
www.hi-jena.de

LUXE Inverse Compton Source 
Considerations

M. Zepf

06.04.2021

Helmholtz Institut Jena and University of Jena



www.hi-jena.de

Bremstrahlung

• Efficiency ~ 10-3

– at >0.9Emax

• Scales with converter
thickness

• Simple to implement
• 1/g cone angle
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bremsstrahlung photons was approximated using the following formula [186]:

dNg
dEg

=
X

Eg X0

 
4
3

� 4
3

Eg
Ee

+

✓
Eg
Ee

◆2
!

, (14)

where Ee is the energy of the incident electron, X0 the radiation length of the target material and X is the target thickness. It is
valid for thin targets.

The angular spectrum of the photons is expected to follow 1/g , i.e. about ⇠ 30 µrad for g = 16.5 GeV/me. It is independent
of the photon energy as seen in Fig. 5.11a). As the IP is at a distance of 7.5 m from the target, the beam size at the IP is about
230 µm, much larger than the envisaged laser spot size.

Figure 5.11b) shows the spectrum of bremsstrahlung photons produced in the GEANT4 simulation for a 35 µm (1%X0)
thick tungsten target. The simulation agrees well with the calculation based on Eq. (14). Also shown is the fraction of photons
that are within ±25 µm in both the x and y direction at the IP.
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Figure 5.11. a) Polar angle distribution of bremsstrahlung photons in different energy ranges for one BX normalised by area.
b) Energy spectrum of bremsstrahlung photons obtained by analytical calculation (Eq. (14)) and by GEANT4 simulation. The
green line shows the g spectrum after imposing limits on position in the transverse plane to ±25 µm. The bottom plot shows
the fraction limited by the interaction area. c) Energy spectra of electrons and positrons produced in the tungsten target. In all
cases, a tungsten target with a thickness of 35 µm (1%X0) is simulated.

The fraction of bremsstrahlung photons that are within ±25 µm at the IP is 0.3%. This fraction depends quadratically on
the laser spot size and the distance between the target and the IP, e.g. for a 5 µm laser beam spot it is 0.01% (and this is taken
into account in the simulations described in Sec. 5.1). If the distance could be decreased from 7.5 m to 5 m the rate in the IP
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Bremstrahlung layout

• Pure photon/photon interaction at high c>1
• Breit-Wheeler Pair production
– hngNhnlaser >mec2(1-cos(a))

• Magnet to separate out leptons from IP
12.04.21 3

4 Laser Specifications and Diagnostics
Reaching the regime of SFQED requires reaching the Schwinger limit in the centre-of-momentum frame of the colliding
particles. As detailed earlier in this report such extreme fields can now be achieved in the laboratory by colliding extremely
high energy photons or electrons with energies exceeding 10 GeV with state-of-the-art high-intensity lasers with a peak power
of up to 350 TW, and the existing European XFEL infrastructure at the Osdorfer Born facility is very well suited for this. The
interaction point (IP) of this ambitious experiment is schematically illustrated in Fig. 4.1.

g-rays

Figure 4.1. Interaction geometry between a high-power laser and the high-energy electron/photon beam. The laser beam is
focussed by off-axis parabolic mirrors to a high intensity point focus and recollimated for on-shot analysis. The typical g-ray
beam diameter will be around 230 µm while the laser spot is as low as 3 µm at the highest x . The longitudinal spot sizes are
typically 9 µm (30 fs) for the laser and ⇠ 40 µm for the electron beam.

A key feature of SFQED is the non-perturbative, non-linear behaviour of the interaction between the high-energy pho-
tons/electrons and the intense laser field as discussed in Sec. 2. Additionally, the event rate on each detector will in certain
configurations be ⌧ 1 per shot, so that the measurement of a given spectrum or cross section will necessarily need to analyse a
large number of bunch crossings. Despite the long-term stable operation that is typical of current high-power laser systems
(with ⇠percent level stability in the major pulse parameters), the exacting requirements for high precision measurements
following from the non-linearity and low event rate require innovative and precise pulse characterisation. In the following we
will describe the laser system and diagnostic equipment envisaged to meet the high requirements.

Table 4.1 shows the key parameters of the laser system envisaged for LUXE. The laser in the first and second column with
an energy of 1.2J and a power of ⇠ 40TW, is the JETI40 laser and will be used during the initial phase LUXE. This laser
allows the regime up to c ⇠ 1 to be investigated. During the second phase, the laser system will have a peak power of 350TW
which will enable the c > 1 regime to be reached. Lower values of x and c can be accessed by defocussing the laser in either
the transverse or longitudinal direction. The focus in the transverse dimensions is quantified by the waist radius, w0, which is
the value at which the intensity falls to 1/e2 of its value, and for a Gaussian beam corresponds to 2s in intensity.

