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1. Сколько фотонов? 
2. Какая ширина линии источника?



Формулы для расчетов полного выхода фотонов

Пучки гауссовы, продольные и
поперечные размеры заданы по
формулам. Численно можно учесть
ошибки (промахи, задержки итд)

Оптимум при то есть продольный размер лазерного импульса равен двум 
длинам Рэлея



Результаты. Полный выход фотонов для лазера 3 Дж

При фокусировке менее 50 микрон 
получаем от 2*10^8 до 10^9 фотонов 
за выстрел (в 4pi).
Длительность лазера при этом равна:



Inverse Compton scattering

θ

ωLγ >>1

ωX

e- !ωX =
4γ 2!ωL

1+γ 2θ 2 + a0
2

Описание Величина Вклад в ширину 
спектра источника

Энергетический разброс
электронного пучка

Поперечный эмиттанс
электронного пучка

Ширина спектра
лазерного пучка

Безразмерная амплитуда
лазера

Общую ширину источника можно оценить складывая квадраты 



Вклад нелинейности в ширину полосы

Лазерный импульс с гауссовой огибающей

a0 = 0.07

Дополнительное уширение
порядка 0.2%



Nonlinear Compton Scattering can increase 
photon yield by several orders of magnitude

➜ All contemporary sources are based on linear Compton Scattering (1 
electron scattered on 1 photon)

➜ “Weak” laser pulses are used a0<=0.01

➜ Nonlinear Compton Scattering (a0 ~ 1) (theoretically) allows to increase 
photon yield by several orders of magnitude

➜ Next we will discuss Nonlinear Compton Scattering and methods 
to significantly increase the photon yield independent of 
accelerator system



Nonlinear ICS

θ

ωLγ >>1

ωX

e-

no restriction on a0

electron is „dressed“ by the laser pulse

Linear:

Non-Linear:

Energy-momentum 
conservation

Energy-momentum 
conservation + angular 
momentum conservation

• Generation of harmonics (same as in magnetic undulator)
• Harmonics can carry well-defined Orbital Angular Momentum (OAM)



Nonlinear ICS

θ

ωLγ >>1

ωX

e-

no restriction on a0

electron is „dressed“ by the laser pulse

NX = Neπα
a0
2

1+ a0
2Total photon yield in natural bandwidth:

!ωX =
4γ 2!ωL

1+γ 2θ 2 + a0
2



Nonlinear ICS

θ

ωLγ >>1

ωX

e-

no restriction on a0

electron is „dressed“ by the laser pulse

NX = Neπα
a0
2

1+ a0
2Total photon yield in natural bandwidth:

Photon Yield

Maximize photon yield

I N� / ⇡↵a20 ) Laser intensity a20 should be as large as possible

I Analogy to magnetic undulators a0 $ K ⇠ 1

I BUT: large laser intensity ! laser pressure ! slows down electrons: lower � ! �
1+a2

0

BUT:

PSI

Undulator has constant K over its whole

length: no slow-down

MPIPKS (atto07)

Laser pulses ramp on and o↵ smoothly:

!0
(t) = 4�(t)2!L

Limit of allowed laser intensity

3 / 12

• Laser pulses ramp on and off smoothly --> 
time-dependent laser pressure

• Lorentz gamma factor becomes a function
of time γ(t)

• Generated frequency: ωX (t) = 4γ
2 (t)ωL

!ωX =
4γ 2!ωL

1+γ 2θ 2 + a2 (t)



Ponderomotive broadening

Ponderomotive broadening destroys the monochromaticity of 
Compton photon source and severely limits its applicability

S.G. Rykovanov, et al, PRAB 19 (2016): 030701

6

Analytics:
VY Kharin, D Seipt, SG Rykovanov
Physical Review A 93 (6), 063801



electromagnetic wave in the direction of its propagation by
the v ×B force, and thus moves away from the laser pulse
redshifting the reflected light.
Movement of the electron through the focus of the laser

and/or pulsing of the laser beam means that the electron
does not always experience the peak value of the laser pulse
a0. Hence, in Eq. (1), a0 must be multiplied by a function of
running time gðηÞ describing the laser pulse envelope.
Here, η ¼ ~ωLð~t − ~z=~cÞ and z ¼ ~ωL

~c ~z with ~t and ~z being time
and longitudinal coordinate, respectively, and it is assumed
that the laser pulse impinges the electron from the left side.
The laser pulse vector potential envelope is then described
by a function of time aðηÞ ¼ a0gðηÞ. This leads to the
following equation for the reflected radiation central
frequency:

ωcðηÞ ¼
1

1þ aðηÞ2
: ð2Þ

Therefore, during the laser pulse interaction with an
electron, different frequencies are generated at different
times and different electron positions within the envelope.
As a result, the reflected radiation spectrum is considerably
broadened in the case of a strong laser pulse with a varying
laser envelope. Additionally, a bandlike structure appears in
the reflected spectrum as shown in Fig. 1 (left) for a0 ¼ 0.4,
as compared with the linear case a0 ≪ 1 (in this case
a0 ¼ 0.05). For this calculation, we have used a laser pulse
with an envelope described by Eq. (12). Qualitatively,
broadening and band-structure appearance for strong laser
pulses is illustrated in Fig. 1 (right), where the laser pulse
envelope aðηÞ, generated frequency ωcðηÞ and electron
longitudinal electron coordinate zðηÞ are schematically
shown as functions of running time η. One can see that
certain frequencies are generated twice during the inter-
action. For example, the frequency ω1 is generated at two
different longitudinal positions of the electron z1 and z2 as
shown with black color in Fig. 1 (right). Depending on the

value of ω1 and the separation between the emission points
this leads to either constructive or destructive interference
in the generated spectrum. These interference patterns lead
to the appearance of bands in the spectrum.
The number of oscillations in the spectrum can be

approximately established as a ratio of maximum frequency
broadening due to laser intensity derived from Eq. (2) and
given by Δ ~ω ¼ ~ωL − ~ωL

1þa20
and the bandwidth of the laser

pulse. Thus, the number of oscillations is roughly given by

Nosc ¼ ~ωL
a20

1þ a20

1

Δ ~ωL
; ð3Þ

whereΔ ~ωL is the FWHM bandwidth of the laser pulse. One
can see that the number of interference fringes in the
spectrum grows with increasing laser amplitude and laser
pulse duration (as laser pulse bandwidth is inversely
proportional to laser duration).
The exact shape of the spectrum depends on the laser

pulse duration and on its envelope shape and intensity, and
can be calculated from the well-known motion of a free
electron in a plane electromagnetic wave [17,50,51]. Here,
we neglect the radiation friction so that the electron
dynamics is governed by the standard Lorentz force. For
an electron initially at rest and for an electromagnetic wave
impinging the electron from the z → −∞, one can immedi-
ately write two integrals of motion:

u⊥ ¼ a⊥ ð4Þ

γ − uz ¼ 1: ð5Þ

The latter equation can be also be written in the following
form:

uz ¼
a2⊥
2
: ð6Þ

FIG. 1. Left: An example of the normalized on-axis spectra of reflected radiation calculated for low a0 ¼ 0.05 (blue line) and high
a0 ¼ 0.4 (red color) scattering lasers, demonstrating the appearance of bandlike structure in the spectrum. Right: Qualitative illustration
of the broadening and band formation mechanism in the nonlinear response of an electron to a strong electromagnetic wave. A laser
pulse impinges the electron from the left side (from z → −∞). As functions of time, the blue line and shaded area represent the laser
pulse envelope, the green line shows the frequency of the reflected wave in accordance with Eq. (2), and the red dashed line shows the
longitudinal coordinate of the electron.

