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Inverse Compton Scattering (ICS) 
  ICS X-rays are generated via Doppler shift, when optical 

laser beam is scattered off the relativistic electrons 
  ICS is directional and quasi-monochromatic 
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 Maximum X-ray yield: 1 ph. per electron 
~1019-24+5 



Photoinjector driven ICS 
  Intense picosecond beams such as produced by 

photoinjectors enable high performance ICS sources. 



Source bandwidth 

  ICS has finite intrinsic bandwidth (besides the off-
axis off-axis red-shift): 
 laser 3D focus 
 e-beam emittance 
 laser bandwidth 
 e-beam energy spread 

 1 nC, 1 J, 10 µm RMS spot size at IP results in an X-ray 
flux of ~ 109 ph. in 1/γ opening angle per interaction 

 On-axis photon flux in 1% bandwidth ~ 107-108 ph. 
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System requirements 

  Historically, ICS was aimed at hard X-rays medical 
applications (i.e. phase-contrast imaging) 

  Most practical applications require photon flux of     
~ 1011 cps in 1 % bandwidth 

  After single shot optimization ICS requires 103-104 
interactions per second (e-beam bunch trains, laser 
intracavity, high rep. rate) 

  Stand-alone high rep. rate ICS systems suitable for 
practical applications are yet to be demonstrated 



ICS gamma ray source 

 High efficiency at high 
energy (~ 1% energy 
extraction efficiency, like 
FEL!) 

 Directionality (~1 mrad) 
 Source brightness scales 

like ~γ5  ! 
 Uniqueness – light sources 

do not reach MeV energies 
[ F.V. Hartemann et al., PR ST AB 8, 100702, 2005]  



Applications: nuclear threat detection 

  Gamma-ICS source can be used for stand-off 
detection of concealed special nuclear materials 
(SNM) via photofission at large range distances 

[J.L. Jones et al., Neutrons Workshop at ONR, October 2006.]  



Applications: nuclear waste analysis 

  Nuclear resonance fluorescence (NRF) has also 
been proposed for SNM detection 

  Also, important practical application of NRF is 
spent nuclear fuel casks inspection 
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Advantages of Nuclear Resonance Fluorescence detection 

(1)Nondestructive detection of radioactive and stable nuclides

(2) Excellent signal-to-noise ratio in the energy-resolved gamma-ray detection

(3) Detecting many kind of nuclides by scanning the -ray energy

(4) Detection through a thick shield

(5) Full utilization of modern laser and accelerator technologies

Photon energy (MeV)

-ray beam

detector target

2.0 2.1 2.2
Photon Energy (MeV)

E/E ~ 1%

2.176 MeV for U-238 NRF signal
U-238 
2.176 MeV

(Hajima)

[R. Hajima, Japan Atomic Agency ERL Group (2008)] 



Applications: medical isotopes R&D 

  ERL based gamma ray sources for isotopes production 
  Even more interesting is generation of specific activity 

radioisotopes via photo-excitation by tuning to 
specific energy gammas. 
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Fig. 3 Energy Recovery Linac (ERL) electron beam facility with 2 γ-beam production points and a crystal spectrometer
and neutron time of flight (TOF) spectrometer to monitor the γ energy. The electron beam starts from the electron source,
is accelerated in the superconducting cavity and then, after one loop, is decelerated again in the same cavity, feeding back
its energy, and then is stopped in the beam dump. For Compton back-scattering the laser light is recycled many times in the
enhancement cavity.

laser spectroscopy. More importantly, the electron beam
parameters need to be tuned and monitored with good
precision. For a meaningful monitoring system the γ ray
energy has to be measured with a system that has (far)
better energy resolution than the γ beam itself. It is not
trivial to measure high energy gamma ray energies with
such high precision. For gamma rays in the MeV range
usual Ge detectors are limited to an energy resolution of
the order of 10−3. Scintillation detectors have an even
worse energy resolution. Hence, more complex and “un-
usual” methods have to be used for this purpose. The
two methods are shown schematically in Fig. 3, where
an energy recovery linac can supply many γ beams.