4.1 The JETI40 Laser System
The initial laser installation will consist of the JETI40 laser system that will be provided by the University of Jena/HI Jena as an
in-kind contribution to the LUXE project. JETI40 is a continuously developed system based on a commercial chirped pulse
amplification (CPA) platform (Amplitude Technologies). The laser follows the generic CPA concept, shown in Fig. 4.2, of
using pulse stretching to lower the intensity in the laser chain during the amplification to dramatically increase the maximum
energy that can be achieved in a short pulse for a given beam diameter.

The JETI40 laser is a well-characterised system that is in continuous operation for over 10 years to this date and is used for
high field science in Jena. It produces pulses down to 25fs duration of high quality (near the Fourier-transform limit in time and
space) with maximum energy after compression exceeding 1J. A schematic layout of the systems is shown in Fig. 4.3, and this
system will be transferred and installed at the LUXE experiment. This power level is well suited for first stage of LUXE and
will allow c approaching unity to be achieved with focussing to a 3 µm laser spot size. The laser clean room environment that
will be installed on level -2 of the building at Osdorfer Born and the beam transport will be specified to include sufficient space
for a subsequent installation of a further amplifier and upgrade to 350TW. This will enable LUXE to explore peak intensities of
1.2 ·1021 Wcm�2, so that data well into the non-linear regime can be obtained at fields significantly exceeding the Schwinger
limit (cmax = 3.8�4.7).
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Inverse Compton Alternative

• Replace Bremsstrahlung Target with ICS
– Photon energy ~ w‘=4g2w (ignoring recoil)
– Normal incidence (OAP with hole) for max w‘

• Approximate conditions a0<0.3
– Ngamma_photons~a02 /137 per optical cycle

• 5µm focus => Focus OF E-beam needs to be ICS source
– Match electron beam focus for best efficiency!

12.04.21 4
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Figure 4.9. Schematic of target chamber for bremsstrahlung photons and inverse Compton photons. In addition, the timing
unit will also be housed in this chamber.
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Pulseduration can be longer

• Interaction time set by Rayleigh Range, electron pulse duration
• G-pulse duration set by electron pulse duration

– g2 compression in time due to relativistic effects

• For zR~300µm => tpulse_max =zR c~1ps
– Pulse durations up to 1ps don‘t affect g pulse duration
– For Elaser=const, tpulse< zR c => Ngamma_photons~const

=> don‘t need very short pulse!

12.04.21 5
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ICS at low a0

• ICS at low a0<<1
• Frequency around w‘=4g2 w
• angle dependent
• q=1/g
• Narrowband

– Well defined interaction
– Full reconstruction of reaction

kinematics
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FIG. 3. (Color online) The normalized frequency y of the
largest peak of the compensated fundamental line depends
much weaker on the normalized scattering angle �# for in-
creasing values of a0, e.g. for a0 = 1 (a) and a0 = 2 (b), and
follows the modified angular dependence of the normalized
photon frequency (dashed curve) that is given by Eq. (36).
The radiation becomes more monochromatic over a larger an-
gular region, as compared to the case of a linear CS, whose
frequency-angular correlation is depicted by the dotted curve.
Thus, a high laser intensity a0 & 1 helps to reduce the spec-
tral bandwidth of the compensated nonlinear CS x-ray source
when the scattered radiation is collected over a finite collima-
tion angle, e.g. �#c = 0.5 (c).

can be found from the following equation

1

1 + �2#2
c

= 1 �  . (37)

Again, due to the fact that the electron slows down dur-
ing the interaction, the Lorentz factor in the above equa-
tion must be replaced by �?. Thus, the optimal colli-
mation angle for obtaining the bandwidth  in the case
of the compensated nonlinear CS increases to #?,c =

#c

p
1 + a2

0
/2.

As one can see, for larger values of a0, it is important
to pick the correct, increased collimation angle given by
#?,c. This provides roughly a factor of 1 + a2

0
/2 more

photons in the specified bandwidth compared to the case
when the collimation angle is chosen “incorrectly” to the
value of #c according to Eq. (37).

To be specific, we estimate the x-ray photon yield
per electron to be NX ' ⇡↵a2

0
in the natural band-

width  = 1/!0�. This result is consistent with the
photon yield of synchrotron radiation [78, 79], where
NX ' ⇡↵K2/(1+K2/2) photons are emitted by an elec-

tron in an undulator with strength parameter K, the
undulator’s analog of the normalized vector potential a0.
The 1+ a2

0
/2-fold increase in total photon yield is due to

the increased collimation angle in the case of the com-
pensated nonlinear Compton source.

