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In a new experiment at the Final Focus Test Beam at SLAC a low-emittance 46.6-GeV electron

beam is brought into collision with terawatt pulses from a 1.06-�m-wavelength Nd:glass laser. Peak

laser intensities of 1018 W/cm2 have been achieved corresponding to a value of 0.6 for the parameter

� = eE=m!0c, and to a value of 0.3 for the parameter � = E
?
=Ecrit = 2
e�hE=m2

c
3 in the case

of frequency-doubled laser pulses. In these circumstances an electron that crosses the center of the

laser pulse has near-unit interaction probability. Signals are presented for multiphoton Compton

scattering in which up to 4 laser photons interact with an electron. High-energy backscattered

photons of GeV energy can interact within the laser focus to create electron-positron pairs; an

excess of 15 positrons above a background of 14 was observed in a run of 6,000 laser shots.

The interaction of electrons with intense wave �elds
was �rst considered by Schott [1] which led to the intro-
duction of the dimensionless measure of �eld strength

� =
eErms

m!0c
=

eErms�0=2�

mc2
=

e
p
hA�A�i
mc2

;

for a plane wave of laboratory frequency !0, wavelength
�0, electric �eld E and four-vector potential A�. A �eld
with � = 1 has a voltage drop of an electron rest mass
per reduced wavelength. In the average rest frame of
an electron in a wave the transverse motion has charac-
teristic velocity �? = v?=c related by 
?�? = �, where


 = 1=
p
1� �2, so that parameter � is often called vosc=c

in weak �elds. As � approaches and exceeds unity the
classical radiation spectrum includes higher harmonics
of the wave frequency !0 (multipole radiation). In the
quantum view this corresponds to absorption of several
wave photons before emission of a photon of a frequency
multiple of the wave:

e + n!0 ! e0 + !:

Only one observation of this e�ect has been reported: a
weak signal of second-harmonic radiation in scattering
of 1-keV electrons from a Q-switched Nd:YAG laser [2].
A closely related e�ect is higher-harmonic generation in
a free-electron laser [3].
A quantum description of electrons in strong wave �eld

utilizes the Volkov solutions [4,5] to the Dirac equation,
in which an electron is `dressed' by continual absorption
and re-emission of wave photons leading to an e�ective
mass

m = m
p
1 + �2:

The role of the e�ective mass in Compton scattering of
electrons in a strong wave �eld was �rst discussed by
Sengupta [6]; see also refs. [7-10]. In nonuniform waves
the e�ective energy mc2 is called the ponderomotive po-
tential, which describes the forces on a charged particle
as it enters or exits the wave [11,12]. Ponderomotive ef-
fects on electrons ejected from atoms in a wave �eld with
� � 1 have recently been observed by Moore et al. [13].

FIG. 1. Calculated yield of scattered electrons from the

collision of 5 � 109 46.6-GeV electrons with a circularly po-

larized 1.06-�m laser pulse with intensity parameter � = 0:5.

Figure 1 shows the calculated spectra of scattered elec-
trons in conditions representative of the present exper-
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iment, following ref. [10]. The calculation includes the
space-time pro�les of the electron and laser beams and
makes the adiabatic approximation that the theoretical
rate based on in�nite plane waves holds for the local
value of �. The curve labeled n = 1 corresponds to or-
dinary Compton scattering, although the spectrum is
rounded near the nominal endpoint of 25.4 GeV due
to the larger e�ective mass of the electrons in the laser
�eld. The spectra corresponding to absorption of more
than one laser photon extend below 25.4 GeV, permit-
ting a kinematic distinction between ordinary and non-
linear Compton scattering.
The dashed extension of the curve labeled n = 1 to

energies below 25.4 GeV represents the background pro-
cess in which an electron scatters from a sequence of
laser photons at di�erent space-time points. This pro-
cess of multiple Compton scattering is also nonlinear in
laser intensity, but is distinct from the process we call
nonlinear Compton scattering in which several photons
are absorbed at a single space-time point. Figure 2a
represents n = 2 nonlinear Compton scattering, while
Fig. 2b represents two successive ordinary Compton scat-
ters. Electron e0 in Fig. 2b is real. The black circles indi-
cate that the absorption of a wave photon by an electron
in a Volkov state is not simply described by a vertex fac-
tor of the charge e.