Two methods are preferable:

A crystal spectrometer A thin single or mosaic crystal
(e.g. Si, Ge, SiO2, Cu, graphite, etc.) is placed in
the gamma beam (in front, inside or behind a pro-
duction target). A small fraction of the beam will
be diffracted by the crystal according to the Bragg
condition:

2d sin θ = nλ (2)

d is the well-known crystal lattice spacing, n is the re-
flection order, λ is the wavelength of the γ beam and
θ is the diffraction angle. Placing a γ ray detection
system at large distance allows measuring the diffrac-
tion angle θ, either by scanning the beam through
narrow collimators by turning the crystal or by us-
ing a fixed crystal and a detector with good position
resolution. Hence. the wavelength of the γ rays is

deduced which gives directly the γ ray energy. The
angular spread of the diffracted beam is a measure of
the energy spread of the γ beam. These data can be
used for a feedback system for tuning and monitoring
the electron beam for the γ beam production. Due
to the high intensity of the γ beam, even with thin
crystals and in high reflection order enough photons
will arrive at the detector. A higher reflection order
is preferred since it allows placing the detector fur-
ther away from the direct non-diffracted beam. For γ
beams of larger opening angle, the latter would limit
the achievable energy resolution. Here it is preferable
to use two consecutive crystals for diffraction: a first
one placed in the γ beam to diffract out a small frac-
tion. The small intrinsic angular acceptance of the
crystal will effectively act as collimator. The second
crystal receives therefore a well-collimated beam. Ad-
ditional collimators can be placed between both crys-
tals and/or between the second crystal and the detec-
tor respectively to eliminate background from other
diffraction orders. Using two consecutive diffractions
in the same direction will add to the energy disper-
sion and provide very high energy resolution, two
diffractions in opposite direction allows measuring
the intrinsic resolution of the measurement system.
The rotation angle of the crystals is usually con-
trolled by laser interferometers. Such a double crystal
spectrometer enables measuring γ ray energies with
a resolution below 10−6 [18], i.e. covering fully the
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product isotopes, resulting in a product of high spe-
cific activity.
Note that the specific activity of the product depends
on the neutron flux density (n/(cm2s)) and not on
the total number of neutrons provided by the reac-
tor. Hence irradiation reactors are optimized to pro-
vide a high flux density in a limited volume, while
keeping the total neutron rate (that is proportional
to the thermal power) relatively low. This optimiza-
tion is inverse to a power reactor that should provide
a high thermal power at limited neutron flux density
(to limit the power density, damage to structural ma-
terials and extend the operation time between refu-
elling).
High specific activities can also be achieved by using
indirect production paths. The (n,γ) reaction is not
populating directly the final product but a precur-
sor that decays by beta decay to the final product.
Thus the final product differs in its chemical proper-
ties from the target and can be chemically separated
from the bulk of the remaining target material. This
method is e.g. used to produce 177Lu in non-carrier
added quality by irradiating enriched 176Yb targets
in a high neutron flux to produce 177Yb that subse-
quently decays to 177Lu. The latter is extracted by a
chemical Lu/Yb separation.

2 Nuclear fission
Fission is another process used for isotope produc-
tion in nuclear reactors. Radiochemical separation
leads to radioisotopes of “non-carrier-added” quality,
with specific activity close to the theoretical maxi-
mum. Fission is the dominant production route for
the generator isotopes 99Mo and 90Sr, for the β−

emitting therapy isotope 131I and for the SPECT iso-
tope 133Xe.