C. E↵ects of electron beam energy spread and
emittance

The results presented in the previous sections were ob-
tained in the approximation of the plane waves and for
a single electron. In experiments, however, both electron
and laser photon beams always have some energy spread
and emittance as well as finite sizes. For the case of the
linear CS the e↵ects of electron and laser beam proper-
ties on the radiation spectrum were studied in detail, for
example, in Refs. [26, 80]. In the case of the compensated
nonlinear CS, additional considerations are required.

As in the case of the linear CS, the e↵ect of the electron
beam energy spread ��,FWHM on the photon bandwidth
is approximately given by

�y ⇡ 2��,FWHM

�
. (38)

The contribution of the electron beam emittance to the
spectral bandwidth di↵ers in the case of compensated
nonlinear CS compared to the case of linear CS. As dis-
cussed in Sect. IV B, due to the slowing down of the
electron, the radiation cone has a wider opening angle.
This leads to a more relaxed requirement on the elec-
tron beam divergence for obtaining a desired FWHM
relative bandwidth . As shown in Ref. [26], given the
required bandwidth , the electron beams FWHM an-
gular divergence �✓,FWHM has to fulfill the approximate
requirement �2�2

✓,FWHM
/4 < . Replacing � with the in-

teraction modified Lorentz factor �?, we obtain a relaxed
condition for the electron beam divergence in the case of
compensated nonlinear CS:

�2�2

✓,FWHM

4 (1 + a2
0
/2)

<  . (39)

In the case of laser plasma accelerated electron beams,
the electron’s angular divergence is one of the main
broadening mechanisms for CS photon sources, and its
control, i.e. with the help of magnetic or plasma lenses,
is required in the source design [26]. The compensated
nonlinear CS mechanism may help to further reduce the
requirement on the electron beam divergence, and it pro-
vides additional benefits for compact CS photon sources.

Additional new sources of broadening of the x-ray spec-
trum emerge in the case of the compensated nonlinear
CS. For instance, electrons traveling under the angle ✓
with respect to the beam axis, emit narrow-bandwidth
compensated radiation in the direction of their propa-
gation, i.e. under the angle ✓. The on-beam-axis radi-
ation for such electrons (i) has lower photon energy in

from Seipt et al.
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ICS at high a0

• Photon number ~ a0^2/137
– More photons at high a0

• Harmonics for a0 >~1
– Loose monochromaticity

• Redshift from w‘=4g2 w due to
– Relativistic Mass increase for a0>1
– Photon recoil
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FIG. 1. (Color online) Compensated energy and angular di↵erential emission probability for nonlinear Compton scattering
dN/d⌦d!0, Eq. (17), as a function of the normalized scattering angle �# and normalized frequency of the scattered photons
y = !0/4�2!0. We consider a high-intensity laser pulse with a0 = 2, frequency !0 = 1.55 eV and a Gaussian pulse duration of
� = 13 fs that collides head-on with an electron beam with an energy of 51 MeV. The spectrum is observed perpendicular to
the linear laser polarization. The uncompensated nonlinear CS spectrum in (a) shows the typical signature of ponderomotive
broadening with very broad spectral lines with a series of sub-peaks. In contrast, the compensated spectra in (b)-(d) are
much narrower, with the lowest spectral width and the largest peak height occurring at the scattering angle that equals the
optimization angle #0, which is marked with an arrow in each panel: #0 = 1/� in (b), #0 = 0.5/� in (c), and #0 = 0 in (d).

many sub-peaks and are overlapping in the spectral do-
main, forming a broad continuum instead of narrow lines.
The compensated nonlinear CS spectra are depicted in
Fig. 1 (b)-(d), where the chirping prescription (34) is
adjusted such that the ponderomotive broadening is re-
moved completely at the optimization angles #0 = 1/�
(b), #0 = 0.5/� (c), and #0 = 0 (d), marked by arrows.
The spectral peaks are much narrower than in the un-
compensated case in (a), with the narrowest bandwidth
occuring at the scattering angles that coincide with the
optimization angle.

For all scattering angles o↵side the optimization an-
gle the ponderomotive broadening is just partially com-
pensated. The spectral lines are much narrower than in
the uncompensated case, but can be still considerably
broader than at the optimization angle. For instance in

(b) the spectrum at # = 0 still is pretty broad with a
number of spectral sub-peaks. While the ponderomo-
tive broadening can be removed only at one particular
scattering angle # = #0, the numerical results in Fig. 1
(b)-(d) show that the spectral bandwidth is considerably
reduced also for scattering angles slightly o↵ the opti-
mization angle # ⇡ #0. By comparing, e.g., (a) and (b),
we also see the higher harmonic lines to become much
narrower due to the compensation as predicted above.

