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Accelerated charges radiate, and therefore must lose energy. The impact of this energy loss on particle
motion, called radiation reaction, becomes significant in intense-laser matter interactions, where it can
reduce collision energies, hinder particle acceleration schemes, and is seemingly unavoidable. Here we
show that this common belief breaks down in short laser pulses, and that energy losses and radiation
reaction can be controlled and effectively switched off by appropriate tuning of the pulse length. This
“quenching” of emission is impossible in classical physics, but becomes possible in QED due to the
discrete nature of quantum emissions.
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Continual advances in achievable laser power has
spurred renewed interest in using intense light to study
fundamental predictions of classical and quantum electro-
dynamics (QED) [1–5]. One cornerstone of such experi-
ments is the collision of laser beams with particle bunches
[6,7]. Particle motion in intense fields is inherently non-
linear, in particular due to radiation reaction (RR) which is
the impact of energy loss on particle motion. RR can reduce
collision energies [8], hinder particle acceleration schemes
[2,9,10], and is seemingly unavoidable. Much work has
gone into demonstrating that RR, long thought negligible,
must now be accounted for in order to accurately model
state-of-the-art high intensity laser-matter interactions
[2,11,12]. In contrast, we will show here that we can
control, and effectively turn off RR by tuning the laser pulse
length. Wewill also present a realizable experimental setup,
requiring only modest parameters, with which to observe
the effect and so demonstrate a possibility to control
quantum processes in intense light-matter interactions.
Consider then the collision of an electron beam with an

intense laser. The trajectory and energy evolution of the
electrons follows, in QED, a probability distribution which
is typically centred on lower energy losses than is predicted
by classical physics. The reason is that while accelerated
electrons must radiate continuously according to classical
mechanics, the stochastic nature of quantum processes
allows electrons to penetrate into the pulse before losing
any significant energy to emission [13–15]. The purely
quantum effect we present here is that electrons can interact
with the entire laser pulse, but pass through it without
losing energy to hard photons. This is forbidden in classical
physics, where radiative losses and recoil effects are
continuous phenomena [2,11], but is made possible by
tuning the laser pulse length and exploiting the discrete
nature of quantum emission. Because of the latter, there is

always a nonzero chance for the electrons to not emit any
photons of sufficient energy to significantly backreact on
the electron. To roughly estimate when this phenomena
may be significant, we consider the elastic scattering
probability P0 that the electron does not emit radiation,
P0 ¼ expð−P1Þ, where P1 is the probability of one
emission [16]. (P1 is infrared finite in laser backgrounds
[17] and soft emission does not cause any significant
backreaction on the electrons; see Supplemental Material
[18] for details.) P0 is exponentially damped with both
intensity and pulse duration, so signatures of quantum
effects, though present, are normally obscured in e.g. long
laser pulses [28]; once the electrons emit they quickly lose
energy, entering a classical regime. Thus in order to identify
parameters for observing our effect we first consider short
pulses.
In Fig. 1(a) we plot P0 in a pulse of FWHM duration

2.7 fs, corresponding to one optical cycle [29], as a function
of laser intensity and initial electron energy. The implied
optimal parameters for intensity and energy are then
verified in Fig. 1(b) where the electron energy loss is
plotted as a function of pulse length. We simulate the laser-
particle interactions using well-tested Monte Carlo routines
[12,30,31]; see Supplemental Material [18]. As expected,
the mean energy loss grows much more slowly in QED than
classical physics predicts but, more significantly, the bright
region in the lower left-hand corner of Fig. 1(b) shows that
there is a high probability for the elections to pass through a
short pulse without losing energy to emission.
Figure 2 shows the dynamics of a single relativistic

electron passing through the center of an intense pulse. The
upper panels show that the electron probability density is
not centered on the radiating trajectory expected classically,
but on the Lorentz force trajectory, i.e. a no-emission, no-
recoil path: even though the electron clearly interacts with,
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and is accelerated by, the pulse, RR is effectively
switched off.
We can make an analogy between this effect and that of