3 Charged particle reactions with p, d or α ions
Imaging for diagnostic purposes requires either β+

emitters for PET (mainly 18F, 11C, 13N, 15O, 124I or
64Cu), or isotopes emitting gamma-rays with suitable
energy for SPECT (about 70 to 300 keV), if pos-
sible without β+/− emission to minimize the dose
to the patient. Thus electron capture decay is pre-
ferred for such applications, e.g.: 67Ga, 111In, 123I,
201Tl. Usually these neutron-deficient isotopes can-
not be produced by neutron capture on a stable iso-
tope (exception 64Cu). Instead they are mainly pro-
duced by charged-particle induced reactions such as
(p,n), (p,2n),. . . High specific activities of the final
product are achievable, when the product differs in
chemical properties from the target (i.e. different Z)
and can be chemically separated from the remaining
bulk of target material2. Thus Z must be changed in
the nuclear reaction, e.g. in (p,n), (p,2n), (p,α) reac-

2 Note that in principle very high specific activities may be
achieved in this way. However, the effective specific activities
that measure the ratio between wanted radioisotopes to all
elements (mostly metals) that may affect, e.g., the labeling of

tions. The energies of the charged particle beams for
such reactions are usually in the range of 10 to 30
MeV and can be supplied with high currents (0.1 to
1 mA) by small cyclotrons.

Table 1 Radioisotopes for nuclear medicine produced in
generators. ∗: 212Pb and 213Bi are the grand-grand-daughters
and 212Bi is the grand-grand-grand-daughter of the respec-
tive generator isotope.

mother isotope T1/2 daughter isotope T1/2
44Ti 60.4 a 44Sc 3.9 h
52Fe 8.3 h 52Mn 21 m
68Ge 288 d 68Ga 68 m
81Rb 4.6 h 81Kr 13 s
82Sr 25.0 d 82Rb 76 s
90Sr 28.5 a 90Y 64 h
99Mo 66 h 99mTc 6.0 h
188W 69 d 188Re 17 h
224Ra 3.7 d 212Pb∗ 10.6 h
224Ra 3.7 d 212Bi∗ 61 m
225Ac 10 d 213Bi∗ 45 m

4 Generators
Another important technique is the use of genera-
tors, where short-lived radionuclides are extracted
“on-tap” from longer-lived mother nuclides. Here the
primary radioisotope (that was produced in the nu-
clear reaction) has a longer half-life than the final
radioisotope (that is populated by decay of the pri-
mary radioisotope and is used in the medical appli-
cation). The primary radioisotope is loaded onto the
generator and stays there chemically fixed. The final
radioisotope will grow in, populated by the decay
of the primary radioisotope. It can be repetitively
eluted and used. For the extraction of the shorter-
lived isotope chromatographic techniques, distilla-
tion or phase partitioning are used. Depending on
the generator technology, there is usually a limit to
which a generator can be loaded with atoms of the
primary product element (e.g. molybdenum on acid
alumina columns). If more is loaded, then a signif-
icant part of the primary product isotope might be
eluted too (“breakthrough”), leading to an inaccept-
able contamination of the product with long-lived
activity. To prevent such problems, generators are
generally loaded with material of a given minimum
specific activity.

5 Photonuclear reactions
The inverse process to (n,γ), namely (γ,n), also al-

bioconjugates, might be significantly lower since stable ele-
ments can be introduced due to the finite purity of chemicals,
columns, etc. used in the chemical processing. Such problems
are generally reduced when higher activities per batch are
processed.

[D. Habs, P.G. Thirolf et al ” Medical Application Studies at ELI-NP”, 2012]  



Applications: new nuclear physics 
 Probing nuclear matter 
 Observation of “refractive” behavior above 0.7 MeV: 

 possibility of making gamma-ray optics  
 possibility of ultra-monochromatic gamma beams (1E-6) 2

FIG. 2. Newly measured index of refraction |δ| for γ ener-
gies up to 2 MeV. The blue dashed curve shows the negative δ
from the virtual photo effect, which is confirmed by the mea-
sured values for lower γ energies. For the positive δ of virtual
pair creation we used a shape from our dispersion relation cal-
culations. Also the superposition of the two δ contributions
is shown.