CONTROLLING THE SPECTRAL SHAPE … PHYS. REV. ACCEL. BEAMS 19, 030701 (2016)

030701-3

Proper nonlinear chirping

If laser frequency is constant,
the generated frequency is given by:

Why don‘t we chirp the pulse to exactly
compensate the ponderomotive broadening:

S.G. Rykovanov, et al, PRAB 19, 030701 (2016)

−ϕðηÞ þ ηþ
Z

η

−∞
a2⊥ðη0Þdη0 ¼ C: ð20Þ

For the phase of the properly chirped laser pulse one can
thus write

ϕðηÞ ¼ ηþ
Z

η

−∞
a2⊥ðη0Þdη0 − C; ð21Þ

and for the instantaneous laser pulse frequency one obtains
the following expression:

ωiðηÞ ¼
dϕðηÞ
dη

¼ 1þ a2⊥ðηÞ: ð22Þ

Note that in the case of the circularly polarized laser pulse,
Eq. (22) coincides with Eq. (18). The case of linear
polarization has been considered in [52] and the results
are similar. For the laser pulse with envelope given by
Eq. (12) and instantaneous frequency given by Eq. (22) one
can derive an analytical solution. Note that the longitudinal
coordinate of the electron is still given by Eq. (13) as the
laser pulse is chosen to be circular. The result of the
spectrum calculation using Eq. (9) yields the same formula
as in Eq. (16), but with n and χ given by

n ¼ ðω − 1ÞN0

!
1þ a20

2

"
þ 1

2
ð23Þ

χ ¼ 1 − ω
2

N0: ð24Þ

The analytical solutions for the nonlinear spectral band-
width using a laser pulse with the envelope given by
Eq. (12) and instantaneous frequency given by Eq. (18) are
shown in Fig. 3 (left), where normalized spectra are
presented for different values of a0. Markers of different
colors show the analytical solutions using Eqs. (16), (23)
and (24), while solid lines of corresponding colors show the
numerical integration results. Analytical solutions fit with

numerical integration well and predict spectrum narrowing
for properly chirped laser pulses with high values of a0.
The generated frequency stays centered at ω ¼ 1 and the
broadening disappears. In the case of a0 ¼ 0.1 (blue color)
the spectrum width is approximately given by the
unchirped (i.e., with constant frequency, shown on the
figure with black dash-dotted line) laser pulse width, which
is inversely proportional to laser pulse duration τL. One can
see that the spectrum is getting narrower with the increase
of a0. For arbitrary values of a0, the spectrum width scales
approximately as Δω

ω ∝ 1
τLð1þa20Þ

, i.e., in the case of a0 ¼ 10
(black color) the spectrum width is approximately a20 ¼
100 times narrower. This is due to the choice of the laser
pulse function. Indeed, changing (increasing compared to
ω ¼ 1) the frequency while keeping the duration τL
constant leads to more periods. This can be seen from
Fig. 5 (left) where normalized laser pulse vector potential is
plotted for the case when the laser pulse is unchirped (blue
color) and for the case of chirped laser pulse with a0 ¼ 0.5
(green color). In this figure the duration of the laser pulse
was set to τL ¼ 60 for illustrative reasons. Because at each
period an electron is forced (by appropriate chirp) to radiate
the same frequency, it effectively radiates pulses with the
same frequency ω ¼ 1 but with longer duration for higher
a0 leading to a narrower emitted spectrum. Numerical
integration of the generated spectra using Eq. (9) is
presented in Fig. 3 (right). The color-coded image is the
normalized on-axis spectrum (in logarithmic scale) as a
function of both the frequency (longitudinal axis) and
normalized laser amplitude a0 (vertical axis) similar to
Fig. 2 (left). Results are normalized to the peak value of
the spectrum for a0 ¼ 10, demonstrating the scaling of the
peak value of the spectrum with a0. Though throughout the
paper classical description has been used, it is interesting to
analyze the scaling of the peak value of the photon on-axis
spectrum, which is given by

d2Nph

dωdΩ

####
θ¼0

¼ α
ω
ω2
0

a20
8
N2

0jJnðχÞ − Jn−1ðχÞj2; ð25Þ

FIG. 3. Left: Normalized on-axis intensity spectra for different values of a0 for the case of a laser pulse with duration τL ¼ 600. Laser
pulse is properly chirped according to Eq. (18). Results obtained with the help of numerical integration are shown with solid lines.
Markers of corresponding color present the analytical solution using Eqs. (16), (23) and (24). Right: Numerically obtained on-axis
radiation spectra for a properly chirped laser pulse for different values of a0 (vertical axis) in the logarithmic scale.

S. G. RYKOVANOV et al. PHYS. REV. ACCEL. BEAMS 19, 030701 (2016)
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backscattered spectrum



Two oppositely chirped laser pulses

Seipt, Kharin, Rykovanov,
Phys. Rev. Lett. 122, 204802 (2019)



Увеличение выхода фотонов

• Весьма нехитрыми (линейными) манипуляциями* со 
спектром лазерных импульсов мультитераваттных и 
петаваттных систем можно на несколько порядков 
увеличить выход комптоновских фотонов по сравнению с 
линейным режимом
• Минус: малая скважность (repetition rate)
• Плюс: большая яркость в одном выстреле

14

* Мы разработали еще несколько методов борьбы с пондеромоторным уширением, которые 
за неимением времени не удалось рассказать в этом докладе
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FIG. 2. The positron distribution in the plane x� vx, for (a)
a0 = 1000, t = 6.0�/c and (b) a0 = 1840, t = 3.0�/c .

where � = !Lx/c � !Lt The incident electromagnetic
field in the HB-frame can be calculated with Lorentz
transformation

E0
i
= a0 (0, cos (x

0 � t0) , sin (x0 � t0)) , (6)

B0
i
= a0 (0,� sin (x0 � t0) , cos (x0 � t0)) , (7)

where prime symbol marks the quantities in the HB-
frame. In this Section we use the dimensionless units,
normalizing the time to 1/!0 , the length to c/!0 , the
momentum to mc, and the field amplitude to mc!0/e,
where !0 = !L�HB (1� vHB) is the frequency of the in-
cident wave in the HB-frame and ��2

HB
= 1 � v2

HB
. At

the HB front position x0 = 0 the boundary condition
is E0

y
(x0 = 0) = E0

z
(x0 = 0) = 0, where the perfect re-

flection in the HB-frame is assumed. The reflected laser
radiation can be approximated as follows

E0
r
= a0 (0,� cos (x0 + t0) , sin (x0 + t0)) , (8)

B0
r
= a0 (0, sin (x

0 + t0) , cos (x0 + t0)) . (9)

In the laboratory frame the reflected wave takes a form

Er = a0!r (0,� cos (!rx+ !rt) , sin (!rx+ !rt)) , (10)

Br = a0!r (0, sin (!rx+ !rt) , cos (!rx+ !rt)) , (11)

where

!r = !L

1� vHB

1 + vHB

, (12)

is the frequency of the reflected wave in the laboratory
frame.
As the reflection coe�cient is taken to be equal to 1

in the HB-frame, the standing wave is generated in the
vacuum region:

E0 = 2a0 (0, sinx
0 sin t0, sinx0 cos t0) , (13)