chemical fluorescence quenching [38], in which excited
electrons can move between molecules without emission of
photons. This radiation-free transfer decreases the fluores-
cent intensity of a sample. Quenching mechanisms are
typically short-range, with e.g. Dexter transfer being purely
quantum mechanical and exponentially damped with dis-
tance [39]. Because of these similarities we refer to our
effect as quenching of radiation. Quenching is related to
“straggling” [13,15], that is the possibility for electrons to
reach the focus of a laser pulse and emit higher energy
photons than would be possible classically. Straggling is
necessary but not sufficient for quenching: the latter
requires the combination of the effects of straggling with
a short duration pulse.
As a check we use known analytic results to

recover some properties of Fig. 1. The invariant χ ¼
eℏ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p · F2 · p
p

=m3c4 (where Fμν is the electromagnetic
field tensor and pν the electron momentum), parametrizes
the importance of strong field quantum effects. These are
present even at χ ≪ 1 [40], and in this regime the emission
probability is well approximated by dP1=dt≃ 1.44αχ=mγ
for α the fine structure constant γ the electron gamma factor
[17]. Given the high particle energy considered, it suffices
to integrate over the plane-wave profile through the center
of the pulse, which gives P1 ≃ 1.44αa0 × 4.69, where a0 is
the peak field strength and the final numerical factor comes

from integrating over the pulse profile (see Supplemental
Material [18]). This implies that the curve expð−P1Þ ¼
1=10 should be independent of γ, i.e. approximately
vertical, at a0 ≃ 47, in excellent agreement with the plotted
results; see the purple dashed line in Fig. 1(a).
With this confirmation, we can increase complexity by

considering collisions between the laser and, now, a
realistic electron bunch. Figure 3 shows the final distribu-
tion of electrons on a screen positioned 1 mm directly
behind the laser. Parameters are chosen to optimize
quenching: increasing a0 widens the deflection angle of
the classical electrons, while increasing γ makes the final
spot sizes smaller and more collimated. Classical predic-
tions suggest that electrons radiate a substantial amount of
their energy in the front tail of the pulse, causing them to
slow down and be deflected. For longer durations, both the
classical and quantum spectra are symmetric, though the
latter exhibit typical stochastic spreading effects. For pulse
durations of one cycle and below, the classical deflection is
asymmetric. However, a quantum calculation shows that
the electrons are now not deflected, but hit the center of the
screen: quenching allows electrons to enter, and cross, field
regions which are forbidden according to classical physics.
This provides a clear signal which can be pursued exper-
imentally: we look for electrons in places where there is
zero classical background. (This same principle can also
enhance signals of vacuum birefringence [41].) Note that,
in contrast to straggling, we do not need to detect the
emitted photons.