a movable three meter long collimation system separates
the diffracted beam from the direct beam. The detection
is done via a calibrated HP-Ge detector. A schematic
layout of the experimental principle is shown in Fig. 1.
The spectrometer is equipped with 2.5 mm thick sin-

gle crystals of silicon, the lattice spacing of which has
been indirectly measured with ∆d/d ! 5× 10−8 (for de-
tails see [6]). The angular acceptance width of the crys-
tals at γ-ray energies is in the order of nanoradian. The
spectrometer is set in non-dispersive geometry, where the
second crystal rocks around the parallel position with re-
spect to the first one. In this geometry the first crystal
diffracts an energy band defined by the divergence of the
incoming beam (a few microradian). In this geometry the
instrument does not act as high resolution monochroma-
tor. The line shapes are obtained via summing counts in
a 2 keV wide window of the Ge spectrum, taken for each
crystal position. This discriminates background γ rays
or unwanted diffraction orders via the energy resolution
of the detector. The advantage of the non-dispersive ge-
ometry is its high sensitivity to beam deflection between
the crystals induced by a refractive prism (see below).
At the same time systematic errors such due to Doppler-
broadening of the γ rays (thermal motion, recoil motion)
and vertical divergence [7] are at minimum.
Between the two crystals a silicon prism with an edge

angle of 160 degrees and optically polished flat faces was
mounted. The upper half of the γ beam was passing
through the wedge, while the lower half passes under-
neath through air. The second crystal is supposed to
compare angular deviations of the upper and lower beam
with a sensitivity of 10−9 rad. The switching between
the two halves of the beam is realized via a lead shutter,

TABLE I. γ energies with measured index of refraction δ for
silicon using 36Cl and 156,158Gd sources.

Eγ wedge background Isotope
keV δ δ

517 (-4.63 ±1.75) · 10−10 36Cl
786 (+1.83 ±1.57) · 10−10 36Cl
1165 (+1.48±0.13) · 10−9 (+0.32±0.01) · 10−9 36Cl
1951 (+1.11±0.30) · 10−9 36Cl
182 (-1.11±0.07) · 10−8 (-0.67±0.01) · 10−9 158Gd

which is installed on the collimation system behind the
spectrometer. This assures that the movement of the lead
shutter is mechanically decoupled from the spectrometer.
The acquisition time was kept as short as possible to min-
imize drift problems. For each energy about 30 pairs of
scans were taken and averaged. The temperature, pres-
sure and humidity at the spectrometer were monitored
and time variations of the lattice spacing and the refrac-
tive index of air were corrected as described in [6]. For
background measurements we compared both beams, re-
moving the wedge from the spectrometer. However, this
was only carried out once at the end of the measurement,
since it represents a serious intervention perturbing the
stability of the instrument. The background values were
not subtracted from the data, since only a few are avail-
able. Further, a direct conversion of the measured de-
viation angles into absolute values of δ is difficult, since
it requires an exact knowledge of the absolute alignment
of the wedge with respect to the beam. Since we are
interested in the energy dependence, we have used the
result at 182 keV for normalization to equation (1). The
measured values of the index of refraction are compiled
in Table 1 and shown in Fig. 2.
The measurement bases on a homogeneous lattice

spacing. The maximum variation of the lattice spacing
can be estimated by considering the measured width of
the rocking curve and comparing it to calculations of dy-
namical diffraction theory of ideal crystals. Such eval-
uations are sensitive for γ ray energies above 700 keV,
since the rocking curve is becoming sufficiently narrow.
Experimentally, a deviation from theory in the order of 30
nanoradian is observed. It is almost completely related to
vibrations of the crystals of about 20 nanoradian, each.
A relative variation of the lattice spacing of∆d/d < 10−6

could be estimated. A slight energy dependence of the
background measurement can be seen. At present we
interpret this effect by residual surface tensions on the
crystal. In [8] theoretical investigations were carried out
indicating that the diffraction angle in Laue geometry is
defined within a surface layer. Since, the depth of this
layer is increasing with increasing energy, the low energy
measurements are more sensitive.
An interpretation of the experimental results is pos-

sible by demonstrating that the process of virtual pair
creation (Delbrück scattering) takes over at higher γ en-