B0 = 2a0 (0, cosx
0 sin t0, cosx0 cos t0) . (14)

The wavelength of the standing wave in the HB-frame is

�0 = 2⇡ =
�

�hb (1� vhb)
. (15)

The probability rate for photon emission by ultra-
relativistic electrons and positrons in an electromagnetic
field and the probability rate for electron-positron pair
production via photon decay are given, respectively, by
the formulas30

Wrad =
↵aS
"e

ˆ 1

0
dx

5x2 + 7x+ 5

33/2⇡(1 + x)3
K 2

3

✓
2x

3�e

◆
, (16)

Wrad ⇡ 5↵aS
2
p
3⇡"e

�e, �e ⌧ 1, (17)

Wpair =
↵aS3�3/2

⇡"ph

ˆ 1

0
dx

9� x2

1� x2
K 2

3

"
8��1

ph

3 (1� x2)

#
,(18)

Wpair ⇡ 33/2↵

29/2
aS�ph

"ph
exp

✓
� 8

3�ph

◆
, �ph ⌧ 1, (19)

where

�e,ph =
1

aS

q
("e,phE+ pe,ph ⇥B)2 � (pe,ph ·E)2,(20)

is the key QED parameter determining the phonon
emission (�e) and the pair production (�ph)31, aS =
eES/(mc!0) = mc2/~!0 is the normalized QED critical
field, ES = m2c3/(~e), "e,ph is the energy of the electron
(positron) and photon, respectively, pe,ph is the momen-
tum of the electron (positron) and photon, respectively,
~ is the Plank constant.
The dependence of the pair production probability on

� is sharp in the limit � ⌧ 1. Therefore we can suppose
that the most of the pairs are produced near the points in
the spacetime where � peaks. If the photon momentum is
p0 = "ph (cos↵, sin↵ cos�, sin↵ sin�) then � for the cir-
cularly polarized standing wave given by Eqs. (13), (14)
takes a forms in the HB-frame after some trigonometrical
transformations

�ph =
"pha0
aS

q
1� sin2 � sin2 ↵, (21)

нормированная напряженность лазерного поля

фоторождение паризлучение фотонов (комптоновское рассеяние)

НЕЛИНЕЙНОЕ КОМПТОНОВСКОЕ РАССЕЯНИЕ: 
ОСНОВНЫЕ ПАРАМЕТРЫ

gw +®+ -- ene ! +- +®+ een wg !

L
L

I
mc
eEa µ=
w0

a0>1 (n>>1) – нелинейный режим комптоновского рассеяния 

χ>1 – квантовый режим (эффект отдачи и зависимость от спина) 



Выводы и предложения

Один из проектов КИ предусматривает 3 лазерные станции. Одну из
станций можно оснастить мощной лазерной системой (мульти-ТВт или суб-
ПВт) для исследования нелинейного режима комптоновского рассеяния.

1-й этап: исследование методов значительного увеличения выхода фотонов
2-й этап: исследование эффектов реакции излучения, исследование границ
применимости приближений плоской волны и постоянного скрещенного
поля
3-й этап: сильно-полевая КЭД, генерация электрон-позитронных пар,
(200 ТВт система)

Приложения сильно-нелинейного режима комптоновского источника:
генерация короткого импульса гамма-квантов с высокой яркостью и
широким спектром для исследования быстропротекающих процессов в one-
shot режиме.



March, 2012  |   Page 17



Theory of singularities of differentiable projection maps
(catastrophe theory)

9

Apply catastrophe theory to the stationary phase picture.

Narrow spectral peaks could be found in the vicinity of 
spectral caustics.

V. Yu. Kharin, et al. PRL 120.4 (2018): 044802

V. Yu. Kharin, et al. PRL 120.4 (2018): 044802



Caustics and catastrophes



Caustics and catastrophes

electromagnetic wave in the direction of its propagation by
the v ×B force, and thus moves away from the laser pulse
redshifting the reflected light.
Movement of the electron through the focus of the laser

and/or pulsing of the laser beam means that the electron
does not always experience the peak value of the laser pulse
a0. Hence, in Eq. (1), a0 must be multiplied by a function of
running time gðηÞ describing the laser pulse envelope.
Here, η ¼ ~ωLð~t − ~z=~cÞ and z ¼ ~ωL

~c ~z with ~t and ~z being time
and longitudinal coordinate, respectively, and it is assumed
that the laser pulse impinges the electron from the left side.
The laser pulse vector potential envelope is then described
by a function of time aðηÞ ¼ a0gðηÞ. This leads to the
following equation for the reflected radiation central
frequency:

ωcðηÞ ¼
1

1þ aðηÞ2
: ð2Þ

Therefore, during the laser pulse interaction with an
electron, different frequencies are generated at different
times and different electron positions within the envelope.
As a result, the reflected radiation spectrum is considerably
broadened in the case of a strong laser pulse with a varying
laser envelope. Additionally, a bandlike structure appears in
the reflected spectrum as shown in Fig. 1 (left) for a0 ¼ 0.4,
as compared with the linear case a0 ≪ 1 (in this case
a0 ¼ 0.05). For this calculation, we have used a laser pulse
with an envelope described by Eq. (12). Qualitatively,
broadening and band-structure appearance for strong laser
pulses is illustrated in Fig. 1 (right), where the laser pulse
envelope aðηÞ, generated frequency ωcðηÞ and electron
longitudinal electron coordinate zðηÞ are schematically
shown as functions of running time η. One can see that
certain frequencies are generated twice during the inter-
action. For example, the frequency ω1 is generated at two
different longitudinal positions of the electron z1 and z2 as
shown with black color in Fig. 1 (right). Depending on the

value of ω1 and the separation between the emission points
this leads to either constructive or destructive interference
in the generated spectrum. These interference patterns lead
to the appearance of bands in the spectrum.
The number of oscillations in the spectrum can be

approximately established as a ratio of maximum frequency
broadening due to laser intensity derived from Eq. (2) and
given by Δ ~ω ¼ ~ωL − ~ωL

1þa20
and the bandwidth of the laser

pulse. Thus, the number of oscillations is roughly given by

Nosc ¼ ~ωL
a20

1þ a20

1

Δ ~ωL
; ð3Þ

whereΔ ~ωL is the FWHM bandwidth of the laser pulse. One
can see that the number of interference fringes in the
spectrum grows with increasing laser amplitude and laser
pulse duration (as laser pulse bandwidth is inversely
proportional to laser duration).
The exact shape of the spectrum depends on the laser

pulse duration and on its envelope shape and intensity, and
can be calculated from the well-known motion of a free
electron in a plane electromagnetic wave [17,50,51]. Here,
we neglect the radiation friction so that the electron
dynamics is governed by the standard Lorentz force. For
an electron initially at rest and for an electromagnetic wave
impinging the electron from the z → −∞, one can immedi-
ately write two integrals of motion:

u⊥ ¼ a⊥ ð4Þ

γ − uz ¼ 1: ð5Þ

The latter equation can be also be written in the following
form:

uz ¼
a2⊥
2
: ð6Þ

FIG. 1. Left: An example of the normalized on-axis spectra of reflected radiation calculated for low a0 ¼ 0.05 (blue line) and high
a0 ¼ 0.4 (red color) scattering lasers, demonstrating the appearance of bandlike structure in the spectrum. Right: Qualitative illustration
of the broadening and band formation mechanism in the nonlinear response of an electron to a strong electromagnetic wave. A laser
pulse impinges the electron from the left side (from z → −∞). As functions of time, the blue line and shaded area represent the laser
pulse envelope, the green line shows the frequency of the reflected wave in accordance with Eq. (2), and the red dashed line shows the
longitudinal coordinate of the electron.
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Caustics and catastrophes
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Caustics and catastrophes
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FIG. 1. The ray surfaces [stationary phase condition (4)] (a),
their projections on the (x, z) plane (b), and correspond-
ing numerically calculated spectra (c) in the electron frame:
radial coordinate is frequency, angle is ✓, color is the emis-
sion probability. The laser pulse is circularly polarized with
envelope |a| = a0 cos2(⇡�/⌧), a0 = 2.1 and ⌧ = 100⇡/!L,0,
propagating to the right. Left column: unchirped pulse, right
column: chirped pulse with � = 0.75.
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FIG. 2. Artistic image of a generic cusp as singularity of
a two-dimensional map. The projection of the surface to the
(x, y)-plane yields two folds (projected on red lines) coinciding
and terminating in the cusp point.

