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Laser wakefield accelerator has 
strong accelerating fields
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at c 

R. Lehe et al., CPC 10.1016 (2016)

JAIFest 2019Cary Colgan 3 / 14



Laser wakefield accelerator has 
strong accelerating fields

R. Lehe et al., CPC 10.1016 (2016)

JAIFest 2019Cary Colgan 3 / 14



Laser wakefield accelerator has 
strong accelerating fields

R. Lehe et al., CPC 10.1016 (2016)

JAIFest 2019Cary Colgan 3 / 14



Laser wakefield accelerator has 
strong accelerating fields

R. Lehe et al., CPC 10.1016 (2016)

JAIFest 2019Cary Colgan 3 / 14



Electron beam properties  
dependent on injection

JAIFest 2019Cary Colgan 4 / 14



inside the ion bubble are expected to be trapped [26] via
‘‘ionization-induced injection’’ [10] (see below).

We first discuss the highest-energy feature (k) of the
three spectral features apparent in Fig. 3(a). This feature is
spatially narrow, indicative of a beam of high-energy elec-
trons, and (on the face of it) extends to an energy of about
2 GeV when accounting only for the magnet dispersion for
a beam exit angle !0y. However, after correcting for the
angular spread of the electrons around !0y, the maximum
energy is found to be 1:45! 0:1 GeV, as seen in the
spectrum (k) of Fig. 3(b). The procedure that leads to
this spectrum is as follows: lead strips 1 and 2 indicate a
!0y ¼ #47! 2 mrad at the respective energies of 415 and
278 MeV. This exit angle is used to generate the spectrum
(dN=dE vs electron energy E above 200 MeV) shown in
Fig. 3(b) after deconvolving the estimated spread in
y-angles Dyð!Þ of the electron beam at IPa. To first order,
we assume that Dyð!Þ is the same as the corresponding
x-angular spread Dxð!Þ and thus take Dyð!Þ as a Gaussian
fit to an x lineout of the data at y ¼ 2 cm [see top scale of
Fig. 3(a)]. Note that any lineout in the 0< y< 2:5 cm
range gives the same Dxð!Þ to within 5%. The deconvolu-
tion is dN=dE ¼ dN=dy

P
!ðDyð!Þdyð!Þ=dEÞ, where dN is

the number of electrons in a bin, dN=dy is the raw IPa data,
dy=dE is the calculated dispersion at IPa for all values of !,
and Dyð!Þ has been centered on !0y and has an rms spread
of "! ’ 4:4 mrad as indicated in Fig. 3(a). The uncertainty
of !2 mrad in the central value of !0y gives rise to the
uncertainty in spectrum (k), represented by the shaded area
in Fig. 3(b). We clearly see that there is a signal up to
1:45! 0:1 GeV. The total charge in this feature is about
3.8 pC. Taking the dephasing-length-averaged accel-
erating field Ez & 0:5

ffiffiffiffiffi
a‘

p
mc!p=e ’ 1:1 GeV=cm [3]

gives a Wmax of about 1.4 GeV for an acceleration length
of 1.3 cm, consistent with the experiment.

Since the two-screen spectrometer allows for the simul-
taneous determination of !0x and !0y, such data can be used
to provide insight into the origins of the two lower-energy
electron features labeled (j) and (i) in Fig. 3. We first note
that features (j) and (i) are much lower in energy than
feature (k). Regarding feature (j), !0x;j # !0x;k & 22 mrad,
a difference which is much greater than "!. This large
difference in both the energy of the electrons and their x
angle of exit from the plasma can be explained if the
electrons forming feature (j) are from a different accel-
erating bucket. Similarly, for feature (i), !0y;i # !0y;k ’
#21 mrad, again larger than "!. This large difference in
the exiting y angle and energy between features (i) and (k)
can also be explained if the electrons forming feature (i)
are from yet another accelerating bucket of the wake. Other
experiments have also observed off-axis electron beams,
and three-dimensional PIC simulations of these experi-
ments have reproduced this effect by introducing ‘‘non-
ideal’’ (e.g., asymmetric, non-Gaussian, spatial chirp) laser
spots [27,28]. The resulting asymmetric wake does not
have the field structure to prevent electrons from leaking
into the second bucket. In this experiment, where no elec-
trons are trapped without CO2, all trapped electrons origi-
nate in the first bucket. Therefore, features (i) and (j) may
indicate an asymmetric wake or multiple injection points.
Three-dimensional PIC simulations of the experiment

