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Positron Production in Multiphoton Light-by-Light Scattering
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A signal of 106 = 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 approaches or exceeds unity. Here the laser beam has
collision of two real photons was first considered by Breitlaboratory frequencyw, reduced wavelengttky, root-
and Wheeler [1] who calculated the cross section for thenean-square electric field,,,s, and four-vector potential
reaction A,; e andm are the charge and mass of the electron,
respectively, and is the speed of light.

For photons of wavelength 527 nm a value pf=
to be of order2, wherer, is the classical electron radius. 1 corresponds to laboratory field strength @&, =
While pair creation by real photons is believed to occur6 X 10! V/cm and intensity/ = 10! W/cm?. Such
in astrophysical processes [2], it has not been observed intensities are now practical in tabletop laser systems
the laboratory up to the present. based on chirped-pulse amplification [6].

After the invention of the laser the prospect of intense Then the multiphoton Breit-Wheeler reaction
laser beams led to the reconsideration of the Breit- L
Wheeler process by Reiss [3] and others [4,5]. Of w +nwg—e'e (2)
course, for production of an electron-positron pair, th
center-of-mass (CM) energy of the scattering photo
must be at leastmc? = 1 MeV. While this precludes
pair creation by a single electromagnetic wave, th
necessary CM energy can be achieved by colliding a e+ nwy— elete” (3)
laser beam against a high-energy photon beam created,
for example, by backscattering the laser beam off a highrequires at least five 527 nm laser photons colliding with
energy electron beam. With laser light of wavelengthan electron of 46.6 GeV. Reaction (3) is a variant of the
527 nm (energy 2.35 eV), a photon of energy 111 Ge\Bethe-Heitler process [7] in which an e~ pair is created
would be required for reaction (1) to proceed. Howeverpy the interaction of a real photon with a virtual photon
with an electron beam of energy 46.6 GeV, as availablérom the field of a charged particle.
at the Stanford Linear Accelerator Center (SLAC), the When an electromagnetic field with four-tenssy,,
maximum Compton-backscattered photon energy from & probed by a particle of four-momentum,, an in-
527 nm laser is only 29.2 GeV. variant measure of the strength of vacuum-polarization

In  strong .eI(.ectroma.gr?gtic fields .the interaction effects is k = /<(F,wp”)2>/(mc2fcrit), where E.i; =
need not be limited to initial states with two photonsmzc3/eh — mc2/eXe = 1.3 X 10'° V/em is the quan-

[3], but rather the number of interacting photons be-, ejectrodynamic (QED) critical field strength [8,9] at

comes large as tr;e dimensionless, invariant pa;ametg\;hich the energy gain of an electron accelerating over a
N = ey[(A A*)/mc* = eEns/mwoc = eEmsXo/me Compton wavelengthic is its rest energy, and at which a

w; + wy—ete” 1)

®hecomes accessible for = 4 laser photons of wave-
n?ength 527 nm colliding with a photon of energy 29 GeV.
eSimiIarIy, the trident process
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static electric field would spontaneously break down intoFFTB in which linac-halo electrons of energies between 5
electron-positron pairs. Indeed, the predicted rates [3—5nd 25 GeV were transmitted by the FFTB when the latter
for reaction (2) become large only when approaches was tuned to a lower energy.
unity, and not necessarily whepbecomes large. Electrons scattered via reaction (4) far=1, 2,
When a photon of energfiow collides head-on with and 3 laser photons were measured in gasrenkov
a wave of laboratory field strengti,, and invariant counters labeled EC37, N2, and N3 in Fig. 1. We used
strengthn, the invariantc = 2hw /mc?) (Emms/ Eerit) = detectors based o@erenkov radiation because of their
(hw/mc?) (Ac/ X))y may be large. For example, in a insensitivity to major sources of low-energy background.
head-on collision of a photon of energy 29 GeV with aEC37 was calibrated by inserting a thin foil in the electron
527 nm laser pulséty = 84 nm), « = 0.527. beam at IP1. The momentum acceptance and efficiency
Likewise, in reaction (3), or othes-laser interactions of the counters N2 and N3 were measured with the
involving vacuum polarization, the relevant invariant is parasitic electron beam by comparison with the previously
Y = E*/E.i, Where E* = 2yE,, is the laser field calibrated ECAL.
strength as viewed in the rest frame of an electron beam The spatial and temporal overlap of the electron and
with laboratory energy and Lorentz factoy = E/mc?>.  laser beams was optimized by observing the Compton
For a 46.6 GeV electron beam colliding head-on with ascattering rate of up ta0’/pulse in the EC37, N2, N3,
527 nm laserY = 0.847. and ECAL detectors during horizontal, vertical, and time
We have performed an experimental study of strongscans of one beam across the other.
field QED in the collision of a 46.6 GeV electron beam, We used the PCAL calorimeter to search for positrons
the Final Focus Test Beam (FFTB) at SLAC [10], with produced at IP1. Because of the high rate of electrons
terawatt pulses from a frequency doubled Nd:glass lasen the ECAL calorimeter from Compton scattering, it
with a repetition rate of 0.5 Hz achieved by a finalwas not possible to identify the electron partners of the
laser amplifier with slab geometry [11-14]. A schematicpositrons.
diagram of the experiment is shown in Fig. 1. The The response of PCAL to positrons originating at IP1
apparatus was designed to detect electrons that underg@s studied by inserting a wire into the electron beam at
nonlinear Compton scattering, IP1 to producee® e~ pairs by Bethe-Heitler conversion
of bremsstrahlung photons. These data were used to
develop an algorithm to group contiguous PCAL cells