FIG. 2. Diagrams representing (a) n = 2 nonlinear Comp-

ton scattering, and (b) double Compton scattering.

In quantum electrodynamics a natural measure of elec-
tromagnetic �eld strength is the so-called critical �eld for
which the voltage drop across a Compton wavelength is
an electron rest mass:

Ecrit =
m2c3

e�h
= 1:3� 1016 V/cm = 4:4� 1013 gauss:

The critical �eld was �rst introduced by Sauter [14] as
the characteristic �eld strength at which Klein's paradox
[15] becomes important and was further interpreted by
Heisenberg and Euler [16] as the �eld strength at which
electron-positron pair creation becomes copious. For a
particle in a strong wave �eld a useful dimensionless in-
variant is

� =
e�h

m3c5

q
(F��p�)2 =

E?

Ecrit

=
2
E

Ecrit

;

where F�� is the �eld tensor and p� is the particle's 4-
vector; E? is the wave �eld in the particle's rest frame,
and the �nal equality holds only if the particle is moving

anticollinear to the wave with Lorentz boost 
. Static
�elds with values of � approaching one are thought to
exist at the surface of neutron stars. The �eld at the
surface of a nucleus has � less than one, but quasistatic
�elds with � exceeding unity arise in MeV heavy-ion
collisions.
Electron-positron creation can arise in the interactions

of electrons with a wave in a two-step process in which
a Compton-scattered photon collides with wave photons
to produce the pair. Weak-�eld pair creation by photons
was �rst considered by Breit and Wheeler [17], and Reiss
[18] �rst discussed the strong-�eld case,

! + n!0 ! e+e�;

in which several wave photons participate; see also
refs. [8] and [10]. Figure 3 represents the latter pro-
cess for a case where an external photon and four wave
photons combine to produce a pair.

FIG. 3. Diagram representing multiphoton pair creation.

The present experiment studies the basic interactions
of electrons and photons in �elds near the QED crit-
ical �eld strength. It is also relevant to the under-
standing of so-called beamstrahlung processes at future
e+e�colliders where the �elds surrounding the beam
bunches approach Ecrit [19], and where the consequent
pair creation will be a limiting background. The experi-
ment provides a demonstration of the technology for e-

and 
-
 collider options [20], leading to measurements
of the 
WW coupling via the reaction e
 ! W� [21],
etc. Copious production of positrons in e-
 collisions
can provide a low-emittance positron source due to the
absence of �nal-state Coulomb scattering [22].
The parameters � and � are not independent, and for

electrons colliding head-on with a wave their relation is
�=� = 2
�h!0=mc2. For GeV electrons interacting with
a laser the ratio of � to � is near one, so experiments
in these conditions probe nonlinear e�ects due to both
multiphoton absorption and vacuum polarization.
We report here on preliminary results of a study of

strong-�eld QED in the collisions of 46.6-GeV electrons
with 1.06- and 0.53-�m-wavelength photons at the SLAC
Final Focus Test Beam. For this a new interaction point,
IP1, was constructed 10 m downstream of the Final Fo-
cus as sketched in Fig. 4. The permanent dump mag-
nets of the FFTB also served as the analyzing magnet
of our experiment. Electrons scattered by the laser at
IP1 and positrons produced there were detected in Si-W
calorimeters.
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FIG. 4. Sketch of experiment E-144 to detect scattered

electrons and positrons produced in e-laser collisions at the

SLAC Final Focus Test Beam.

In the next phase of the experiment (Fig. 5) a thin
foil or wire will convert high-energy Compton photons
to pairs that will be analyzed in a pair spectrometer
based on CCD's to reconstruct the photon-energy spec-
trum with resolution su�cient to discern the e�ective
mass m. In a third phase sketched in Fig. 6, part of
the laser beam will collide with the high-energy Comp-
ton photons at a new interaction point, IP2, and the
invariant mass of resulting pairs will be analyzed in the
pair spectrometer free from backgrounds of electrons and
positrons produced at IP1.