larity on the ray surface is da2/d� = [a2]0 = 0. That
is, the fold corresponds to an extremum in the pulse en-
velope, and to the peak in the scattered spectrum [26].
For a simple laser pulse with a single maximum in the
envelope [37], is a function of the scattering angle ✓ given
by

!f(✓) =
n!L

1 + (1� cos ✓)
⇣

a2
0
4 + n!L

m

⌘ , (5)

where a2
0 = max� a2. In the vicinity of !f(✓), the spec-

trum has form of Airy functions and we see agreement
with the well-known theoretical predictions on the inter-
ference structure of the scattered radiation caused by two
stationary points [14, 26, 38].
Let us now turn to the case of a linearly chirped pulse

where we find not only folds to contribute to the spec-
trum, but also higher-dimensional cusps. For a linearly
chirped laser pulse the instantaneous frequency varies
with time according to !L(�) = !L,0 + ��/⌧ with the
linear chirp parameter � determining the rate of change
of the frequency over the pulse duration ⌧ . In this case,
the locations of the singularities of the ray surface (4) are
given by the conditions

� [a2(�)]0

4
= n

�

⌧

✓
1� �

m

◆
, (6)

[a2(�)]00 = 0 , (7)

where (6) defines the loci of the folds for the chirped pulse
and (7) determines their coincidence, defining the cusp
singularity.
The typical situation with cusp-type singularities is il-

lustrated in Fig. 1 (right column). For small values of
chirp � there are two cusps for opposite values of x,
connected by two folds. For large values of � there are
neither cusps nor folds. It can serve as the evidence of
a higher-dimensional caustic taking place in between. In
this situation we consider the chirp � as an additional
control parameter, and the caustic consists in the coinci-
dence of two cusps and their disappearance for increasing
�. The space of control parameters is three-dimensional
now, and the described process is referred to as “lips
event” in the catastrophe theory [23, 39], or as the cel-
ebrated “Zel’dovich pancake” [40] in astrophysics. The
coincidence of the cusps happens at backscattering direc-
tion ✓ = ⇡ due to the axial symmetry of the exponential
in Eq. (3), making the lips event interesting for Compton
sources.
From the physical point of view the cusps will result in

a relatively bright narrow spot in the scattered spectrum
at the cusp angle ✓c (Fig. 1, right column),

cos ✓c = 1� 4�

(a2)0!L⌧ � a2�
, (8)

where a and !L are evaluated at the point defined by
Eq. (7). For ✓c < ✓  ⇡ one sees the interference between

V.Yu. Kharin, D. Seipt, S.G. Rykovanov, Phys. Rev. Lett., 120, 044802 (2018)
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where a2
0 = max� a2. In the vicinity of !f(✓), the spec-

trum has form of Airy functions and we see agreement
with the well-known theoretical predictions on the inter-
ference structure of the scattered radiation caused by two
stationary points [14, 26, 38].
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where we find not only folds to contribute to the spec-
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with time according to !L(�) = !L,0 + ��/⌧ with the
linear chirp parameter � determining the rate of change
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where (6) defines the loci of the folds for the chirped pulse
and (7) determines their coincidence, defining the cusp
singularity.
The typical situation with cusp-type singularities is il-

lustrated in Fig. 1 (right column). For small values of
chirp � there are two cusps for opposite values of x,
connected by two folds. For large values of � there are
neither cusps nor folds. It can serve as the evidence of
a higher-dimensional caustic taking place in between. In
this situation we consider the chirp � as an additional
control parameter, and the caustic consists in the coinci-
dence of two cusps and their disappearance for increasing
�. The space of control parameters is three-dimensional
now, and the described process is referred to as “lips
event” in the catastrophe theory [23, 39], or as the cel-
ebrated “Zel’dovich pancake” [40] in astrophysics. The
coincidence of the cusps happens at backscattering direc-
tion ✓ = ⇡ due to the axial symmetry of the exponential
in Eq. (3), making the lips event interesting for Compton
sources.
From the physical point of view the cusps will result in

a relatively bright narrow spot in the scattered spectrum
at the cusp angle ✓c (Fig. 1, right column),

cos ✓c = 1� 4�

(a2)0!L⌧ � a2�
, (8)

where a and !L are evaluated at the point defined by
Eq. (7). For ✓c < ✓  ⇡ one sees the interference between
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ference structure of the scattered radiation caused by two
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chirp � there are two cusps for opposite values of x,
connected by two folds. For large values of � there are
neither cusps nor folds. It can serve as the evidence of
a higher-dimensional caustic taking place in between. In
this situation we consider the chirp � as an additional
control parameter, and the caustic consists in the coinci-
dence of two cusps and their disappearance for increasing
�. The space of control parameters is three-dimensional
now, and the described process is referred to as “lips
event” in the catastrophe theory [23, 39], or as the cel-
ebrated “Zel’dovich pancake” [40] in astrophysics. The
coincidence of the cusps happens at backscattering direc-
tion ✓ = ⇡ due to the axial symmetry of the exponential
in Eq. (3), making the lips event interesting for Compton
sources.
From the physical point of view the cusps will result in

a relatively bright narrow spot in the scattered spectrum
at the cusp angle ✓c (Fig. 1, right column),

cos ✓c = 1� 4�

(a2)0!L⌧ � a2�
, (8)

where a and !L are evaluated at the point defined by
Eq. (7). For ✓c < ✓  ⇡ one sees the interference between
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FIG. 3. Frequency-angle di↵erential emission probability in
the lab frame. Initial Lorentz factor of the electron is � =
1000; the pulse shape is |a| = a0/ cosh(�/⌧); ⌧ = 40⇡/!L,0,
a0 = 1, chirp parameter � = 0.15; ✓̄lab := ⇡ � ✓lab. The on-
axis radiation is Doppler up-shifted from !L,0 = 1.55 eV to
⇡ 4 MeV, and strongly enhanced. The emitted radiation is
e↵ectively confined to the region bounded by the two folds and
the cusp. Pushing the cusp closer to the axis by increasing �
will constrain the radiation to a narrow bandwidth and well
collimated beam of gamma rays.

the three parts of the pulse, i.e. three stationary points,
constrained by two folds. For ✓ ' ✓c one observes a
narrow peak in the scattered spectrum on top of a weaker
pedestal. Beyond ✓c, closer to forward scattering, the
width of the peak increases while only a single stationary
point contributes. Eq. (8) shows that the locations of the
cusps can be controlled by the chirp parameter �, and,
for a Compton source the cusp angle should be close to
the backscattering direction ✓c ! ⇡ for narrowband and
collimated emission. To see that, let us now go back to
the lab frame.