as well as positrons produced ieHlaser interactions. Containing energy deposits into “clusters” representing
Measurements of reaction (4) have been reported e|S@_os_|tron pgnd@ates. Th_e clusters were chgracterlzed by
where [11,15]. the|r positions in thg horizontdlX ) and_vertlca_I(Ypos)

The peak focused laser intensity was obtained fofirection and by their total energy deposig,. Using the
linearly polarized green (527 nm) pulses of enefgy- fleld maps o_f_the magnets downst_ream of IP1, the vertl_cal
650 mJ, focal aread = 27 o o, = 30 um?2, and width impact position was translated into the 'correspondmg
At = 1.6 ps (FWHM), for which I = U/AAt ~ 1.3 X momentumP,. F|_gur_e 2 shows the density of clusters
10'8 W/cm2, 5 = 0.36, k = 0.2, andY = 0.3. produced by the wire in the two pla_n%lu/lfdu VS Yp(_)S

The electron beam was operated at 10—30 Hz and wa&d Ypos VS Xpos.  Only clusters within the signal regions
tuned to a focus withr, = 25 um ando, = 40 um at boun_ded by solid Im_e_s in Fig. 2 were cou_nte_d as pos_ltron
the laser-electron interaction point. Typical bunches wer&andidates. The efficiency of the cluster-finding algorithm
7 ps long (FWHM) and containefl X 10° electrons. is estimated to b@3 = 1%.

A string of permanent magnets after the collision
point deflected the electron beam downwards by 20 mrad.
Electrons and positrons of momenta less than 20 GeV 3 ?
were deflected by the magnets into two Si-W calorimeters = _
(ECAL and PCAL) with energy resolutionry/E =
19%/+/E[Ge V] and position resolution of 2 mm. The Si-
W calorimeters were calibrated in parasitic running of the
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FIG. 2. Cluster densities from positrons produced by a wire

scattered -\X inserted at IP1. The solid line shows the signal region for

46.6 GeV e positron candidates. (a) Ratio of cluster energy to momentum
electrons ECAL vs vertical impact position above the lower edge of PCAL. The
dump magnet banding inY,,, is an artifact of the segmentation of the detector.
Two simultaneous showers separated by less than a cell caused
FIG. 1. Schematic layout of the experiment. the clusters withE.,/Pew ~ 2. (b) Cluster position in PCAL.
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We collected data at various laser intensities. TheCerenkov counters EC37, N2, and N3, of first-, second-,
data from collisions with pooe-laser beam overlap were and third-order Compton scattering, respectively. Ide-
discarded when the signal in the EC37 monitor was lesally, the field intensity could be extracted from each of
than one-third of the expected value. The number othese monitors. However, becauseeofaser timing jit-
positron candidates observed in the remaining 21 962 laseer [13], the effective intensity has been extracted from
shots is175 + 13 and is shown as the upper distribution ratios of the monitor rates. Faj’> < 1, the field inten-
in Fig. 3(a) as a function of cluster momentum. sity is approximately given by)?> = k;N,/N; as well as

Positrons were also produced in showers of lost elecn? = k,N3/N,. The parameterk, andk, depend on the
trons upstream of the PCAL detector. The rate of thesacceptance and efficiency of the counters, as well as the
background positrons was studied in 121216 electronspectrum of scattered electrons, and were calculated over
beam pulses when the laser was off, yielding a total othe relevant range of? in the numerical simulation. We
379 = 19 positron candidates. Figure 3(a) shows the mofit the observedV; for each event to ideal values subject
mentum spectrum of these candidates as the hatched dis-the constraintv = (k»/k;)N;N5. Then the fittedV;
tribution, which has been scaled by 0.181, this being theleterminedn with an average precision of 11%. Uncer-
ratio of the number of laser-on to laser-off pulses. Af-tainties in the acceptance, background levels, calibration,
ter subtracting the laser-off distribution from the laser-and efficiency of the monitors caused a systematic error of
on distribution, we obtain the signal spectrum shown in*$;% to the absolute value of.

