experiments, a somewhat thicker U target
would have more nearly optimized the rate of fission produc-
tion because many of the high energy bremsstrahlung pho-
tons escaped the present thin U target. For 238U, we sought to
analyze the products of 238U!! , fission"134I and
238U!! , fission"92Sr having half-lives of 53 min and 2.7 h,
respectively. The activation threshold for 238U!! , fission" is
about 5.8 MeV.15 Thus, 72 laser shots with an average en-
ergy of 1 J/shot were accumulated during approximately
75 min and target !-ray counting began within approxi-
mately 14 min after the last shot. The !-spectrum was re-
corded every 10 min for the first 1.5 h, every 20 min for the
next hour, and every 60 min for the next 7 h.

The background-subtracted number of gamma counts
was measured as a function of time for the principal
0.847 MeV !-ray from the decay of the 134I fission product
and is shown in Fig. 4!a". The deviation from the exponential
decay seen during the first 2 h arises from feeding of the 134I
population by decay of heavier, relatively short-lived fission
products to 134I. Fractional primary fragment yields and iso-
tope lifetimes for photofission of 238U by 15 MeV photons
are given in Table I. Fragments heavier than 134I !and 92Sr"
typically cascade via beta decay with the lifetimes given and

FIG. 4. !Color online" The measured count rates of !a" 0.847 MeV !-rays
detected, as a function of elapsed time after the last laser shot for the U
target undergoing 238U!! , fission"134I and !b" 1.384 MeV !-rays detected,
with the background subtracted, as a function of time after the last laser shot
for 238U!! , fission"92Sr. The dashed curve in !a" represents results of a
model calculation !described in the text" including evolving contributions to
134I from moderate-lived radioactive isotopes formed in the fission process
that decay to 134I. The integrated fission fraction leading to 134I including
these feeding channels is approximately 5.1%. For formation of 92Sr, the
lifetimes of other fission product isotopes feeding 92Sr are shorter than the
delay before gamma counting. The integrated fission fraction for 92Sr in-
cluding feeding channels is 4.2%.

FIG. 3. !Color online" The measured count rate of 0.511 MeV !-rays de-
tected as a function of elapsed time after the last laser shot for the Cu target.
The two curves indicate results of exponential fits to short- and long-lived
components, representing !-rays arising from decay of beta particles stop-
ping in the target from beta decay of 62Cu from 63Cu!! ,n"62Cu !half-life
9.7 min" and from much longer-lived isotopes arising from more complex
reactions, e.g., from 63Cu!! ,2n"61Cu.

073103-4 Reed et al. J. Appl. Phys. 102, 073103 !2007"
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efficiently excite and detect NRF transitions. NRF detec-
tion has been demonstrated with broadband bremsstrahlung 
sources [220, 221], but the best prospect for this applica-
tion appears to be Compton scattering sources, which can 
be tunable and spectrally narrow if well designed. Several 
Compton x-ray and gamma-ray sources with rf accelera-
tor technology have been used to perform NRF detection 
in Japan [222], Duke University [223], and Lawrence 
Livermore National Laboratory [133, 215]. In principle, 
the electron beam parameters (emittance, energy spread) 
are easier to control in a rf accelerator. New projects are 
investigating LWFA-driven Compton scattering sources 
as a driver for, among other applications, NRF detection. 
Recent work that has begun at the Lawrence Berkeley 
National Laboratory shows that with appropriate phasing 
of the injection of the electron beam and plasma lensing 

and guiding, bandwidths on the order of 1% are realistic 
[130, 224].

4.4. Nuclear waste treatment and photo transmutation

Gamma-rays from LWFA electrons (bremsstrahlung or 
Compton scattering) can induce nuclear reactions through trans-
mutation, which can be applied to nuclear waste disposal and 
active interrogation. Transmutation is the changing of a nucleus. 
Artificially, this is triggered by particles (electrons, protons, neu-
trons), which we will not discuss here, or by gamma rays.

The byproducts of nuclear power plants are long-lived  
radioactive isotopes. Examples include 129I ( / = ×T 1.57 101 2

7 
years), 99Tc ( / = ×T 2.1 101 2

5 years) and 126Sn ( / = ×T 2.3 101 2
5  

years). Long-term storage and disposal of these isotopes is a 
real problem, since they need to be buried deep underground. 