FIG. 5. Sketch of the experiment with the addition of a

pair spectrometer to analyze converted Compton photons.

FIG. 6. Sketch of the experiment with the addition of a

second laser interaction point to study pair creation by light.

The beam from a chirped-pulse-ampli�ed terawatt
Nd:glass laser system [23,24] is focused by o�-axis-
parabolic mirrors with a 17� crossing angle onto the elec-
tron beam at IP1. The laser system is shown in Fig. 7
and delivered pulses 1.5-ps (fwhm) wide at 0.5 Hz of up
to 2 J of infrared light, or 1 J of green light after fre-
quency doubling in a KDP crystal. The relatively high
repetition rate is achieved in a �nal laser ampli�er with
slab geometry [25]. The laser-oscillator mode locker is
synchronized to the 476-MHz drive of the SLAC linac
klystrons via a rf/optical feedback system [26]. The ob-
served jitter between the laser and linac pulses is 2 ps
(rms) [27]. The laser-pulse energy, length and area are
measured for each shot.
The peak focused laser intensity was obtained for in-

frared pulses of energy U = 1:2 J, focal area A = 80 �m2

and pulse width �t = 1:5 ps, for which I = U=A�t =
1018 W/cm2 at � = 1:06 �m, corresponding to a labora-
tory �eld of 20 GV/cm. The photon density at the laser

focus was 2�1026/cm3, some 30 times the electron den-
sity of gold. The �eld-intensity parameter � had a peak
value of 6 � 10�8�0

p
I = 0:6. The radiation length for

electrons in a wave of strength � � 1 is X0 � 3�0=4���2,
where � is the �ne structure constant. In our peak �eld,
X0 � 95 �m. The e�ective length of the laser pulse is
2
p
A=�= sin 17� � 35 �m. Thus electrons that passed

through the focus of the laser at peak intensity had a
30% probability of interacting.

FIG. 7. Sketch of the terawatt Nd:glass laser system.

The Final Focus Test Beam (FFTB) [28] was operated
at 10-30 Hz with an electron energy of 46.6 GeV and
emittances �x = 3� 10�10 m-rad and �y = 3� 10�11 m-
rad. The beam was retuned to a focus with �x = 60 �m
and �y = 70 �m at interaction point IP1 some 10 m
downstream of the �nal focus. The electron bunch length
was expanded to 3.6 ps (rms) to minimize the e�ect of
the time jitter between the laser and electron pulses.
Typical bunches contained 5� 109 electrons. Some data
were taken with a new mode of linac operation in which
pulses of as few as 107 electrons were transmitted at
1 Hz for 9 seconds, alternated with 30 Hz pulses of 5 �
109 electrons for 1 s while the linac feedback systems
operated.
Compton-scattered electrons were de
ected away from

the primary electron beam by the dump magnets of the
FFTB and detected in a silicon/tungsten calorimeter
(ECAL) [29], sketched in Fig. 8a, that covered the range
10-30 GeV. Positrons were de
ected to the opposite side
of the electron beam where they could be detected in a
similar calorimeter (PCAL). High-energy backscattered
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photons were detected by monitor CCM1 which observed
�Cerenkov light from the conversion of the photons in 0.2
radiation lengths of aluminum, as sketched in Fig. 8b.
Scattered electrons in the range 30-40 GeV were detected
in �Cerenkov monitors EC31 and EC37 of similar con-
struction.

1 tower =
4x4 pads

1 pad =
1.6x1.6 cm2

23 layers
of 1 Xo

E-cal: 3 towers
P-cal: 4 towers

E-cal, P-cal: Si-Tungsten

(a)

CCM1: Gas-Cerenkov Counter

γ
0.2 Xo Al Converter

e+,e-

Pb Shield

P.M.T.

Cerenkov
Periscope

(b)

FIG. 8. (a) The silicon-tungsten calorimeters ECAL and

PCAL. (b) The gas �Cerenkov monitor CCM1; monitors EC31

and EC37 are of similar construction.