Figure 2 demonstrates the compensation of the pon-
deromotive broadening for electrons with an initial en-
ergy of 51 GeV, i.e. a Lorentz factor of � = 105, where
the electron recoil is not negligible. The black curves in
each panel correspond to the case of an optimal compen-
sation of the ponderomotive broadening according to the
prescription (34) with # = #0. Due to the e↵ect of the
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FIG. 1. (Color online) Compensated energy and angular di↵erential emission probability for nonlinear Compton scattering
dN/d⌦d!0, Eq. (17), as a function of the normalized scattering angle �# and normalized frequency of the scattered photons
y = !0/4�2!0. We consider a high-intensity laser pulse with a0 = 2, frequency !0 = 1.55 eV and a Gaussian pulse duration of
� = 13 fs that collides head-on with an electron beam with an energy of 51 MeV. The spectrum is observed perpendicular to
the linear laser polarization. The uncompensated nonlinear CS spectrum in (a) shows the typical signature of ponderomotive
broadening with very broad spectral lines with a series of sub-peaks. In contrast, the compensated spectra in (b)-(d) are
much narrower, with the lowest spectral width and the largest peak height occurring at the scattering angle that equals the
optimization angle #0, which is marked with an arrow in each panel: #0 = 1/� in (b), #0 = 0.5/� in (c), and #0 = 0 in (d).

many sub-peaks and are overlapping in the spectral do-
main, forming a broad continuum instead of narrow lines.
The compensated nonlinear CS spectra are depicted in
Fig. 1 (b)-(d), where the chirping prescription (34) is
adjusted such that the ponderomotive broadening is re-
moved completely at the optimization angles #0 = 1/�
(b), #0 = 0.5/� (c), and #0 = 0 (d), marked by arrows.
The spectral peaks are much narrower than in the un-
compensated case in (a), with the narrowest bandwidth
occuring at the scattering angles that coincide with the
optimization angle.

For all scattering angles o↵side the optimization an-
gle the ponderomotive broadening is just partially com-
pensated. The spectral lines are much narrower than in
the uncompensated case, but can be still considerably
broader than at the optimization angle. For instance in

(b) the spectrum at # = 0 still is pretty broad with a
number of spectral sub-peaks. While the ponderomo-
tive broadening can be removed only at one particular
scattering angle # = #0, the numerical results in Fig. 1
(b)-(d) show that the spectral bandwidth is considerably
reduced also for scattering angles slightly o↵ the opti-
mization angle # ⇡ #0. By comparing, e.g., (a) and (b),
we also see the higher harmonic lines to become much
narrower due to the compensation as predicted above.

Figure 2 demonstrates the compensation of the pon-
deromotive broadening for electrons with an initial en-
ergy of 51 GeV, i.e. a Lorentz factor of � = 105, where
the electron recoil is not negligible. The black curves in
each panel correspond to the case of an optimal compen-
sation of the ponderomotive broadening according to the
prescription (34) with # = #0. Due to the e↵ect of the

a0=2, from Seipt et al.
a0=2

Chirp compensated relativistic mass increase
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Polarised gamma-source

• Polarised gamma source => see Daniel‘s talks
• Would require channeling crystal for polarised

bremsstrahlung

05.04.21 8

3!ICS

3! = 4.65 eV light scattered off 17.4 GeV electrons.
Collision angles 10�, 45�
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LnteractLon wLth 100 pC eEeam
# of photonV:                  1.777e+04
# of photonV aEove 10 Ge9:     25.39
# of photonV aEove 11 Ge9:     25.38
mean photon energy       :     8.80 Ge9
Gegree of lLnear polarLVatLon: 0.8916
collLmatLon angle 7.34 uraG 

|PL|

{'omegaL': 4.65, 'xL': 1.5707963267948966, 'phLC(': 0.0, 'VLgmaL': 62.83185407179586, 'pulVeL': 'coV2', 'aL': 0.1}
{'VpLnorEaVLV': 'VLgmaz', 'gamma': 34050.880626223094, 'thetaLn': 0.7853981633974483}