When going to the lab frame the components of
the photon momentum transform as ?,lab = ? and
�

lab = 2��, causing the ellipses in Fig. 1 to expand
(contract) in the �z (+z)-direction and the scatter-
ing angles ✓ to narrow towards the backscattering di-
rection. The Jacobian of the Lorentz transformation
J = 1/[�(1 + � cos ✓lab)] strongly enhances the on-axis
backscattered radiation close to ✓lab = ⇡ (and suppresses
forward scattering), causing the strongest emission to be
not exactly at the cusp position where emission is very
narrowband (star marker), but for angles ✓lab > ✓c,lab.
As one can clearly see in Fig. 3 this forces the emitted
radiation to be strongly confined to the caustic region
bounded by the two folds and the cusp. With increas-
ing chirp �, the cusp is pushed towards the beam axis,
pinching the folds and turning the emitted radiation into
a collimated beam with enhanced spectral intensity and
narrow bandwidth.

Figure 4 shows the on-axis emission probability as a
function of di↵erent values of the chirp � (vertical axis),

FIG. 4. The on-axis photon emission probability in the lab
frame as a function of photon frequency and chirp parame-
ter � shows the two folds (dashed curves) terminating in a
cusp (star). In the vicinity of the cusp we see the typical
Pearcey-integral pattern [23]. The spectrum (horizontal line-
out) turns into a single narrow-band peak for a relatively large
range of � values in the vicinity of the cusp (see inset). The
pulse shape is |a| = a0/ cosh(�/⌧) with ⌧ = 40⇡/!L,0 and
a0 = 1.

with the lips event, i.e. the coincidence of the cusp singu-
larities on-axis is depicted with a star at �c = 0.24 [33].
The pinching of the two folds with increasing � < �c

evokes a bright on-axis emission peak with a minimal
bandwidth of 2.5 % (FWHM) and the peak height more
than doubled as compared to the unchirped case. The
optimal chirp for this is �peak = 0.18 for a0 = 1, which
can be determined by analysing the Pearcey di↵raction
pattern in the vicinity of the cups [33]. The required val-
ues of � can be realized with a relative laser bandwidth
of 0.18 and a second order spectral phase (group delay
dispersion) of '00 ⇡ 40 fs2, which can be achieved with
today’s laser technology [41].
In conclusion, in this Letter we applied the theory

of the singularities of di↵erentiable projection maps and
caustics to analyse nonlinear Compton scattering spectra
for short pulses with variable pulse shape and chirp. The
caustics are related to patterns in the nonlinear Compton
spectra, which greatly simplifies the qualitative analysis
of the spectra, and the inverse problem of tailoring laser
pulses for the optimized narrowband spectra.
We predict higher-dimensional cusp-singularities in the

scattered spectrum for a linearly chirped laser pulses and
show that the location of the cusps can be tuned by the
value of the linear chirp. The emitted radiation is e↵ec-
tively confined to the region formed by the cusp and fold
caustics. When the cusps are pushed close to the beam
axis by tuning the chirp, the emitted radiation is pinched
between two folds evoking bright narrowband and colli-
mated emission of gamma rays. The spectral caustics
investigated in this Letter provides a di↵erent view on
the optimal chirping schemes for spectral bandwidth re-
duction [13–15, 33].

ray surface

projection 
map

cusp
folds



Generation of harmonics

Figure 4.8: Comparison between numerical solutions and the analytical solution
obtained with the steady phase approximation for circular polarization. Top left:
a0 = 1, ' = 0 and # = ⇡. Top right a0 = 5, ' = 0 and # = ⇡. Bottom left:
a0 = 1 and ' = # = ⇡

2 . Bottom right: a0 = 2 and ' = # = ⇡

2 .

The analytical solution provides a good approximation (see figure 4.8). When
the main peak contains a interference (bottom right in figure 4.8) the analytical
solution fails to capture this.

4.2.2.2 Linear Polarization

The arguments of the Bessel functions are now given by

⌘l1 = ⌫C'S#a0 �,

⌘l2 = ⌫ (C'�1)
2

 
a0 �

2

!2

.
(111)

The integral of the spectrum, after rewriting the oscillating terms, is given
by

d
2
I
k

d!d⌦ = M

����⌫
R1
�1 d�0P1

n=�1
P1

m=�1

✓
nk1

a0 �
2 J{n±1}(�⌘l1)

+ nk3

✓
a0 �

2

◆2

J{n±2}(�⌘l1) + 2nk3

✓
a0 �

2

◆2

Jn(�⌘l1)

◆

Jm(�⌘l2)ei
R �
0 (n+2m+⌫�

l)

����
2

.

(112)

Using Eq. (81) the solution of the spectrum for a linear polarized laser pulse
with arbitrary envelope function is given by

42

Circular, a0=1 Circular, a0=5

Linear, a0=1 Linear, a0=1

• Linear (a0<<1) Compton scattering is a source of narrow bandwidth gamma-rays
• One can significantly increase photon yield by increasing a0 for rectangular pulses
• Temporally shaped laser pulses lead to ponderomotive broadening in the spectrum
• Linear polarization leads to harmonics on axis, circular – no harmonics on axis (backscatter)
• Nonlinear chirping can compensate broadening, but hard to do experimentally
• Linear chirping is “easy“ to implement



Polarization gating technique

controllable delay

S.G. Rykovanov, et al, New Journal of Physics 10, 025025 (2008)



Polarization gating technique in surface harmonics

4.4. Density dependent CEP-shift

be expressed as
1Ô
2

(‘+ + ‘≠) = 1
2 (‘1 + i‘2 + ‘1 ≠ i‘2) = ‘1 (4.16)

which is nothing else than the superposition of two perpendicularly polarized circular
laser pulses. To determine the exact location of the emission with respect to the

Figure 4.8.: Visualization of a polarization gated pulse. The laser pulse propagates
in x direction, the transverse fields Ey and Ez are plotted on the y- and
z-axis respectively. The pulse starts with circular polarization, then
turns to linear (shown in red), and back to circular, but perpendicular
to the polarization at the beginning. The region shown in red has an
ellipticity of ‘ < 0.2.

incident pulse, the ellipticity of that pulse is calculated. For a linear polarized
laser pulse, the ellipticity ‘ = 0, for a completely circular polarized laser pulse it
is ‘ = 1. It depends on the Stokes parameter of the electromagnetic field, namely
s0 = E

2
0x + E

2
0y and s3 = 2E0xE0y sin ”. Here, E0x,y are the maxima of the electric

49

S.G. Rykovanov, et al, New Journal of Physics 10, 025025 (2008)

Mark Yeung, J Bierbach, E Eckner, S Rykovanov, S Kuschel, A 
Sävert, M Förster, C Rödel, GG Paulus, S Cousens, M Coughlan, B 
Dromey, M Zepf, Phys. Rev. Lett. 115, 193903 (2015)



PG technique in Compton Scattering

• Circular – no harmonics (at beginning and the end of the pulse)
• Linear – harmonics (near the middle of the pulse depending on the delay)
• Polarization gating – harmonics are only generated near the middle of two pulses

where the polarization is linear

cycle
average
gamma

much flatter

instantaneous intensity

Linear polarization areaTwo beneficial effects:
1. Flatter electron gamma factor at peak intensity
2. Linear polarization only near the peak intensity



Polarization gating technique

Laser pulse with time-varying ellipticity –
a simple method to avoid ponderomotive 

broadening in harmonics spectrum

S.G. Rykovanov, et al, New Journal of Physics 10, 025025 (2008)

• For high intensities harmonics start to overlap 
into complete disarray

• On-axis harmonics are not emitted for circular 
polarization

30

, ! = #$



Gamma comb

Choosing optimal delay between the circular pulses leads 
to a nice comb in gamma region (observed in angular 
distribution as well). Properties of this comb are governed 
by strength and length of the incident pulse.