The silicon calorimeters were calibrated in parasitic
running of the FFTB to the SLC program in which linac-
halo electrons of energies between 5 and 25 GeV were
transmitted by the FFTB when tuned to a lower energy.
The number of such electrons varied between 1 and 100
per pulse, which provided an excellent calibration of the
ECAL and PCAL over a wide dynamic range. The cali-
bration runs also yield a check of the maps of the FFTB
dump magnets that are used in our spectrometer.

FIG. 9. Observed rates of (a) ordinary and (b) nonlinear

Compton scattering as a function of x and t o�sets between

the electron and laser beams.

The spatial and temporal overlap of the electron and
laser beams was monitored by observing the Compton
scattering rate in the ECAL and CCM1 detectors dur-
ing horizontal (x), vertical (y) and time (t) scans of one
beam across the other. Figure 9 shows results of a com-
bined x-t scan. The 17� beam-crossing angle leads to the
observed slope to the data. Figure 9a is derived from
scattered photons and is dominated by ordinary Comp-
ton scattering. Figure 9b is derived from electron of en-
ergy less than 25.4 GeV corresponding only to nonlinear
Compton scattering. The space-time extent of Fig. 9b is
less than that of Fig. 9a because the nonlinear process is

more probable in the higher intensity regions of the laser
beam.
In the commissioning of the present experiment in

April 1994 a measurement was made of the longitudi-
nal polarization of the electron beam. The result was
Pe = 0:81+0:04

�0:01 [30], in good agreement with measure-
ments of the SLD collaboration. The upper error of 0.04
on the polarization is due to the uncertainty in the degree
of circular polarization of the laser, and could readily be
reduced to 0.01 in any future measurements.
The data concerning nonlinear Compton scattering

were collected using the ECAL silicon calorimeter. It
sampled 12 energy intervals each about 1.5 GeV wide.
The highest energy sampled was 30 GeV, but the max-
imum sampled energy could be reduced by lowering the
entire calorimeter away from the beam. When posi-
tioned with maximum energy below 25.4 GeV, only elec-
trons from nonlinear scattering were detected. An ECAL
channel saturated at 12 TeV, while at peak laser inten-
sity some 107 Compton scatters occur per pulse. Hence
the ECAL could not be used to study ordinary Compton
scattering for laser intensities higher than about 0.001
of peak. Due to electronic crosstalk and backsplash
from ordinary Compton-scattered electrons that hit the
beampipe the dynamic range of ECAL was only about
100. A complete mapping of the nonlinear Compton
spectrum required data collection at several laser inten-
sities and positions of the ECAL.
Data were collected at 12 laser intensities, labelled by

the corresponding laser pulse energies between 27 and
750 mJ, with a circularly polarized infrared beam. Fig-
ure 10 shows the observed rates vs. scattered electron en-
ergy for three representative laser intensities, each nor-
malized to the ordinary Compton rate as measured in
the CCM1 photon monitor. Each data set utilized more
than one ECAL position to permit �ner energy steps
and to explore the low-rate region better. Corrections
for crosstalk and backsplash have been applied, based on
algorithms derived from the calibration runs, and from
use of ECAL channels outside the acceptance for Comp-
ton scattering.
The curves in Fig. 10 are from a preliminary simu-

lation of the experiment that generated Fig. 1 as well.
The simulation includes both nonlinear Compton scat-
tering and multiple Compton scattering, which are cal-
culated to have roughly equal rates under the condition
of the experiment. Although the electron-energy spectra
from these two processes are slightly di�erent they are
not readily distinguished if only the scattered electron
is detected. However, measurement of the spectrum of
scattered photons in a second phase of the experiment
can separate the two processes.
The data from the ECAL scans are replotted in Fig. 11

to reveal the nonlinear dependence on laser energy more
directly. As the rates are normalized to the scattered-
photon signal which is primarily ordinary Compton scat-
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tering, data at electron energies dominated by order
n should vary with laser pulse energy as Un�1. Data
for four scattered-electron energies are shown in Fig. 11
along with solid curves representing the ideal power-law
behavior. The open circles are the results of the simula-
tion of the experiment and indicate that the results are
expected to deviate somewhat from a pure power law.