{'phL': (0.0, 1.5707963267948966, 9, 2, 'lLn'), 'VlLceaxLV': (2,), 'VlLcelength': 4, 'Getectortype': 'photoncylLnGeroffVet', 't': (0.4, 0.9, 300, 0, 'lLn'), 'pGLm': 3, 'polarLzatLonEaVLV': 'lLnear', 'VpLnorEaVLV': 'VLgmaz', 'rhoperp': (0.01, 1.0, 101, 1, 'log')}
{'fLlontype': 'volkov', 'name': 'fLlonVequentLal', 'erroraEV': 0.001, 'maxrecur': 3}

1st harmonic peak below 10 GeV: Scattering laser needs a0 & 10 to reach �� ⇠ 1
Very high degree of polarization for collision angle 45�, but smaller photon energy

Daniel Seipt (HI Jena) July 1, 2020 16 / 27
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3w ICS, 45° collision angle
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Advantages of ICS source

• Lower background on detectors
– better defined angular distribution

• Better defined input into reaction
– Better reaction reconstruction
– Note: Dressed states mean we don‘t know pair 

energy in rest frame!
• Polarised
• Added complication of secondary IP
• Need to do some laser development

01.04.21 9
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What wavelength do we need?

• Ideally as short as possible
– High energy fundamental 

• Perfectly co-timed
• a0 <~1 for narrow band interaction
• a0>1 for maximum hard photon flux

05.04.21 10
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FIG. 1. (Color online) Compensated energy and angular di↵erential emission probability for nonlinear Compton scattering
dN/d⌦d!0, Eq. (17), as a function of the normalized scattering angle �# and normalized frequency of the scattered photons
y = !0/4�2!0. We consider a high-intensity laser pulse with a0 = 2, frequency !0 = 1.55 eV and a Gaussian pulse duration of
� = 13 fs that collides head-on with an electron beam with an energy of 51 MeV. The spectrum is observed perpendicular to
the linear laser polarization. The uncompensated nonlinear CS spectrum in (a) shows the typical signature of ponderomotive
broadening with very broad spectral lines with a series of sub-peaks. In contrast, the compensated spectra in (b)-(d) are
much narrower, with the lowest spectral width and the largest peak height occurring at the scattering angle that equals the
optimization angle #0, which is marked with an arrow in each panel: #0 = 1/� in (b), #0 = 0.5/� in (c), and #0 = 0 in (d).

many sub-peaks and are overlapping in the spectral do-
main, forming a broad continuum instead of narrow lines.
The compensated nonlinear CS spectra are depicted in
Fig. 1 (b)-(d), where the chirping prescription (34) is
adjusted such that the ponderomotive broadening is re-
moved completely at the optimization angles #0 = 1/�
(b), #0 = 0.5/� (c), and #0 = 0 (d), marked by arrows.
The spectral peaks are much narrower than in the un-
compensated case in (a), with the narrowest bandwidth
occuring at the scattering angles that coincide with the
optimization angle.

For all scattering angles o↵side the optimization an-
gle the ponderomotive broadening is just partially com-
pensated. The spectral lines are much narrower than in
the uncompensated case, but can be still considerably
broader than at the optimization angle. For instance in

(b) the spectrum at # = 0 still is pretty broad with a
number of spectral sub-peaks. While the ponderomo-
tive broadening can be removed only at one particular
scattering angle # = #0, the numerical results in Fig. 1
(b)-(d) show that the spectral bandwidth is considerably
reduced also for scattering angles slightly o↵ the opti-
mization angle # ⇡ #0. By comparing, e.g., (a) and (b),
we also see the higher harmonic lines to become much
narrower due to the compensation as predicted above.

Figure 2 demonstrates the compensation of the pon-
deromotive broadening for electrons with an initial en-
ergy of 51 GeV, i.e. a Lorentz factor of � = 105, where
the electron recoil is not negligible. The black curves in
each panel correspond to the case of an optimal compen-
sation of the ponderomotive broadening according to the
prescription (34) with # = #0. Due to the e↵ect of the
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Real world limitations

• Tripling can be very efficient (90%@1054nm), Quadrupling can reach ~25% 
BUT…

• Phase matching achieved in bi-refringent X-tal
– No (good) solution for very short wavelengths (800nm/4=200nm, 800m/3=266nm

• Group Velocity vg=dw/dk walkoff
– Short pulses increasingly inefficient at short wavelengths

• Tripling 800nm won‘t work!
05.04.21 11
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Ti:Sapphire Spectrum

• Ti:Sapphire has a broad spectrum
• Only small fraction around 800nm is used for high 

intensity pulse
• Ti:S Spectrum covers region for efficient tripling

06.04.21 12

doubled YAG pump lasers. This is convenient since the ra-
diative lifetime at '3 ms is too short for flashlamp pumping.
Titanium concentrations of 0.05–0.25 wt % are typically
used in laser and amplifier crystals. Since the sapphire host is
birefringent, the Ti:sapphire crystal must be cut so that both
the pump laser and amplified pulse polarization are along the
crystal c axis, since the gain cross section is highest in this
direction.