have been carried out using the code OSIRIS, which
employs a speed-of-light window, tunnel ionization of a
multispecies gas, second-order particle shapes, and current
smoothing and compensation. In the simulation, an
ideal, diffraction-limited laser beam (w0 ¼ 15 #m) was
launched into a 93' 112' 112 #m computational box
corresponding to 3200' 128' 128 grid points and thus
resolutions of 29 and 870 nm in the laser-propagation
directions and the two transverse directions, respectively.
Four species were used: He, C, L-shell O, and K-shell O,
corresponding to about 5:2' 108 total particles in the
simulation box. Figure 4(a) shows that, at a distance of
1.75 mm into the gas, much of the laser pulse resides in the
fully blown-out ion bubble. The electrons from helium,
carbon, and the L shell of oxygen are ionized by the very
front of the laser pulse and are immediately blown out,
forming a sheath around the ion bubble. The figure also
shows the ionization contour of the K-shell oxygen elec-
trons. For laser intensities of 1:8 ð2:6Þ ' 1019 W=cm2 or
a‘ > 2:9 (3.5), we expectOþ7 (Oþ8) to be produced. Given
that our peak intensity at 110 TW is about 3:1'
1019 W=cm2, the Oþ7 and some Oþ8 will be produced
near the peak of the laser [within the bubble, as shown in
Fig. 4(a)], and their electrons are injected into the wake
[10]. As the laser propagates through the first 2.5 mm of the
plasma, K-shell electrons of O are continuously injected.
Beyond this point in the simulation the peak laser intensity
falls below the tunnel-ionization threshold to produceOþ7.
However, the intensity remains high enough both to guide

FIG. 3 (color online). (a) Raw electron data from IPa with
corresponding !x and energy scales. Three clear features are
labeled (i), ( j), and (k). Location of lineout for Dxð!Þ for finding
"x (white arrows, see text). (b) Electron spectra for the three
features of (a). Uncertainty in !0y indicated by shaded region for
curve (k) [negligible for curves (i) and (j)].
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good overlap [labeled c and d in Fig. 3(a)] from shots with
poor overlap [such as the shot labeled b in Fig. 3(a)].
Indeed, shots with relatively low photon yield all fall
within the 2σ band (lighter blue band) of the linear
dependence of the electron beam cutoff energy on the
energy of the driver laser. On the other hand, the two
shots with the brightest photon signal [labeled with d and
c in Fig. 2(a)] both fall outside the 2σ band, implying that
the probability of them being just the result of a random
fluctuation is smaller than 0.2%. This places high
confidence that a measurement of a lower electron energy
is directly related to the occurrence of strong RR.
In the following, we will then focus on three exem-

plary laser shots: the shot labeled d in Fig. 2(a), a good
candidate for best overlap; shot c as a a good candidate
for a slight misalignment between the scattering laser and
the electron beam; and shot b as a good candidate for
poor overlap and, therefore, negligible RR. For each of

these shots, we have selected the spectra of the primary
electron beam whose driver laser energy falls within 0.5 J
[grey bands in Fig. 2(a)] of that of the shot under interest,
as reference spectra. The associated spectral densities are
plotted in Figs. 2(b)–2(d). For each of these frames, the
thin red lines represent single-shot spectral densities, the
thick black lines represent the average, and the associated
bands represent one standard deviation. As one can see,
within each energy band of the driver laser energy, the
electron spectral densities were remarkably stable, justi-
fying their use as reference electron spectra for each
event with the scattering laser on. In the following, our
analysis will be based on single-electron spectra normal-
ized by dividing the measured spectrum by the overall
number of electrons with energy exceeding 350 MeV, in
order to eliminate shot-to-shot fluctuations in the total
electron number without affecting the spectral shape of
the beam.