Figure 10. Illustration of nuclear processes that could be triggered by LWFA-driven x-ray and gamma ray sources. ((a)–(c)): NEEC. In 
(a), x-ray photons knock electrons out of inner atomic shells, and the nucleus remains in the metastable isomeric state. (b) electrons from 
the plasma are captured in the inner-shell vacancies, their excess energy excites the nucleus to a higher, less stable, energy state. (c) the 
nucleus relaxes to its ground state, releasing photons in a cascade. (d): NRF. An incident gamma-ray excites a nucleus from the ground state 
(angular momentum J0) to the excited state (angular momentum J1). Γ0 is the partial width for the direct gamma-ray transition to the ground 
state. The nucleus relaxes back to the ground state by emitting a photon of characteristic energy. (e) photofission. An incident gamma-ray is 
absorbed by a high-Z nucleus, which breaks into two smaller nuclei and releases neutrons.
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in size, separated by 10 cm (5 cm on either side of the axis),
and shielded with lead and graphite. High-purity
(>99.999%), monocrystalline silicon of 10mm ! 10mm
! 100 mm size was placed on axis with the electron beam
155 cm away from the gas cell. Before entering the activa-
tion sample, the broad-energy electron beam passed through
a 600 lm thick beryllium window 10 cm in front of the
sample. The coincidence counting electronics were tempo-
rally gated until 100 ms after the shot to avoid prompt radia-
tion from the electron beam, were energy gated for
450 6 100 keV using single-channel analyzers (SCA) to
remove spurious coincidences, and digitally read-out for
real-time analysis. Over the course of 20 shots of electrons
with up to 500 MeV energy and an average of 600 pC of
charge (Fig. 2(c)), the measured activation varied with the
pointing and charge of the beam as shown in Fig. 8(b).

Overall, the measured activity for an average shot had a half-
life of 4.06 6 0.67 s and an initial activation of 648 6 320
decays as estimated by fitting individual. The low number of
measured decays was likely due to the scatter of the beam
before entering the sample and the inefficient bremsstrahlung
conversion within the relatively low-Z sample. However,
given the 0.12% probability of a photon inducing a reaction
in the rod, the estimated >15 MeV photon flux is on the
order of 5! 105 photons/cm2/shot.

Alternatively, fused silica (SiO2) and copper rods of
Ø12.7mm ! 100 mm size were used to demonstrate different
aspects of activation. An activity trace of electron beams
entering fused silica is shown in Fig. 8(c). Activation of oxy-
gen (122 s half-life) in the fused silica sample establishes a
low-level background between the short-lived silicon peaks.
To investigate longer half-life materials, 25 shots were taken
on a Cu sample (62Cu half-life is 9.67 min). The Cu activity
clearly follows the expected exponential decay as shown in
Fig. 8(d). Assuming each shot contributed roughly the same
signal and taking into account the time between shots, a sim-
ple rate equation can model the build-up of activity until
shots cease. By fitting the decay curve of Cu to yield the ini-
tial activity after shots and in conjuction with this simple
model, a estimate of the activations for a single-shot can be
estimated as 4200 decays/shot, corresponding to 1.4! 105

photons/shot above 10 MeV given the 3% probability of
interaction.

C. (c,n) Autoradiography measurements

Besides measuring the exponential decay of the activa-
tion signal, the spatial distribution of activation can be meas-
ured by placing a spatially sensitive, integrating detector
(such as imaging plate, film, CCD, etc.) on the sample after
the shot in a process known as autoradiography. In our

FIG. 7. Nuclear reaction diagram for 28Si activation. Bremsstrahlung pho-
tons dislodge neutrons from 28Si to give 27Si which undergoes bþ decay
(half-life of 4.15 s) and emits a eþ which quickly annihilates with a nearby
e# to give two 511 keV photons.

FIG. 8. (a) Calculated activities for
various materials irradiated by 106

photons of 20 MeV energy normalized
according to abundance and density.
(b) and (c) Experimental (blue) and
averaged (red) activity traces from
multiple shots on (b) high-purity Si
and (c) fused silica (SiO2). (d)
Experimental activity (blue), averaged
(red), and expected (green) traces of 25
shots accumulation on Cu.

056704-5 Schumaker et al. Phys. Plasmas 21, 056704 (2014)
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Conclusions
• LWFA reasonably competitive with existing RF Compton sources (if rep-

rated, not counting broad energy spread) 

• Needs:  

• MeV photon energies - means few 100 MeV electrons for 1µm lasers 

• Energy spread/emittance and energy stability is limitation for LWFA 
use for NRF applications (10-6 ideal, but even 10% may be useful) 

• High rep-rate (but not too high) 

• High efficiency to be practical 

• Stable / fieldable system
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18 MeV (approximately 107 photons with energies exceeding  
6 MeV per shot), form the 18 J, 40 fs Astra-Gemini laser 
facility [126].