As well as increasing the pulse energy, the amplification
process can significantly shape and shift the spectrum of the
pulse. This is due to the finite gain bandwidth of the ampli-
fier material, even though, as in the case of Ti:sapphire, this
can be quite large. Since the gain cross section, s~v!, ap-
pears in the exponent in calculating the amplification factor,
successive passes through the amplifier tends to narrow the
amplified spectrum, as can be seen from

n~ t ,v!5ni~0,v!es~v!DN, ~14!

where DN is the total excited state population along the
beampath, and n(t ,v) is the amplification factor. This spec-
tral narrowing associated with the amplification process is
referred to as gain narrowing. Figure 5~a! shows the ampli-
fied output pulse spectrum resulting from a gain of a factor
of 107, assuming an infinitely broad and flat input spectrum,

and no pump depletion. Even with a ‘‘white light’’ input, the
output bandwidth is 47 nm. The finite gain cross section of
the amplifier medium can also red- or blueshift the pulse,
depending on the initial offset of the center wavelength of
the input pulse relative to the peak of the gain. Figure 5~b!
shows the input and output in the case of a spectrally shifted
input pulse, with sufficient bandwidth to support an 11 fs
pulse. In this example, the input spectrum was positioned
optimally at 760 nm to ensure a maximum amplified pulse
bandwidth. Since the gain profile of Ti:sapphire falls more
steeply at wavelengths shorter than 800 nm than at wave-
lengths longer than 800 nm, and since gain saturation tends
to redshift the spectrum ~red wavelengths precede blue in the
pulse!, the optimum input spectrum is peaked shorter than
800 nm. This spectral shifting and reshaping is even more
severe for narrower-bandwidth gain media. Figure 5~c!
shows the additional narrowing which occurs in the case of a
nonoptimally positioned input, where the bandwidth shrinks
to 36 nm.

Finally, for large amplification factors, once the ampli-
fied pulse intensity becomes comparable to the saturation
intensity of the medium, the pulse will experience amplifica-
tion which is dependent on the transient excited-state popu-
lation. This gain saturation, assumed to be dominated by
homogeneous broadening, can be calculated from96

g5
g0

11E/Esat
, ~15!

where g is the gain, g0 is small signal gain, E is the signal
fluence, and Esat is the saturation fluence ~'0.9 J/cm2 for
Ti:sapphire!. In the case of a long-duration chirped pulse, the
leading edge of the pulse depletes the excited-state popula-
tion so that the red leading edge of the pulse can experience
a higher gain than the blue trailing edge of the pulse. A set of
nonlinear time-dependent equations is needed to fully model
this gain-depletion and saturation process in the presence of
gain narrowing, since gain narrowing acts in the frequency
domain, whereas gain depletion acts in the time domain. It
should be noted that gain narrowing, spectral shifting, and
gain saturation occur in all amplifier media, and are least
severe for broadband materials such as Ti:sapphire. For very
short sub-30 fs pulses, gain narrowing ~and the related prob-

FIG. 4. Gain cross section of titanium-doped sapphire. ~From Ref. 95.!

FIG. 5. Gain narrowing for the case of ~a! an infinitely broad and flat input spectrum, ~b! an optimally offset and shaped input spectrum, and ~c! a nonoptimum
input spectrum.

1214 Rev. Sci. Instrum., Vol. 69, No. 3, March 1998 Backus et al.

Downloaded 07 Feb 2002 to 143.117.13.213. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp

3w range: 290-366nm
4.3 - 3 eV 
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Tripling Ti:Sapphire at 900nm

• Ti: Sapphire can amplify 1060nm-700nm
• Tripling at 900nm shown to be 30% efficient
• LBO crystals are available @large aperture

05.04.21 13
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1. Introduction 
It is well known that injection-seeded Ti: 
Sapphire lasers have significant stability and reli- 
ability for airborne laser remote sensing.’” The 
favorable tuning spectra of the lasers cover wave- 
lengths 867 nm and 900 nm, which can be fre- 
quency-tripled to 289 nm (on-line) and 300 nm 
(off-line) for ozone measurement in an airborne 
differential absorption lidar 

This paper reports the work undertaken in 
laboratory to develop a compact, frequency- 
tripled, and 30-Hz TkSapphire laser at 900 nm. 