[D. Habs et. al. ” The Refractive Index of Silicon at γ Ray Energies”, PRL 2012]  



Gamma ICS @ ASTA 

E-beam 
   Charge 3 nC 
   Bunch length ~ 10 ps 
   Normalized emittance ~ 5 µm 
   Energy 500-1000 MeV 
   RMS spot size @ IP  ~ 20 µm 
   Beta function ~ 10 cm 
Laser 
   Pulsed energy ~ 300 mJ 
   Wavelength ~ 1 µm 
   Raleigh range 5 mm 

Pulse train mode 
   Rep. rate 3 MHz 

   # of bunches in macropulse ~ 10,000 
   Average flux in 1% BW ~ 1012 cps 

   Average power of gamma flux ~ 1 W 

Accelerator configuration for 1st beam

• Only one accelerating
module available for first
beam,

• Transport from cryomodule
exit to spectrometer line with
FODO

• High-energy spectrometer +
user beamline(s)

• Off-axis dump to accommo-
date possible extensions

5
[C. Prokop, et al., (2011)]

P. Piot, AARD@ASTA, All Experiment Meetings, Dec. 5, 2011

Gamma rays (single shot) 
   Total single-shot flux ~ 109 

   Gamma-rays energy 5-20 MeV 
   Flux in 1 % bandwidth ~ 107  
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LLNL MEGAray Compton Source

(C. Barty)

Mono-energetic Gamma rays

Gamma ICS @ ASTA 

4 D. Habs, and U. Köster
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Fig. 2 Peak brilliance of high energy γ beams (≈ 10 MeV)
as a function of time.

lows producing neutron deficient isotopes, but con-
ventional γ ray sources do not provide sufficient flux
density for efficient production of radioisotopes with
high total activity and high specific activity. There-
fore this process plays no role in present radioisotope
supply.

3 γ Beams

The new concept of isotope production with a γ beam
only became possible, because very brilliant γ sources
are being developed, where the γ rays are produced by
incoherent Compton back-scattering of laser light from
brilliant high-energy electron bunches. Fig. 1 and Fig. 2
show the rapid progress of γ beam properties for the
bandwidth (Fig. 1) and the peak brilliance (Fig. 2) with
time, starting with the bremsstahlung spectrum of the
Stuttgart Dynamitron [8], which still had a very large
bandwidth.

For Compton back-scattering in a head-on collision
the γ energy is given by:

Eγ =
4γ2

eEL

1 + (γeΘγ)2 + 4γeEL/mc2
(1)

with the γe factor, characterizing the energy of the
electron beam, the γ energy Eγ , its angle Θγ and the
laser photon energy EL. The energy Eγ decreases with
Θγ . A small bandwidth of the γ beam requires a small
energy spread of the electron bunches (∆γe/γe), a small
bandwidth of the laser energy (∆EL/EL) , a very good
emittance of the electron beam with a small opening
angle and small opening angle of the laser beam. At
the HIγS facility (Duke University, USA) the photons
are produced by a Free Electron Laser (FEL) and then
are back-scattered from a circulating electon beam [9].
This facility already produced high energy γ rays (1-100
MeV), but the flux (105 − 5 · 108γ/s) was too weak for
radioisotope production. C. Barty and his group at the
Lawrence Livermore National Laboratory (LLNL) devel-
oped already three generations of incoherent Compton
back-scattering sources: PLEIADES [10], T-REX [11]
and MEGa-Ray [12], each based on a “warm” electron
linac and a fibre laser for back-scattering. Recently the
electron linac technology was switched from S-band tech-
nology (4 GHz) for T-REX to X-band technology (12
GHz) for MEGa-Ray. Here electron bunches with 250
PC are used. The MEGa-Ray γ beam runs with a macro-
pulse structure of 120 Hz using 1.5 J, 2 ps laser pulses,
which are recirculated 100 times with 2 ns bunch spacing
in a ring-down cavity. The group plans for lower energy
γ rays in the range of a only few MeV, too small for pho-
tonuclear reactions. A similar γ facility is planned for the
ELI-Nuclear Physics project (ELI-NP) in Romania [13],
also based on a “warm” linac like the one used at MEGa-
Ray, however designed for γ energies up to 19 MeV, thus
reaching interesting intensities and γ energies for isotope
production. R. Hajima and coworkers at Ibaraki (Japan)
are developping a Compton back-scattering γ beam us-
ing an energy recovery linac (ERL) and superconducting
“cold” cavities [14]. For smaller electron bunch charges
(8 pC) very low normalized emittances of 0.1 mm mrad
can be obtained from the electron gun. For the reflected
laser light a high finesse enhancement cavity is used for
recirculating the photons. The quality of the electron
beam from the ERL can be preserved by running with
higher repetition rate (GHz). Switching from a 1 mA
electron current to a 100 mA current the peak brilliance
and bandwidth can be improved significantly [15,16]. In-
tensities of 5 · 1015γ/s are expected [15].