31



Photon yield

32

Due to collimation angle even harmonics are 
also present

• Plane wave with gaussian 
temporal envelope (
)

#$ = 3, ( =
8* ,

• one electron + = 529,
• /012 = 0.2/+

• Laser pulse #$ = 2, ( = 30* ,
• realistic electron beam (107 electrons, + =
529, 89 ≈ 0.15mmmrad, ?@ ≈ 1.4 Bm,?C ≈
0.19mrad, DE ≈ 1%),

• /012 = 0.2/+

The effect could be observed experimentally

M. Valialshchikov, V. Yu. Kharin, S.G. Rykovanov, accepted to Phys. Rev. Lett.
https://arxiv.org/abs/2011.12931

https://arxiv.org/abs/2011.12931


Optimal linear chirp in the spectral domain
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Увеличение выхода фотонов

• Весьма нехитрыми (линейными) манипуляциями со 
спектром лазерных импульсов мультитераваттных и 
петаваттных систем можно на несколько порядков 
увеличить выход комптоновских фотонов по сравнению с 
линейным режимом
• Минус: малая скважность (repetition rate)
• Плюс: большая яркость в одном выстреле

34
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FIG. 2. The positron distribution in the plane x� vx, for (a)
a0 = 1000, t = 6.0�/c and (b) a0 = 1840, t = 3.0�/c .

where � = !Lx/c � !Lt The incident electromagnetic
field in the HB-frame can be calculated with Lorentz
transformation

E0
i
= a0 (0, cos (x

0 � t0) , sin (x0 � t0)) , (6)

B0
i
= a0 (0,� sin (x0 � t0) , cos (x0 � t0)) , (7)

where prime symbol marks the quantities in the HB-
frame. In this Section we use the dimensionless units,
normalizing the time to 1/!0 , the length to c/!0 , the
momentum to mc, and the field amplitude to mc!0/e,
where !0 = !L�HB (1� vHB) is the frequency of the in-
cident wave in the HB-frame and ��2

HB
= 1 � v2

HB
. At

the HB front position x0 = 0 the boundary condition
is E0

y
(x0 = 0) = E0

z
(x0 = 0) = 0, where the perfect re-

flection in the HB-frame is assumed. The reflected laser
radiation can be approximated as follows

E0
r
= a0 (0,� cos (x0 + t0) , sin (x0 + t0)) , (8)

B0
r
= a0 (0, sin (x

0 + t0) , cos (x0 + t0)) . (9)

In the laboratory frame the reflected wave takes a form

Er = a0!r (0,� cos (!rx+ !rt) , sin (!rx+ !rt)) , (10)

Br = a0!r (0, sin (!rx+ !rt) , cos (!rx+ !rt)) , (11)

where

!r = !L

1� vHB

1 + vHB

, (12)

is the frequency of the reflected wave in the laboratory
frame.
As the reflection coe�cient is taken to be equal to 1

in the HB-frame, the standing wave is generated in the
vacuum region:

E0 = 2a0 (0, sinx
0 sin t0, sinx0 cos t0) , (13)

B0 = 2a0 (0, cosx
0 sin t0, cosx0 cos t0) . (14)

The wavelength of the standing wave in the HB-frame is

�0 = 2⇡ =
�

�hb (1� vhb)
. (15)

The probability rate for photon emission by ultra-
relativistic electrons and positrons in an electromagnetic
field and the probability rate for electron-positron pair
production via photon decay are given, respectively, by
the formulas30

Wrad =
↵aS
"e

ˆ 1

0
dx

5x2 + 7x+ 5

33/2⇡(1 + x)3
K 2

3

✓
2x

3�e

◆
, (16)

Wrad ⇡ 5↵aS
2
p
3⇡"e

�e, �e ⌧ 1, (17)

Wpair =
↵aS3�3/2

⇡"ph

ˆ 1

0
dx

9� x2

1� x2
K 2

3

"
8��1

ph

3 (1� x2)

#
,(18)

Wpair ⇡ 33/2↵

29/2
aS�ph

"ph
exp

✓
� 8

3�ph

◆
, �ph ⌧ 1, (19)

where

�e,ph =
1

aS

q
("e,phE+ pe,ph ⇥B)2 � (pe,ph ·E)2,(20)

is the key QED parameter determining the phonon
emission (�e) and the pair production (�ph)31, aS =
eES/(mc!0) = mc2/~!0 is the normalized QED critical
field, ES = m2c3/(~e), "e,ph is the energy of the electron
(positron) and photon, respectively, pe,ph is the momen-
tum of the electron (positron) and photon, respectively,
~ is the Plank constant.
The dependence of the pair production probability on

� is sharp in the limit � ⌧ 1. Therefore we can suppose
that the most of the pairs are produced near the points in
the spacetime where � peaks. If the photon momentum is
p0 = "ph (cos↵, sin↵ cos�, sin↵ sin�) then � for the cir-
cularly polarized standing wave given by Eqs. (13), (14)
takes a forms in the HB-frame after some trigonometrical
transformations

�ph =
"pha0
aS

q
1� sin2 � sin2 ↵, (21)

нормированная напряженность лазерного поля

фоторождение паризлучение фотонов (комптоновское рассеяние)

НЕЛИНЕЙНОЕ КОМПТОНОВСКОЕ РАССЕЯНИЕ: 
ОСНОВНЫЕ ПАРАМЕТРЫ

gw +®+ -- ene ! +- +®+ een wg !

L
L

I
mc
eEa µ=
w0

a0>1 (n>>1) – нелинейный режим комптоновского рассеяния 

χ>1 – квантовый режим (эффект отдачи и зависимость от спина) 
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Positron Production in Multiphoton Light-by-Light Scattering

D. L. Burke, R. C. Field, G. Horton-Smith, J. E. Spencer, and D. Walz
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

S. C. Berridge, W.M. Bugg, K. Shmakov, and A.W. Weidemann
Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996

C. Bula, K. T. McDonald, and E. J. Prebys
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C. Bamber,* S. J. Boege,† T. Koffas, T. Kotseroglou,‡ A. C. Melissinos, D. D. Meyerhofer,§ D. A. Reis, and W. Ragg
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(Received 2 June 1997)
A signal of 106 6 14 positrons above background has been observed in collisions of a low-emittance

46.6 GeV electron beam with terawatt pulses from a Nd:glass laser at 527 nm wavelength in an
experiment at the Final Focus Test Beam at SLAC. The positrons are interpreted as arising from a two-
step process in which laser photons are backscattered to GeV energies by the electron beam followed
by a collision between the high-energy photon and several laser photons to produce an electron-positron
pair. These results are the first laboratory evidence for inelastic light-by-light scattering involving only
real photons. [S0031-9007(97)04008-8]

PACS numbers: 13.40.– f, 12.20.Fv, 14.70.Bh

The production of an electron-positron pair in the
collision of two real photons was first considered by Breit
and Wheeler [1] who calculated the cross section for the
reaction

v1 1 v2 ! e1e2 (1)

to be of order r2
e , where re is the classical electron radius.

