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Nonlinear Compton scattering has been observed in the collision of a low-emittance 46.6
electron beam with terawatt pulses from a Nd:glass laser at 1054 and 527 nm wavelengths
experiment at the Final Focus Test Beam at SLAC. Peak laser intensities of1018 Wycm2 have been
achieved, corresponding to a value of 0.6 for the parameterh ­ eErmsymv0c. Results are presented
for multiphoton Compton scattering in which up to four laser photons interact with an electron
agreement with theoretical calculations. [S0031-9007(96)00012-9]

PACS numbers: 41.60.–m, 12.20.Fv, 42.65.Vh
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Considerations of the interaction of electrons wi
intense wave fields [1–7] led to the introduction of th
dimensionless measure of field strength

h ­
eErms

mv0c
­

eErmsl0y2p

mc2 ­
e
q

kAmAml

mc2 , (1)

for a plane wave of laboratory frequencyv0, wavelength
l0, root-mean-square electric fieldErms, and four-vector
potentialAm. Heree andm are the charge and mass of th
electron, respectively, andc is the speed of light. A field
with h ­ 1 has a voltage drop of2pmc2ye ø 3 MV
per laser wavelength. The classical radiation spectrum
h ø 1 includes thenth harmonic of the wave frequenc
v0 (multipole radiation) at relative strengthh2n, which is
nonlinear in wave intensity forn . 1. In the quantum
view this corresponds to absorption of several wa
photons accompanied by emission of a single photon
frequencyv:

e 1 nv0 °! e0 1 v . (2)
Only one observation of this effect has been reported
weak signal of second-harmonic radiation in scattering
1-keV electrons from aQ-switched Nd:YAG laser [8].

We report on an experiment in which 46.6-GeV ele
trons are scattered at the focus of an intense laser w
wavelengthl0 ­ 1054 (infrared) and 527 nm (green). In
the rest frame of the electron beam, the corresponding
cident photon energies are 211 and 421 keV, respectiv
so the recoil of scattered electrons is significant, a
the interaction (2) can be described as Compton sca
ing. At the laser intensities achieved (I ø 1018 W/cm2,
h ø 0.6) nonlinear effects were readily observed.

In this experiment the scattered electrons were detec
When an electron of initial energyE0 absorbsn photons
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from a laser pulse with intensity parameterh and crossing
angleu0 to the electron beam, the minimum energy of th
scattered electron isEmin ­ E0yf1 1 nsym2c4g where
s ­ 2E0v0s1 1 cosu0d. This expression utilizes the
effective mass,m ­ m

p
1 1 h2, of electrons in a strong

wave field that arises due to “dressing” by continu
absorption and re-emission of wave photons [6,9]. F
ordinary (linear) Compton scattering (n ­ 1, h ø 1) the
minimum scattered-electron energy is 25.6 GeV atE0 ­
46.6 GeV andu0 ­ 17±. The spectrum of scattered elec
trons corresponding ton . 1 extends below 25.6 GeV,
permitting an identification of multiphoton Compton
scattering.

Electrons with energy below 25.6 GeV also occur whe
the electron independently scatters twice or more as
traverse the laser focus. We refer to this process
multiple Compton scattering, and it is physically distinc
from nonlinear Compton scattering in which sever
photons are absorbed at a single point, but only a sin
high-energy photon is emitted. The interaction length
the laser focus is approximatelyl0yah2, wherea is the
fine-structure constant. Electrons that passed through
focal region had a 1/4 probability of interacting, and 1/1
scattered twice, etc.

Figure 1 shows spectra of scattered electrons calcula
according to Ref. [5] for conditions representative of th
present experiment withh ­ 0.5. This semiclassical
calculation is based on the Volkov solutions [7,10] t
the Dirac equation, and differs from one based on
quantized laser field only in radiative corrections [6]. Th
calculation includes the space-time profiles of the electr
and laser beams and makes the adiabatic approxima
that the rate based on infinite plane waves holds for
© 1996 The American Physical Society
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FIG. 1. Calculated yield of scattered electrons from t
collision of 5 3 109 46.6-GeV electrons with a circularly
polarized 1054-nm laser pulse of intensity parameterh ­ 0.5.

local value ofh. The curves in Fig. 1 are labeled b
the highest number of photons that are absorbed i
single scattering event. Thus the dashed curve lab
n ­ 1 corresponds to linear Compton scattering, b
extends below 25.6 GeV because of multiple Comp
scattering. The curve labeledn ­ 2 also extends below
the nominal minimum energy for nonlinear Compto
scattering because additional linear Compton scatters
occur. The upper solid curve is the sum of all scatterin