Fig. 3(b) whose integral i$06 = 14 positrons. Figure 4 shows the yieldR,+) of positronglaser shot

We have modeled the pair production as the two-steps a function ofp. The line is a power law fit to the data
process of reaction (4) followed by reaction (2), usingand givesR.+ = n*" with n = 5.1 + 0.2(stat)f8;§(syst),
the formalism of Ref. [4] for linearly polarized light. where the statistical error is from the fit and the systematic
The high-energy photon is linearly polarized since theerror includes the effects discussed previously, as well
laser is linearly polarized [16]. By numerical integration as the effect of the choice of bin size in. Thus,
over space and time in the-laser interaction region the observed positron production rate is highly nonlinear,
we account for both the production of the high-energyarying as the fifth power of the laser intensity. This is in
photon (through a single or multiphoton interaction) andgood agreement with the fact that the rate of multiphoton
its subsequent multiphoton interaction within the sameeactions involving: laser photons is proportional tp>”
laser focus to produce the pair. Further Compton scattef§or > < 1), and with the kinematic requirement that five
of the positron (or electron) are also taken into accountphotons are needed to produce a pair near threshold. The
The positron spectrum predicted by this calculation isdetailed simulation indicates that, on average, 1.5 photons
shown as the curve in Fig. 3(b) and is in reasonablere absorbed from the laser field in reaction (4) and 4.7 in
agreement with the data. (2), but that the exponemntfor the two-step process varies

To determine the effective intensity of each laser shotslightly with » and has an average value of 5.3.

i.e., the peak intensity of the part of the laser beam that
overlapped with the electron beam, we made us&/of
N,, andNj3, the number of electrons intercepted by the gas
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FIG. 3. (a) Number of positron candidates vs momentum for 1 at laser focus

laser-on pulses and for laser-off pulses scaled to the number

of laser-on pulses. (b) Spectrum of signal positrons obtainedIG. 4. Dependence of the positron rate per laser shot on the
by subtracting the laser-off from the laser-on distribution.laser field-strength parameter. The line shows a power law
The curve shows the expected momentum spectrum from thét to the data. The shaded distribution is the 95% confidence
model calculation. (c),(d) Same as (a) and (b) but with thelimit on the residual background from showers of lost beam
requirement thay > 0.216. particles after subtracting the laser-off positron rate.
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Several points at low values ofy seen in Fig. 4, the virtual photon combines with laser photons to yield
while statistically consistent with reactions (4) and (2),electron-positron pairs according to the theory of the
indicate a possible residual background of ab@ux multiphoton Breit-Wheeler process (2). The results of
1073 positronglaser shot due to showers of lost beamthis simulation indicate that for the present experiment
electrons. If we restrict the data to events with>  the trident process is negligible, as shown in Fig. 5 by the
0.216 we find 69 £ 9 positrons, and the agreement of dashed line.
their momentum spectrum with the model calculation is These results, as well as those of Ref. [15], confirm
improved, as shown in Fig. 3(d). the validity of the formalism of strong-field QED and

The observed positron rate is shown in Fig. 5 aftershow that the observed rates for the multiphoton reactions
being normalized to the number of Compton scatters(2) and (4) are in agreement with the predicted values.
where the latter is inferred from the measured rate irFurthermore, these results are the first observation of
the EC37 monitor. This procedure minimizes the effectinelastic photon-photon scattering with real photons.
of the uncertainty in the laser focal volume and in We thank the SLAC staff for their extensive support
the e-laser overlap. The simulation indicates that theof this experiment. The laser system could not have
variation of the positron rate over a spatial offset ofbeen completed without support from members of the
+25 um, or a temporal offset of+5 ps between the Laboratory for Laser Energetics at U. Rochester. T.
electron and laser beams,(888 = 0.07 of the variation Blalock was instrumental in the construction of the laser
in the Compton scattering rate. The solid curve in Fig. 5system and its installation at SLAC. We also thank
shows the prediction based on the numerical integratiodd. Haug, A. Kuzmich, and D. Strozzi for participation
of the two-step Breit-Wheeler process, (4) followed byin recent data collection, and A. Odian and P. Chen for
(2), multiplied by the cluster-finding efficiency (0.93) and many useful conversations. K.T.M. thanks J. A. Wheeler
the overlap correction factor (0.88). The data are in goodor continued inspiration. This work was supported in
agreement with the simulation, both in magnitude of thepart by DOE Grants No. DE-FG02-91ER40671, No. DE-
observed rate and in its dependencenon FG02-91ER40685, No. DE-FG05-91ER40627, and Con-

Although we have demonstrated a signal of positrortract No. DE-AC03-76SF00515.
production associated with the scattering of laser light, we
cannot immediately distinguish positrons from reaction
(2) from those originating in the trident process (3).
A complete theory of reaction (3) does not exist at
present so we performed a simulation based on a two-step Midland, Ontario, Canada L4R 2H2.
model in which the _beqm eIect_rqn emits a V|_rtuall photon  tprasent address: Lawrence Livermore National
according to the Weizséacker-Williams approximation, and Laboratory, Livermore, California 94551.
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