2. Laser system 
The compact TkSapphire laser consists of a 30- 
Hz and frequency-doubled NdYAG pump laser 
at 532 nm, a simple folded resonator formed by a 
flat high reflector and a flat output coupler with a 
reflectivity of 35%, two TkSapphire crystal rods 
cooled by flowing water, and a single-frequency 
diode laser at 900 nm for injection seeding5 

The frequency of the TkSapphire laser at 
900nm was tripled by two Lithium Triborate 
(LBO) nonlinear crystals (5 x 5 x 20 mm’), 

which are set at Type-I phase-matching configu- 
ration. 

3. Experimental results 
The measured output pulse energy of the TkSap- 
phire laser and the calculated energy conversion 
efficiency from pump pulse at 532 nm to output 
pulse at 900 nm are shown in Figure 1. The max- 
imum output pulse energy is more than 100 mJ 
at 900 nm, the maximum energy conversion 
from 532 nm to 900 nm is about 22%, the slope 
efficiency of the TkSapphire laser at 900 nm is 
32%, and the threshold is about 163 mJ. 

The measured pulse widths of the TkSapphire 
laser at 900 nm ranged between 25 ns and 30 ns 

24 
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CThP6 Fig. 1. Pulse energy of the TkSap- 
phire laser at 900 nm as a function of the pulse 
energy of the pump laser at 532 nm 
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CThP6 Fig. 2. Output pulse energy and ener- 
gy conversion efficiency at 450 nm as a function 
of the input pulse energy of the Ti:Sapphire laser 
at 900 nm 
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CThP6 Fig. 3. Output pulse energy and ener- 
gy conversion efficiency at 300 nm as a function 
of the input pulse energy of the TkSapphire laser 
at 900 nm 

for the unseeded case. For the injection-seeded 
case, the mode-beating feature was obviously ob- 
served, which shows that there exist at least two 
longitudinal modes. The measured effective 
beam size is about 1.8 mm. The line widths are 
estimated to be more than 400 pm and less than 
3.5 pm for unseeded and seeded cases, respec- 
t i v e ~ ~ . ~  

The pulse energy at 450 nm behind the first 
LBO crystal and the final W output pulse energy 
at 300 nm from two LBO crystals were respec- 
tively maximized and measured as a function of 
the input pulse energy at 900 nm from the 
TkSapphire laser. These results are shown in Fig- 
ure 2 and Figure 3, together with the calculated 
energy conversion efficiency between input pulse 
energy and output pulse energy. The maximum 
output pulse energy is more than 50 mJ at 450 
nm with the energy conversion efficiency of 51% 
and more than 30 mJ at 300 nm with the energy 
conversion efficiency of 31%. 

4. Conclusion 
A compact, frequency-tripled, and 30-Hz TkSap- 
phire laser at 900 nm has been developed. The 
laser provides more than 30-mJ ultraviolet (W) 
output pulse energy at 300 nm and will be used 
in an airborne ozone differential absorption li- 
dar. 

5. 
1. 

2. 

3. 

4. 

5. 

References 
Barnes, J.C., “Solid state laser technoloq and 
atmospheric sensing applications,” 19‘ In- 
ternational Laser Radar Conference (ILRC), 
July 6-10, 1998 (NASA/CP-1998-207671/ 
PT2): pp. 619-622. 
Barnes, J.C., et al, “NASA lidar atmospheric 
sensing experiment’s titanium-doped sap- 
phire tunable laser system”, OSA Optical Re- 
mote Sensing of the Atmosphere Technical 
Digest, 5: 459-565, 1993. 
Browell, E.V., “Differential absorption lidar 
sensing of ozone”, Proceedings of the IEEE, 
vol. 77, pp. 419432,1989. 
Fenn, M.A., Browell, E.V., and Butler, C.F., 
“Airborne lidar measurements of ozone and 
aerosols during PEM-West A and PEM-West 
B’: lgth International Laser Radar Confer- 
ence (ILRC), Berlin, 22-26 July 1996, 355- 
358. 
Chen, S., et al, “A compact and high-pulse- 
energy TkSapphire laser at 30 Hz and its 
third harmonic at 289 nm’: Advanced Solid- 
State Lasers 2001, Jan. 28-31, 2001, Seattle, 
Washington, USA (paper accepted). 