Also laser-accelerated electron bunches have been
proposed as relativistic mirrors for Compton back-
scattering and the production of intense γ beams [17].

The yield of resonant photonuclear reactions (dis-
cussed below) depends strongly on the exact energy and
the bandwidth of the gamma beam. Both parameters are
determined by the quality of the laser beam and of the
electron beam respectively. The laser beam parameters
are usually well controlled by conventional means used in

[Habs, D.; Köster, U, Applied Physics B 103, 2011] 

  ASTA ICS projected performance is in line with the 
most ambitious future ICS facilities 

[C. Barty] 

22

Proposal of a High-flux -ray source with a 3-loop ERL

 -Ray

Injector

Linac

Compton scattering

Nuclear
Fuel

Detectors

1st E=120 MeV

2nd E=235 MeV

3rd E=350 MeV

Dump

The electron beam is accelerated three times
and decelerated three times.

(Hajima)

[R. Hajima] 

ASTA ICS 



Elements of the ICS system 

  High duty cycle accelerator 
  Laser amplifier (25 µJ  5-10 mJ) and transport 
  Laser intracavity (to get up to 1 J at IP) 
  Dedicated beamline 
  Interaction chamber (including final focus system) 
  Gamma ray transport through the beam dump 
  Large dynamic range gamma ray detectors 



Risks 

  E-beam delivery and optimization for ICS is relatively 
low risk assuming it follows ASTA linac commissioning 
and beam studies 

  ICS system integration and commissioning are of 
moderate risk (synchronization and alignment control, 
optical damage and thermal issues). Leveraged on 
RadiaBeam ICS experience at ATF-BNL, plus the 
ongoing development of a high rep rate laser wire 
scanner at Cornell ERL 

  Laser system is higher risk, and requires design study 



Conclusions 

 Average e-beam power and energy range at ASTA 
makes it an ideal and uniquely suitable facility for 
intense gamma ray source in the US ASTA promise…

• Variable energy from
~40 to ~1 GeV,

• High-repetition rate
(1-ms trains):

! Exploration of dynamical
effects in beam-driven
acceleration methods.

• L-band SCRF linac:
! Well suited for beam-driven

acceleration,
• Photoinjector source:

! Provides low-emittance
beam,

• Arbitrary emittance partition:
! repartition of phase spaces to

match final applications,
! Tailored current profiles.
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(ASTA performances are extrapolated from
simulations of injector -- these are the

best possible performances)

P. Piot, AARD@ASTA, All Experiment Meetings, Dec. 5, 2011

[P. Piot, AARD@ASTA, Dec. 5, 2011] 

 Such source has many 
interesting applications, 
and very likely to attract a 
dynamic users community 

 The cost and risk profiles 
are very moderate 

 Thank you! 