While pair creation by real photons is believed to occur
in astrophysical processes [2], it has not been observed in
the laboratory up to the present.
After the invention of the laser the prospect of intense

laser beams led to the reconsideration of the Breit-
Wheeler process by Reiss [3] and others [4,5]. Of
course, for production of an electron-positron pair, the
center-of-mass (CM) energy of the scattering photons
must be at least 2mc2 ¯ 1 MeV . While this precludes
pair creation by a single electromagnetic wave, the
necessary CM energy can be achieved by colliding a
laser beam against a high-energy photon beam created,
for example, by backscattering the laser beam off a high-
energy electron beam. With laser light of wavelength
527 nm (energy 2.35 eV), a photon of energy 111 GeV
would be required for reaction (1) to proceed. However,
with an electron beam of energy 46.6 GeV, as available
at the Stanford Linear Accelerator Center (SLAC), the
maximum Compton-backscattered photon energy from a
527 nm laser is only 29.2 GeV.
In strong electromagnetic fields the interaction

need not be limited to initial states with two photons
[3], but rather the number of interacting photons be-
comes large as the dimensionless, invariant parameter
h ≠ e

q
kAmAmlymc2 ≠ eErmsymv0c ≠ eErmsl-0ymc2

approaches or exceeds unity. Here the laser beam has
laboratory frequency v0, reduced wavelength l-0, root-
mean-square electric field Erms, and four-vector potential
Am; e and m are the charge and mass of the electron,
respectively, and c is the speed of light.
For photons of wavelength 527 nm a value of h ≠

1 corresponds to laboratory field strength of Elab ≠
6 3 1010 Vycm and intensity I ≠ 1019 Wycm2. Such
intensities are now practical in tabletop laser systems
based on chirped-pulse amplification [6].
Then the multiphoton Breit-Wheeler reaction

v 1 nv0 ! e1e2 (2)

becomes accessible for n $ 4 laser photons of wave-
length 527 nm colliding with a photon of energy 29 GeV.
Similarly, the trident process

e 1 nv0 ! e0e1e2 (3)

requires at least five 527 nm laser photons colliding with
an electron of 46.6 GeV. Reaction (3) is a variant of the
Bethe-Heitler process [7] in which an e1e2 pair is created
by the interaction of a real photon with a virtual photon
from the field of a charged particle.
When an electromagnetic field with four-tensor Fmn

is probed by a particle of four-momentum pm, an in-
variant measure of the strength of vacuum-polarization
effects is k ≠

q
ksFmnpnd2lysmc2Ecritd, where Ecrit ≠

m2c3yeh̄ ≠ mc2yel-C ≠ 1.3 3 1016 Vycm is the quan-
tum electrodynamic (QED) critical field strength [8,9] at
which the energy gain of an electron accelerating over a
Compton wavelength l-C is its rest energy, and at which a
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A signal of ~106 positrons above background has been observed in
collisions of a low-emittance 46.6 GeV electron beam with terawatt pulses
from a Nd:glass laser at 527 nm wavelength in an experiment at the Final 
Focus Test Beam at SLAC.
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a0 ~<	1,	слабонелинейный
режим
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The description of the dynamics of an electron in an external electromagnetic field of arbitrary intensity
is one of the most fundamental outstanding problems in electrodynamics. Remarkably, to date, there is no
unanimously accepted theoretical solution for ultrahigh intensities and little or no experimental data. The
basic challenge is the inclusion of the self-interaction of the electron with the field emitted by the electron
itself—the so-called radiation reaction force. We report here on the experimental evidence of strong
radiation reaction, in an all-optical experiment, during the propagation of highly relativistic electrons
(maximum energy exceeding 2 GeV) through the field of an ultraintense laser (peak intensity of
4 × 1020 W=cm2). In their own rest frame, the highest-energy electrons experience an electric field as high
as one quarter of the critical field of quantum electrodynamics and are seen to lose up to 30% of their kinetic
energy during the propagation through the laser field. The experimental data show signatures of quantum
effects in the electron dynamics in the external laser field, potentially showing departures from the constant
cross field approximation.

DOI: 10.1103/PhysRevX.8.031004 Subject Areas: Particles and Fields, Plasma Physics

I. INTRODUCTION

In the realm of classical electrodynamics, the problem of
radiation reaction (RR) is satisfactorily described by the
Landau-Lifshitz (LL) equation [1], which has been

theoretically demonstrated to be the self-consistent
classical equation of motion for a charged particle [1,2].
However, when the electron experiences extremely intense
fields, the LL equation may no longer be assumed valid [3].
A full quantum description is thus required, and this is
currently the subject of active theoretical research (see, for
instance, Refs. [3–10]). Purely quantum effects can be
triggered in these conditions, including the stochastic
nature of photon emission [5,6], a hard cutoff in the
maximum energy of the emitted photons [9], and pair
production [10]. Besides the intrinsic fundamental interest
in investigating this regime in laboratory experiments, RR
is often invoked to explain the radiative properties of
powerful astrophysical objects, such as pulsars and quasars
[11,12]. A detailed characterization of RR is also important
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wakefield acceleration mechanism [18,27]. The gas cell
was operated at a backing pressure of 60 mbar that,
once fully ionized, corresponds to an electron density of
2 × 1018 cm−3. The laser with a pulse duration of
ð40" 3Þ fs was focused using an f=40 spherical mirror
down to a focal spot with a full width at half maximum
(FWHM), along the two axes, of σx ¼ ð59" 2Þ μm and
σy ¼ ð67" 2Þ μm containing 9 J (normalized intensity
of a0 ≈ 1.7).
The laser-driven wakefields in the plasma accelerated

the electron beam in the blow-out regime [18], producing
stable beams with a broad energy spectrum exceeding
2 GeV (γe ≈ 4 × 103) [27]. The electron spectra were
recorded by a magnetic spectrometer consisting of a
15-cm-long dipole magnet with a peak magnetic field of
1.0 T and a LANEX scintillator screen placed 2 m away
from the gas cell. The minimum electron energy recorded
on the LANEX screen in this configuration was
350 MeV, and its energy resolution is of the order of
δE=E ≈ 5% for an electron energy of 1.5 GeV.
The electron beam source size can be estimated to be

De ≤ 1 μm, as deduced by rescaling the size of typical
betatron sources in similar conditions [29]. The energy-
dependent beam divergence was determined by measuring
the beam width perpendicular to the direction of dispersion
on the electron spectrometer screen 2 m downstream from
the gas cell. For electron energies exceeding 1 GeV, the

divergence is measured to be θe ¼ ð0.70" 0.05Þ mrad.
Even though this gives, in principle, only the divergence
along one of the transverse dimensions of the beam, the
regime of laser wakefield we are operating in generates
accelerating fields with a radially symmetric distribution
[18]. This in turn results in cylindrically symmetric electron
beams, as confirmed by our analysis [30]. The detailed
energy-dependent divergence measured in the experiment
was used as an input for the numerical simulations
discussed later in the article. Measurements of the pointing
fluctuation of the laser-driven electron beam indicate,
as an average over 100 consecutive shots, an approximately
Gaussian distribution (confidence of 95% from the
Kolmogorov-Smirnov test) centered on the laser propaga-
tion axis with a standard deviation of ð3.2" 0.8Þ mrad
[30]. The use of a gas-cell target, instead of a gas jet
reported elsewhere [28] for similar experimental condi-
tions, results in better shot-to-shot stability in the electron
spectrum [31,32], with the maximum energy of the
electrons closely related to the energy of the drive laser,
as discussed in the next section. Moreover, it allowed much
higher electron energies to be reached and, therefore, a
much higher fraction of the Schwinger field in the electron
rest frame.
The second laser beam [scattering laser in Fig. 1(a)] was

focused, using an f=2 off-axis parabola with a concentric
f=7 hole (energy loss of 10%), 1 cm downstream of the exit