2.3.3. Comparison with Compton scattering from RF  
accelerators. The development of Compton scattering x-ray 
and gamma-ray sources with conventional accelerators is also 
a very active field of research. Characteristics of some of these 
current sources are described in table  3. The first Compton 
machine producing gamma-rays was demonstrated at SLAC 
in the late 60s [127], and the first source specifically con-
ceived for applications of Compton-scattered gamma-rays 
was built in Italy in the late 70s [128]. Several sources have 
been built by utilizing free-electron laser (FEL) radiation from 
an electron bunch and by interacting it with the next electron 
bunch in a storage ring, but conventional optical lasers offer 
much better beam quality. Similarly, sources rely on many dif-
ferent accelerator technologies: Linac, energy recovery linac, 
or storage rings. Currently, the narrower bandwidth of Comp-
ton sources from RF accelerators makes them more desir-
able for precision nuclear physics applications. A Compton 
source with photon energies up to 19.5 MeV and a spectral 
bandwidth better than 0.5% is currently being constructed in 
Europe specifically for nuclear physics [129]. Although the 
precision of a LWFA-driven Compton scattering source is not 
yet at the level of RF accelerator sources, several projects in 
the US, which are showing very promising results, are specifi-
cally targeting nuclear forensics applications at LBNL [130] 
and the University of Nebraska [123].

2.3.4. Radiation reaction. When a charged particle emits 
radiation, that radiation carries momentum and therefore this 
momentum must be accounted for. This is true whether the 
physical model being considered is a classical or quantum 
one. The loss of momentum by an emitting particle is known 
as radiation reaction, and as suggested by equation  (10), it 
can play a role in the photon energy of Compton scattering 
sources. We may assume that however difficult it may be to 
perform the calculation, radiation reaction is self-consistently 
contained within the framework of quantum electrodynamics. 

However, in classical dynamics, the force equation must be 
modified to include the effect of the radiation. The problem 
cannot be solved by simply taking the classical limit of the 
quantum equations in a straightforward way [137].

The radiation-reaction force was first formulated nonrela-
tivistically by Lorentz, relativistically by Abraham and then 
self consistently by Dirac. The resulting equation has been a 
source of much controversy because it is a third-order differ-
ential equation that allows, for example, for self-accelerating 
solutions that do not conserve energy. Many authors have 
offered modified solutions [138]. These are generally identi-
cal to first order in the expansion proposed by Landau and 
Lifshitz [139],

⎡
⎣⎢

⎤
⎦⎥τ

η τ= − −µ
α
ν
ν

αµ
β
µ αβv

e
m

F v
e

m c
v v F

d
d

,
e e

0 2 (11)

where µv  is the four-velocity, τ proper time, αβF  is the 
electro magnetic field tensor, /τ π= εe m c6 e0

2
0

3 and ηµν is the 
Minkowski metric tensor with trace  −2. Quantum radiation 
reaction is essentially the overall recoil experienced by an 
electron undergoing multiple simultaneous incoherent photon 
emission events [140].

The importance of radiation reaction in general can be 
determined from the relative magnitude of the radiation force 
in equation (11) as

ψ γ ω= a
r
c

2
3

,e2
0 (12)

where re is the classical electron radius, ω is the inverse time 
scale over which the particle is accelerated and /=a eA m ce0 . 
Quantum radiation reaction is important when the parameter 
χ≫ 1, where

∥ ∥
χ = µν

νF v

cEcr
 (13)

[141], which corresponds to an electric field that is large com-
pared with / λm ec c

2 .
Radiation reaction is intrinsically linked to light sources; 

radiation damping is well known in storage rings and 

Table 3. Recent Compton scattering x-ray and γ-ray sources with RF accelerator technology.

Facility Accelerator

Electron 
energy 
(MeV) Laser

Laser 
energy  
(J)

Photon  
energy  
(MeV)

Spectral 
bandwidth 
(%)

Flux  
(photons s−1) Year

HiγS Storage ring 1200 FEL 0.15 1–158 1–10% 108 1996 [131]
PLEIADES  
(LLNL)

S-band Linac 54–57 Ti : Al O2 3 0.4 0.04–0.08 ∼few% 108 2000–2004 [132]

T-REX (LLNL) S-band Linac 120 Nd : YAG 0.15 0.075–0.9 ∼10% 106 2005–2008 [133]
NewSUBARU  
(Japan)

Storage Ring 1000 Nd : YVO4 CW 6.6–17.6 17% 105 2003 [134]

THOM-X Storage Ring 50–70 −Fiber FB × −2.5 10 6 0.05–0.09 NA NA In construction [135]
PHOENIX Superconducting  

linac
22.5 Ti : Al O2 3 0.1 0.08–0.013 4.5% 105 2013 [136]

ELI-NP S/C-band linac 19.5 Ti : Al O2 3 
-OR

0.3 6.6–17.6 0.5% > ×5 108 In construction [129]

Note: FB  =  Fabry–Perot cavity. CW  =  Continuous Wave. OR  =  Optical Recirculator.
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