The experiment was carried out in the Final Focus T
Beam at SLAC [11], and is shown schematically in Fig.
The laser beam was focused onto the electron beam
an off-axis parabolic mirror of 30-cm focal length wit
a 17± crossing angle at the interaction point, IP1, 10
downstream of the Final Focus. A set of perman
magnets was used to direct the electron beam downw
to the dump and also served to analyze the momen
of the scattered electrons. Electrons scattered with
ergy E & 30 GeV were detected in a silicon-tungste
calorimeter (ECAL) that was segmented transversely
12 rows and 4 columns of1.6 3 1.6 cm2 pads and in four
longitudinal groups with 23 radiation lengths total thic
ness. The calorimeter energy resolution wassEyE ø
0.25y

p
EsGeVd, whereas the size of the pads result

in momentum bins ofDPyP ø 0.15. The high-energy

FIG. 2. Schematic drawing of the experiment.
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backscattered photons were detected by a gasČerenkov
monitor (CCM1) after conversion in 0.2 radiation leng
of aluminum. The number of backscattered photonsNg

was measured pulse by pulse with a systematic unc
tainty of 610%.

The laser was a 1.5-ps, chirped-pulse-amplifi
Nd:glass terawatt system [12,13] with a relatively hig
repetition rate of 0.5 Hz achieved by a final laser amp
fier with slab geometry [14]. The laser-oscillator mod
locker was synchronized to the 476-MHz drive of th
SLAC linac klystrons with an observed jitter between th
laser and linac pulses of 2 ps (rms) [15].

The peak laser intensity was determined from measu
ments of the laser energy, focal-spot area, and pulse wi
For the infrared laser data all three quantities were m
sured for every pulse. The uncertainty in the pulse wid
was620% because of diffraction of the laser beam. Flu
tuations on the energy probe calibration led to a613%
uncertainty in the energy measurement. The focal s
area at IP1 was measured by reimaging the focus of
laser on a charge coupled device. Because of laser l
scattering, filtering, and a non-Gaussian shape of the fo
spot, the uncertainty in the area was620%. The over-
all uncertainty in peak intensity was therefore630%. For
the green laser data (obtained by frequency doubling i
KDP crystal), the energy and focal area were measured
each pulse, but the pulse width is known only on avera
for each data set from streak-camera measurements
varied betweenDt ­ 1.5 and 2.5 ps. Thus we assign a
uncertaintyDIyI ­ 10.5

20.3 for the green laser data.
The peak focused laser intensity was obtained

infrared pulses of energyU ­ 800 mJ, focal area
A ; 2psxsy ­ 60 mm2, and pulse widthDt ­ 1.5 ps,
for which I ­ UyADt ø 1018 W/cm2 at l0 ­ 1054 nm,
corresponding to a value ofh ­ 0.6.

The electron beam was operated at 10–30
with an energy of 46.6 GeV and emittancesex ­
3 3 10210 mrad andey ­ 3 3 10211 mrad. The beam
was tuned to a focus withsx ­ 60 mm andsy ­ 70 mm
at the laser-electron interaction point. The electron bun
length was expanded to 3.6 ps (rms) to minimize t
effect of the time jitter between the laser and electr
pulses. Typical bunches contained5 3 109 electrons.
However, since the electron beam was significantly larg
than the laser focal area, only a small fraction of t
electrons crossed through the peak field region.

The spatial and temporal overlap of the electron a
laser beams was optimized by observing the Comp
scattering rate in the ECAL and CCM1 detectors duri
horizontalsxd, verticals yd, and timestd scans of one beam
across the other. Figure 3 shows results of a combin
x-t scan. Figure 3(a) is derived from scattered photo
and is dominated by linear Compton scattering. The slo
of the data agrees with the17± beam-crossing angle
Figure 3(b) is derived from electrons of energy less th
25.6 GeV where single, linear Compton scattering do
3117
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FIG. 3. Observed rates of (a) linear and (b) nonlinear a
multiple Compton scattering as a function ofx and t offsets
between the electron and laser beams. The area of each bo
proportional to the signal size.

not contribute. The peak in Fig. 3(b) has a smaller spac
time extent than that in Fig. 3(a) because of the strong
dependence of the nonlinear process on laser intensity.

The ECAL sampled the scattered electrons in ener
intervals about 2.5 GeV wide. Because of the rapid
decreasing yield at lower energies and theø100 : 1
dynamic range of the ECAL, only data from the top fou
rows of the calorimeter could be used in the analysis. T
highest sampled energy could be adjusted by lowering
entire calorimeter. Thus the complete mapping of th
nonlinear Compton spectrum required data collection
several laser intensities and positions of the ECAL.