FIG. 1. (a) The no-emission probability P0 in a one-cycle pulse as a function of initial electron energy and peak laser electric field (E)
in relativistic units a0 ¼ eEλ=2πmc2 (for electron charge e, mass m and c is the speed of light). The laser has wavelength λ ¼ 0.82 μm
and spot size w0 ¼ 5 μm. As the probability of not emitting is unity if, say, a0 ¼ 0 (no laser), we restrict attention to the radiation
dominated regime [10,32] where the parameter ϵrad ¼ ð2=3Þαωa20γ=m ≥ 1 and significant recoil effects are expected: the color is
therefore faded out for ϵrad < 1. The optimal parameter region (blue) is then a0 ∈ f100…200g and electron energies in the 100s of MeV.
This region overlaps with that where χ < 1: we work throughout in this regime, so that pair production need not be considered [17]. Also
shown is the line a0 ¼ 2γ above which classical RR causes reflection of the electron [33]. (b) Probability density of the electron energy
loss in QED for initial electron energy 420 MeVand a0 ¼ 200. The corresponding peak intensity is 1.1 × 1023 W=cm2, slightly beyond
the state of the art [34] but within reach of upcoming facilities [35,36]. The average energy loss in QED (white line) grows more slowly
than the classical prediction (pink line) of the Landau-Lifshitz equation [37] (“LL”; see Supplemental Material [18]). The bright yellow-
white region in the lower left-hand corner shows that there is a high probability for the elections to pass through a short pulse without
losing energy to emission. This is “quenching.”
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Although the short pulses above are currently out of
experimental reach, the stochastic nature of quantum
emission means that quenching is still present even in
longer pulses, although it is harder to observe because the
electrons undergo classical-like cooling [43–45] before
they emerge from the pulse. We therefore present a simple
experimental setup, illustrated in Fig. 4(a), which filters out
noise and mimics the short-pulse regime. (Note that field
focusing will play an essential role here, in contrast to the
parameters used for Fig. 1.) Here an electron bunch is
brought into collision with a, now, tightly focused laser
pulse. The electrons subsequently pass through a slit, then
through a magnet, before being dumped onto a lanex
screen. The setup is designed such that any electrons for
which radiation is quenched will have properties distinct
from all others and will populate a particular portion of the
screen, free from noise. The laser is linearly polarized in
the x direction. The collision occurs along the z axis. The
magnet is orientated such that electrons are fanned out in
the y direction according to their energy, before hitting the
screen. The main bulk of the electrons that miss the center
of the laser focus will form a bright spot on the screen.
Electrons passing close to the most intense part of the pulse
can, for tight focusing, receive a significant deflection in

the x direction. (This is larger than e.g. ponderomotive
pushing could provide for electrons in the pulse periphery.)
Electrons which have lost energy to emission will be
fanned out by the magnet in the y direction. However,
electrons which have been significantly deflected in the x
direction but which have not been significantly deflected in
y have necessarily passed through the high-field region but,
due to quenching, did not lose energy. The screen area they
occupy cannot be populated by stochastic spreading, as all
such electrons will have lost energy and will therefore be
deflected in the y direction. A possible source of noise
would be electrons which have gained momentum in the y
direction due to either tight focusing effects, ponderomo-
tive pushing, or stochastic spreading. These electrons
would give a false reading, but are removed by the slit
after exiting the laser, so never reach the magnet or screen.
Simulated experimental results are shown in Fig. 4(b) for

parameters within reach of current facilities [36]. (The
vector beam model used above has a ring singularity
[46,47]; this was irrelevant for our previous parameters,
but could cause problems for the wide electron beam used
here. Therefore we use the particle-in-cell code ELMIS3D

FIG. 3. Quenching in the collision of an electron bunch with
laser pulses of different durations: the plots show the final
electron distribution on a lanex screen 1 mm behind the focus.
Classical predictions (top) show an asymmetric spatial distribu-
tion for short pulses. In the quantum results (bottom) the bright
spot is formed by electrons which have traversed the pulse
without significant emission or energy loss. The effect becomes
less prominent as pulse length increases. For two cycles the
classical distribution becomes symmetric, as one would expect,
while in the quantum case stochastic transverse spreading [42]
causes the bunch to spread out to a wider spot size than the
classical bunch. The electron bunch initially had Gaussian
distributions in energy, 420� 0.35 MeV, and spacial position,
2 μm FWHM. Laser intensity a0 ¼ 200, focal spot size
w0 ¼ 5 μm. (Parameters are similar to those achievable at
ELI-NP [36].)