FIG. 10. Energy spectra of scattered electrons as observed

in the ECAL calorimeter for 3 of 12 laser intensities. The

data are normalized to the total Compton-scattered photon

rate measured in the CCM1 detector. The curves are from a

simulation of the experiment.

Analysis of the nonlinear Compton scattering data
continues with the goal of improved understanding of
systematic e�ects in normalization and of the e�ect of
shower spreading in the ECAL on the rapid variation of
rate with position.
We have also searched for positron production via

the two-step process in which high-energy photons from
Compton scattering interact within the laser focus to
create an e+e� pair. The laser beam was frequency dou-
bled which increased the value of � slightly, and permit-
ted positron production with fewer laser photons. In-
deed, with the infrared laser at least 8 laser photons

must combine with a high-energy photon to produce an
e+e� pair, while only 4 laser photons are required for
the frequency-doubled green laser. The overall rate for
positron production by the green laser depends on the
�fth power of the laser intensity: one power for ordinary
Compton scattering to produce the high-energy photon,
and four more powers to produce the pair in the photon-
photon reaction. The green laser beam was linearly po-
larized following a conjecture that the threshold rate of
pair creation in photon-photons collisions is greater for
linear than circular polarization.

FIG. 11. The normalized rate of scattered electrons of var-

ious energies as a function of laser pulse energy (solid boxes).

The open circles are from a simulation of the experiment. The

solid lines represent the simple power-law expectation if the

data are dominated by the lowest-order Compton scattering

appropriate for the electron energy.

We used the PCAL calorimeter to search for positrons
produced at IP1. Because of the high rate of electrons
in the ECAL calorimeter from Compton scattering it
was not possible to distinguish the electron partners of
the positrons. The response of PCAL to positrons was
studied by inserting an Al foil at IP1 during calibration
runs to produce Bethe-Heitler e+e� pairs with results
shown in Fig. 12a. Positrons were also produced in show-
ers of lost electrons upstream of IP1; the rate of these
background positrons was studied in 29,622 electron-
beam pulses when the laser was not �red, as shown
in Fig. 12b. The background positrons were de
ected
to slightly larger y-values by magnets upstream of IP1.
From these data a signal band was de�ned around the
proper energy/position correlation in PCAL for positron
production at IP1. The 34 positrons within this band
found in the laser-on pulses (Fig. 12c) are the signal can-
didates. Figure 12d shows the signal-candidate positrons
in laser-on (solid line) and laser-o� (dashed line) events
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as a function of energy, where the laser-o� results have
been scaled by 6,068/29,622 = 0.2. The scaled back-
ground rate is consistent with 1.6 positrons per energy
bin, which rate has been subtracted from the laser-on
candidates to produce the signal spectrum shown in
Fig. 12e.
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FIG. 12. Energy vs. position distribution of positrons ob-

served in the PCAL when (a) an Al foil is inserted at IP1;

(b) the laser is o�; (c) the laser is on. The curving bands

in (a)-(c) de�ne the search region for positrons produced at

IP1. The spectrum plotted along the vertical axis of (c) is

from a simulation of multiphoton pair creation at IP1. (d)

The IP1-positron candidates from (b) (dashed line) and (c)

(solid line) as a function of energy; the background candi-

dates from (b) have been scaled down by 0.2. (e) The sig-

nal of positrons produced at IP1 obtained by subtracting 1.6

background positrons per 2-GeV bin from the laser-on candi-

dates; the smooth curve is the simulated spectrum also shown

in (c).

The curve in Figs. 12c and 12e is from a simulation
of the expected positron spectrum; very little signal is
expected or found for energies below 10 GeV (rows d-f
of PCAL). Using only PCAL rows a-c to quantify the
signal, we �nd 15:1� 5:6 positrons in the laser-on data
above the background. This signal is the �rst evidence
for a light-by-light scattering process with real photons
only, and in particular with optical photons.
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