Data were collected with circularly polarized lase
pulses of energies between 14 and 800 mJ atl0 ­
1054 nm, and between 7 and 320 mJ atl0 ­ 527 nm.
The energy measured in the calorimeter pads, each
which accepted a limited momentum bite, gave th
spectrum of electrons scattered in that pulse. Correctio
were applied for shower cross talk between calorime
pads, and for backgrounds from high-energy Compto
scattered electrons that hit beam-line components. T
methods were used to estimate the corrections, based
shower-spread information from calibration runs and o
signals in calorimeter channels outside the acceptance
Compton scattering. The average of the two methods
used, and the difference is taken as a contribution to
systematic uncertainty.

An invariant cross section cannot be defined for nonli
ear Compton scattering as it would depend on the la
intensity which varies in space and time. Instead, w
discuss the normalized energy spectrum,s1yNddNydE,
of scattered electrons. The total numberN of scattered
electrons is equal to the total numberNg of high-energy
photons (except for corrections of less than 3% due
multiple Compton scattering). The normalized spectru
was deduced for each laser pulse and then averaged
yield the data points in Figs. 4(a) and 5. This techniqu
renders the results less sensitive to the time jitter betwe
the electron and laser pulses and to the consequent un
tainty in the interaction flux.
3118
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FIG. 4. Energy spectra of scattered electrons as observe
the ECAL calorimeter. (a) Data and simulation for 42-m
infrared laser pulses. (b), (c) Data (open and filled-in circle
and simulations (solid curves) for infrared (b) and gree
(c) laser pulses, scaled to standard values of the interac
geometry. The dashed lines show the simulation for multip
linear Compton scattering only.

The spectrum of scattered electrons normalized to
number of Comptong rays is plotted in Fig. 4(a) agains
the electron energy for data at a nominal laser energy
42 mJ. The open squares represent a simulation of e
pulse using the corresponding laser and electron be
parameters. The simulation includes both nonlinear a
multiple Compton scatterings, and combinations of t
two. Only energies below the minimum for ordinar
Compton scattering are shown. The plateau at 1
21 GeV corresponds to two-photon scatters, and
falloff at 17–18 GeV is evidence for the two-photo
kinematic limit at 17.6 GeV as smeared by the momentu
resolution of the calorimeter.

To compensate for small variations in the beam para
eters during the run, the data in Figs. 4(b) and 4(c) ha
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FIG. 5. The normalized yield of scattered electrons of ene
gies corresponding ton ­ 2, 3, and 4 infrared laser photons
per interaction versus the intensity of the laser field at the
teraction point. The bands represent a simulation of the
periment, including 30% uncertainty in laser intensity and 10
uncertainty inNg .

been scaled by the ratio of the simulated rates at m
sured and at standard values of electron and laser be
spot dimensions. For these standard conditions (2 ps la
pulse length,70 mm2 laser focal area in the infrared
and35 mm2 in the green, and electron bunch dimensio
sx ­ sy ­ 60 mm andsz ­ 870 mm), the value ofNg

is 1.92 3 104ymJ for the infrared and0.75 3 104ymJ for
the green laser pulses. Figure 4(b) shows results fr
infrared data at two laser energies differing by an ord
of magnitude. The full simulation is shown as the sol
curve. The spectrum calculated for multiple linear (i.e
n ­ 1 only) Compton scattering is shown as the dash
curve, which clearly cannot account for the observation
The kinematic limit forn ­ 3 scattering at 13.5 GeV can-
not be resolved in the data, but the expected effect is o
a very small shoulder in the spectrum.

Figure 4(c) shows similar results from green laser ligh
The larger experimental uncertainties in this case refl
lower statistics and a larger background subtraction. T
n ­ 2 kinematic limit at 10.9 GeV can be discerned i
the data. Evidence for then ­ 3 plateau can be seen in
the 220-mJ data.

The error bars shown in Fig. 4(a) represent statistic
uncertainty in the number of scattered electrons a
systematic uncertainty in the correction for backgroun
in the calorimeter. In Figs. 4(b) and 4(c) and also
Fig. 5 below the error bars also include uncertainties
the scaling to standard beam conditions.

In Fig. 5 we illustrate the rise in the normalize
nonlinear yield with infrared-laser intensity. As the yield
are normalized to the total Compton-scattering phot
signal which is primarily linear Compton scattering
data at electron energies dominated by ordern should
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vary with laser pulse intensity asIn21. The slopes of
the four data sets in Fig. 5 agree reasonably well wi
this expectation, and their magnitudes agree with th
simulated yields within the 30% uncertainty in the lase
intensity and the 10% uncertainty inNg, shown as a
band for each electron energy. The signals for then ­ 2
and 3 channels are strong, and for laser intensities abo
2 3 1017 Wycm2 there is good evidence for then ­ 4
channel.

In conclusion, we have observed nonlinear Compto
scattering with the absorption of up to four laser photon
in a single scattering event. The spectra of scattered el
trons agree within experimental uncertainty with theor
[5] at two different laser wavelengths and over a wid
range of laser pulse energies.
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