FIG. 2. Trajectories and energies of a single electron, incident
from the right and passing through the center of an ultrashort,
focused laser pulse of duration 0.5 cycles (1.4 fs, left) and one
cycle (2.7 fs, right). Other parameters as in Fig. 1(b). The colored
region shows the QED probability distribution, calculated from
1000 simulations with the same initial conditions. (For clarity any
region containing >200 electrons is colored as if it contained
200.) This distribution does not follow classical predictions
which include RR, shown as a purple dashed line, but instead
is visibly centered (white) on the Lorentz force curve shown with
a dashed green line: this trajectory is by definition absent of RR.
The lower panels show that, since the pulse is short, there is a
high probability for the electrons not to emit until they are past the
pulse peak. Even for the few electrons which subsequently emit,
it is too late for their motion to be significantly affected.
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[27] with QED routines described in Ref. [12].) The results
demonstrate the feasibility of the proposal. The quantum
prediction is vastly different to that of classical RR,
signaling the presence of quantum effects, and the electron
distribution more closely mimics the Lorentz force (no
recoil) prediction. The electrons which have been deflected
by the laser but not lost significant energy, demonstrating
quenching, are deposited in region 1 of the screen. These
electrons occupy an area of the screen which is free from
classical noise. The electrons which have undergone quan-
tum stochastic spreading hit the screen in region 2; they also
occupy a nonclassical, but different, area of the screen.
(The filamentation in the classical LL distribution is a

consequence of the tight pulse focusing.) Thus quenching
can be observed even in longer laser pulses, and at currently
available parameters. To underline this, Fig. 5 shows the
proportion of electrons experiencing quenching as a func-
tion of pulse duration. Even for 16 cycles the number of
quenched electrons is non-negligible (∼1.5%). The detec-
tion of quenching is therefore within reach of existing
facilities. The inset provides another experimental signature:
a peak in the absolute number of electrons quenched as a
function of pulse duration.
In conclusion, we have shown that quantum effects allow

for an electron to be accelerated and decelerated by a short
laser pulse without emitting hard photons; in effect radi-
ation reaction is turned off, and electrons can follow
Lorentz force trajectories, barely perturbed by emission
and energy losses. One of the goals of new intense-laser
facilities, such as ELI-NP, is to observe such fundamental
quantum phenomena [36]. It is anticipated that high
intensities and short pulse durations will come hand-in-
hand at future facilities [48], and indeed quenching is most
prominent in short pulses. It can though also be observed in
longer pulses using currently available parameters. Finally,
we remark that determining the properties of high-intensity
pulses remains an open and challenging problem: we show
in the Supplemental Material [18] that quenching has a
potential application here, as it can be used to measure the
carrier envelope phase.

The authors are supported by the Knut & Alice
Wallenberg Foundation, the Swedish Research Council,
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(a)

FIG. 4. (a) The proposed experimental setup for observing
quenching. (b) Lanex screens for 2 and 4 cycle pulses. Peak
intensitya0 ¼ 50 (50TWtotal power),wavelength820nm, tightly
focused using an f=1 optic. A 0.32 T, 15 cm magnet is placed 1 m
behind the slit, which deflects electrons in the ydirection according
to their energy. The lanex screen is placed 50 cmbehind themagnet
and angled at 45°. The electron beam energy is 100 MeV (with
0.1% spread) and the beam is large enough so that precise
synchronization would not be a concern in an experiment. The
quantum distribution is very different from that predicted classi-
cally (“LL”), where electrons are confined to region 3. Quenched
electrons, which have been deflected by the laser but not lost
energy, will be delivered to region 1. Electrons can also appear in
the nonclassical region 2, but due to stochastic spreading [42]: they
have lost energy during the interaction. The boundary of region 1 is
composed of the boundaries of the classical region 3 and the no-
recoil Lorentz force prediction (“LF”).

FIG. 5. 3D QED PIC simulation results showing the density of
electrons deflected in the x direction by >0.5° as a function of the
zy angle for pulse durations 1, 2, 4, 8, and 16 cycles (FWHM).
The light gray zone (<0.15°) demarks the classically forbidden
region. The upper right inset shows the dependency of the total
number of quenched electrons (from the gray region) on the
number of cycles (right-hand scale, blue), and as a percent of all
particles deflected by more than 0.5° in the x direction (left-hand
scale, green).
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