(a)

(b)
(c)

FIG. 1. Experimental setup. (a) Schematic of the experimental setup (not to scale). See details in the text. (b) Typical measured spatial
distribution of the intensity in focus of the scattering laser beam. (c) Computed transverse distribution of the normalized laser field
amplitude of the scattering laser at the overlap point as a function of time.
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σφ=ωL in our notation). For γe ¼ 4000 and a0 ¼ 10, the LL
equation predicts an energy loss of about 40%, slightly
higher than the experimental findings. We observe that
under the present experimental conditions (ultrarelativistic
electrons with γe ≫ a0 and initially counterpropagating
with respect to the laser field), it is possible to approximate
γe ≈ γeð1 − ve;z=cÞ=2, with ve;z ≈ −c being the electron
velocity along the propagation direction of the laser field,
and thus, use directly Eqs. (8) and (9) in Ref. [37] to estimate
the relative energy loss. However, in order to provide a more
detailed comparison with the different theoretical models
of RR, an extensive series of simulations was performed
assuming different radiation reaction models and will be
discussed in the next section.

V. ELECTRON ENERGY LOSS:
COMPARISON WITH THEORY

A quantitative comparison between the experimental
data and different theoretical models of RR is shown in

Fig. 4. Here, the normalized experimental spectral energy
density of the scattered electrons in conditions of best
overlap is compared with the corresponding theoretical
curves obtained by simulating the effect of the scattering
laser on reference spectra using different models and both a
multiparticle code and a particle-in-cell (PIC) code. For each
frame in the figure, the error bands of the multiparticle code
correspond to the uncertainties in the reference electron
spectra as well as uncertainties in the intensity of the
scattering laser measured for each shot (Δa0=a0 ≃ 4%).
The multiparticle code assumes a beam of 107 electrons

generated by sampling first from the experimental electron
beam spectrum and then from the energy-dependent
divergence, assumed to follow a Gaussian distribution with
zero mean and FWHM extracted from the experimental
data. The electron three-dimensional momentum was then
calculated from the sampled electron energy and from the
two sampled divergence angles. In order to account for
the free electron propagation from the gas cell, the initial
transverse electron spatial distribution was obtained

FIG. 4. Comparison of experimental results with theoretical models for the condition of best overlap. The experimentally measured
electron spectrum without the scattering laser (black line) and the spectrum of scattered electrons (red line) and (a) the theoretical
prediction assuming a model only based on the Lorentz force, (b) the Landau-Lifshitz equation, (c) a semiclassical model of radiation
reaction, and (d) the quantum model of radiation reaction in a multiparticle code and in a PIC code (green and blue curves, respectively).
In each frame, the uncertainties associated with the theoretical model arise from assuming the experimental uncertainty in the original
electron spectrum, as arising from the energy uncertainty of the magnetic spectrometer, and shot-to-shot intensity fluctuations of the
scattering laser. Details of the models used are discussed in the text.
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The description of the dynamics of an electron in an external electromagnetic field of arbitrary intensity
is one of the most fundamental outstanding problems in electrodynamics. Remarkably, to date, there is no
unanimously accepted theoretical solution for ultrahigh intensities and little or no experimental data. The
basic challenge is the inclusion of the self-interaction of the electron with the field emitted by the electron
itself—the so-called radiation reaction force. We report here on the experimental evidence of strong
radiation reaction, in an all-optical experiment, during the propagation of highly relativistic electrons
(maximum energy exceeding 2 GeV) through the field of an ultraintense laser (peak intensity of
4 × 1020 W=cm2). In their own rest frame, the highest-energy electrons experience an electric field as high
as one quarter of the critical field of quantum electrodynamics and are seen to lose up to 30% of their kinetic
energy during the propagation through the laser field. The experimental data show signatures of quantum
effects in the electron dynamics in the external laser field, potentially showing departures from the constant
cross field approximation.
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I. INTRODUCTION

In the realm of classical electrodynamics, the problem of
radiation reaction (RR) is satisfactorily described by the
Landau-Lifshitz (LL) equation [1], which has been

theoretically demonstrated to be the self-consistent
classical equation of motion for a charged particle [1,2].
However, when the electron experiences extremely intense
fields, the LL equation may no longer be assumed valid [3].
A full quantum description is thus required, and this is
currently the subject of active theoretical research (see, for
instance, Refs. [3–10]). Purely quantum effects can be
triggered in these conditions, including the stochastic
nature of photon emission [5,6], a hard cutoff in the
maximum energy of the emitted photons [9], and pair
production [10]. Besides the intrinsic fundamental interest
in investigating this regime in laboratory experiments, RR
is often invoked to explain the radiative properties of
powerful astrophysical objects, such as pulsars and quasars
[11,12]. A detailed characterization of RR is also important
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SLAC E320 ПРОЕКТ

Sebastian Meuren (for the E-320 collaboration) 3

Tunneling electron/positron pair 
production

Current simulations: Nielsen

Initial simulations: Tamburini & Vranic

Perturbative (E-144 code): Holtzapple

 
 E-320: initial milestones

 2021 (spring): calibrate detectors, measure backgrounds, access perturbative regime: a
0

1 (~10� 18 W/cm2)

 2021 (summer): observe the transition to nonperturbative laser-electron interactions: a
0

5 ( 10� � 19 W/cm2)  

perturbative

Individual harmonics
(red shifted edges)

Synchrotron spectrum 
with quantum corrections

non-perturbative

Breakdown of the
local constant field 

approximation (LCFA) 

 2021 (winter): quantum radiation reaction (electrons emitting n 5 photons)�

 2021 (winter): QED vacuum breakdown: a
0

10 ( 2x10� � 20 W/cm2)  

 2022 (spring): LCFA breakdown 
requires Compton / pair spectrometer  
       (Naranjo & Rosenzweig) 

Detector response:
Mir-Ali Hessami & Storey

13	ГэВ	+	17	ТВт
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SHINE ПРОЕКТ (КИТАЙ)

XFEL + 100 ПВт лазер (SEL – Station of Extreme Light)



Выводы и предложения

Один из проектов КИ предусматривает 3 лазерные станции. Одну из
станций можно оснастить мощной лазерной системой (мульти-ТВт или суб-
ПВт) для исследования нелинейного режима комптоновского рассеяния.

1-й этап: исследование методов значительного увеличения выхода фотонов
2-й этап: исследование эффектов реакции излучения, исследование границ
применимости приближений плоской волны и постоянного скрещенного
поля
3-й этап: сильно-полевая КЭД, генерация электрон-позитронных пар,
(200 ТВт система)

Приложения сильно-нелинейного режима комптоновского источника:
генерация короткого импульса гамма-квантов с высокой яркостью и
широким спектром для исследования быстропротекающих процессов в one-
shot режиме.