CThP7 4:OO pm 

Tuning the delay-time of passively 
mode-locked Tl:Sapphlre/SBR laser by 
using phasedlscrlmlnatlng technology 
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In-situ and programmable control of the phase 
as well as the delay time of the optical pulse train 
generated from the ultrafast lasers is mandatory 
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JETI spectrum

• Spectrally we can separate a 900nm pulse
– Required bandwidth ~1-10nm for 1ps-100fs

• ~30nm for 30fs pulse at 800nm
06.04.21 14
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1.2  Detailed Measurements  
 

1.2.1 General conditions 
 
 Unless specified, all the measurements presented below have been performed with the main 
amplifier running at nominal power and with the vacuum compressor under vacuum. The 
spectral bandwidth after the compressor is typically >110 nm (Figure 1). The full beam aperture 
is also used (>90 mm). 
 

 
 

Figure 1: Typical compressor output spectrum at nominal power 
 

1.2.2 Pulse energy measurement before compression: 
 
The Pulse energy after the main amplifier is measured with a Joulemeter QE95 (active area ϕ = 
95 mm). The pulse energy value is taken as the mean value extracted from the stability 
measurements. The measurement has been performed for 1 and 5 Hz. 
 

Repetition rate E mean 
5 Hz 6.04 J 

5 Hz (with Titan 3 extra pump) 6.80 J 
1 Hz 6.01 J 
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Laser Modifications

• 900nm pulse amplified to 300mJ
– 3% of total energy (would be 25% of JETI40)
– Negligible impact on IP

• Frequency tripling to~300nm (4.1 eV) 

05.04.21 15
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Coatings

• Sufficiently broad coatings are standard
– But some 800nm coatings do not cover 900nm
– Needs to be specified at order
– GDD mirror dispersion also needs to be accounted for

• 900nm pulse is >100fs, not very sensitive

06.04.21 16
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Overall Layout

• ICS generation can be accomodated in 
Bremsstrahlung chamber

06.04.21 17

5.2 Geant4 Simulation
A simulation of particle fluxes considering all components of the experiment is performed to estimate the background due to
secondary particles from the beam. Through an iterative process the layout was optimised to reduce these backgrounds. The
simulation is also used to estimate the ionisation dose and to aid the development of parametric fast emulation of the response
of the detectors to the various particles.

The geometry model of the LUXE experiment is implemented in GEANT4 [184, 185] version 10.06.p01 using the EM
opt0 physics list. Figure 5.10 shows a general view of the LUXE simulation model for the e-laser and g-laser modes which
implements the layout shown schematically in Fig. 6.1. It includes beam instrumentation components, detector systems and
infrastructure of the XS1 cavern. The infrastructure is imported using an existing 3D CAD model of the building. The magnet
models are based on the existing devices used at the DORIS accelerator (see Sec. 8). Magnetic fields are considered as uniform
and the volume they occupy is based on the documentation for the magnets as well as their material.

The implementation of the the interaction and target chambers (see Sec. 4.6 and Sec. 4.7), beam dumps (see Sec. 3.4)
and detector support structures are implemented according to the design envisaged for LUXE and described in the relevant
sections of this document. The locations of the key components are given in Table 5.1. Some simplification has been made for
supporting structures in the areas not directly exposed to the signal or main beam particles.

Figure 5.10. The layout of LUXE as modelled in the GEANT4 simulation for the e-laser (top) and g-laser (bottom) set-up.
Dipole magnets after the tungsten target and the interaction chamber are shown in green, the yellow and black blocks are
shielding elements. Behind the shielding in light blue is the interaction chamber. A C-shaped dipole magnet is shown in
blue/yellow upstream from the gamma ray spectrometer.

For both the e-laser and the g-laser studies, the primary electrons are generated in accordance with the XFEL.EU beam
parameters, see Table 3.1.

For the e-laser simulation the primary electron beam directly enters the IP, and after the IP it is deflected by a magnet
towards a dump. Additionally, when the laser is fired, a large rate of e-laser interaction occurs resulting in a large number of
lower energy electrons and photons. While the photons continue in the beampipe towards the end of the cavern, the electrons
are deflected by the magnet towards the detectors designed to detect these.

For the g-laser set-up, the simulation of the bremsstrahlung process at the target is important. The energy spectrum of the

46/127
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Layout

• Similar layout to main IP
• Use zero degree OAP (with hole) for highest

gamma energy

06.04.21 18

removable 

focus diag

e beam

3    beam for ICS

OAP 

with hole removable 

gamma 

target

inverse 

Compton 

photons

analyser
ZnTe

 beam for timingω

ω     

Figure 4.9. Schematic of target chamber for bremsstrahlung photons and inverse Compton photons. In addition, the timing
unit will also be housed in this chamber.
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Summary

• Laser modifications
– Front end to produce 900nm+broadband pulse

• 3% of total energy in 900nm

– Second compressor + Beamline
– High flux of ~10 GeV photons
– Narrowband possible

• Laser Development required
– Based on literature high chance of success
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