(a)

(c) (d)

(b)

FIG. 2. Reference electron spectra. (a) Cutoff energy of the electron beam for shots with the scattering laser off (reference shots,
empty squares) and on (color-coded circles). The dashed blue line represents a linear fit (R2 ¼ 0.85) for the reference shots with the
lighter and darker blue bands representing regions of 95% and 68% confidence, respectively. The circles are colored according to the
recorded total energy of the emitted photon beam (colorbar on the right, arbitrary units). The shots analyzed in the manuscript
showing strong (d), weak (c), and negligible (b) radiation reaction are also labeled. The grey bands represent regions from where the
reference shots for each of the analyzed shots have been selected. (b) Initial electron spectra (scattering laser off) for a laser energy
between 14.2 and 15.7 J. (c) Initial electron spectra (scattering laser off) for a laser energy between 12.9 and 13.9 J. (d) Initial electron
spectra (scattering laser off) for a laser energy between 12.1 and 13.1 J. In frames (b)–(d), thin red lines represent single shots, thick
black lines represent an average, and the associated bands represent one standard deviation.
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Alternative shock  
injection method

• Sharp density transition (shock) injects electrons over Ltr.


JAIFest 2019Cary Colgan 5 / 14



Alternative shock  
injection method

• Sharp density transition (shock) injects electrons over Ltr.


JAIFest 2019Cary Colgan 5 / 14



Alternative shock  
injection method

• Sharp density transition (shock) injects electrons over Ltr.


JAIFest 2019Cary Colgan 5 / 14



Alternative shock  
injection method

• Sharp density transition (shock) injects electrons over Ltr.


JAIFest 2019Cary Colgan 5 / 14



K. Schmid et al., PRSTAB 13, 091301 (2010)

Comparing single beam  
injection techniques

3 TW Laser 
25 MeV electrons 

4 % Energy spread
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Can we scale 
shock injection 
up to GeV?

Comparing single beam  
injection techniques
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Simulating shock injection  
with 165 TW laser

PIC Simulation

R. Lehe et al., CPC 10.1016 (2016)0.2 0.4 0.6 0.8 1.0 1.2 1.4
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Density profile from shocked 
supersonic gas flow

Supersonic 
gas flow

Razor Blade

InterferometryTarget Schematic
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Shock injection at  
Gemini Laser Facility

Focal spot: 
(49 ± 1) μm x (39 ± 1) μm 

a0 = 1.8

Linear charge  
response > MeV
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7 / 11 consecutive shots 
in parameter scan 

Average Energy 
1.11 ± 0.06 GeV 

Energy Spread 
6 ± 1 % (FWHM)
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Applications of narrow energy  
spread beams

Free Electron Lasers

Shocked  
gas flow
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Applications to Radiation Reaction

Final Electron Beam Average Energy (MeV)
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Conclusion

• Demonstrated shock injection on 
150 TW system.


• Narrow energy spread, electron 
beams (1.1 GeV, 6% spread)      
have been produced.


• Potential applications to QED 
studies, free electron lasing and 
Thomson scattering.

This  
work
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12.5 ± 0.2 J 

(49 ± 1) um x (39 ± 1) um 

a0 = 1.88 ± 0.04

60 fs

Experimental Setup

Linear charge  
response > MeV



Deconvolved



Poder et al., PRX 8, (2018)

Detecting Radiation Reaction



Arran et al., arXiV 1901.0901, (2019)

Experimental {

• According to EPOCH sims, the minimum number of shots required to 
distinguish between semi-classical and fully quantum radiation 
reaction models (p=0.3%, 2.97σ). 

Detecting Radiation Reaction



Blade out Blade in Blade further in 

Sensitivity to shock position



Wenz et al., NatPhot, (2019)Swanson et al., PRAB, (2017) Tsai et al.,PoP, (2018)

Sensitivity to shock position
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