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Studies of nonlinear QED in collisions of 46.6 GeV electrons with intense laser pulses
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We report on measurements of quantum electrodynamic processes in an intense electromagnetic wave,
where nonlinear effectégoth multiphoton and vacuum polarizatjoare prominent. Nonlinear Compton scat-
tering and electron-positron pair production have been observed in collisions of 46.6 GeV and 49.1 GeV
electrons of the Final Focus Test Beam at SLAC with terawatt pulses of 1053 nm and 527 nm wavelengths
from a Nd:glass laser. Peak laser intensities~di.5x 10'*W/cn? have been achieved, corresponding to a
value of ~0.4 for the parameter=eE,,s/mMwyc and to a value of~0.25 for the parameteY ;=EJ Eit
=eE; Ji/m?c3, whereE? (is the rms electric field strength of the laser in the electron rest frame. We present
data on the scattered electron spectra arising from nonlinear Compton scattering with up to four photons
absorbed from the field. A convolved spectrum of the forward high energy photons is also given. The observed
positron production rate depends on the fifth power of the laser intensity, as expected for a process where five
photons are absorbed from the field. The positrons are interpreted as arising from the collision of a high-energy
Compton scattered photon with the laser beam. The results are found to be in agreement with theoretical
predictions[S0556-282(99)02519-9

PACS numbgs): 13.40—f, 12.20.Fv, 13.10tq, 42.65-k

I. INTRODUCTION field, but radiates only a single photon:

A. General etno—e’ +v, 1)

Quantum electrodynamid©QED) has been tested exten- )
sively in the weak-field regime. It has also been tested iﬁ/vherew.rep.resents a photon from the strong electromagnetic
atomic systems with focused laser beams whose electri@Vé:n mdlcateﬁ'tr;]e number ﬁf suchT%hotons abs%rbed, alnd
fields of order 18V/cm (1 V/A) lead to rapid ionization of 7 represents a hign-energy photon. This process has a clas-

atoms and other phenomena of nonlinear optics. Here, ngcal limit, Thomson scattering, a_nd the casaofl corre
. . .~ sponds to higher-multipole radiation.
report on the observation of two strong-field processes in the .
In the second process, one or more of the laser photons is

interaction of an ultrarelativistic electron beam with a tera’Compton scattered from the electron beam via pro¢gss

watt laser pulse. producing a high-energy photon. As this photon propagates

The first process is nonlinear Compton scattering, inyrquqgh the laser field, it can interact to produce an electron-
which an electron absorbs multiple photons from the Iase[)ositron pair:

y+nw—e'e . 2

*Present address: ELCAN Optical Technologies Ltd., Midland,
Ontario, Canada L4R 2H2. This is referred to as Breit-Wheeler pair production, and can

"Present address: Lawrence Livermore National Laboratory, Livbe regarded as the materialization of a vacuum-polarization
ermore, CA 94551. loop in a strong field.
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on pair creation are presented in Secs. V and VI, respecFherefore, the total energy of the electron is related by
tively, with conclusions in Sec. VII.

E2=(mc)?+(Pic)®+(P,c)®=(1+ n*)(mc*)*+(Pic)?,

B. Nonlinear Compton scattering @)

The interaction of free electrons with strong fields haswhereP, is the component of the electron’s momentum par-
been considered by several authi@s10]. Nonlinear Comp-  allel to the direction of propagation of the wave. Heuristi-
ton scattering, proceg4), can be understood in terms of the cally, one can say that quantum interactions average over the
interaction of an electron with a classical plane wave of fretransverse motion, so that the electron behaves as if it had an
guencyw. In general, such an electron will exhibit oscilla- effective mas$11]
tory motion with a frequencw, and will, in turn, radiate. If
the frequencyw™ as observed in the rest frame of the elec- m?=m?(1+ 7?). (8
tron obeysh w*<mc?, wherem is the mass of the electron
andc is the speed of light, this process is called ThomsonThis behavior is identifiable by a shift in the kinematic edge

scattering, the classical limit of Compton scattering. for Compton scattering, discussed further in Sec. 1 B.
In the weak-field case, the maximuimansversgvelocity
reached by an electron at rest prior to the arrival of the wave C. Breit-Wheeler pair production

of peak electric fielc will be Another measure of field strength besidgs relevant to

eE Breit-Wheeler pair production, proce&®), namely one that
Vimax= (3)  compares the field to the so-called QED critical field.
@ The concept of a QED critical field was first introduced

wheree is the magnitude of the electron’s charge, and thd-12] in connection with Klein's paradokd 3], and has since
resulting radiation is well described by the dipole approxi-0€€n interpreted in the context of pair creation due to
mation. In stronger fieldsy ., approaches, and higher ~Vacuum polarization by a static field4,15. If virtual e e _
multipole radiation becomes significant. The radiated intenPas in the vacuum acquire enough energy from the field,
sity is then a nonlinear function of the intensity of the inci- they may become real, resulting in a “breakdown of the
dent wave. In quantum theory, this can be interpreted a¥acuum.” The characteristic separation of the electron and
simultaneous absorption by an electron of multiple photong0Sitron of a virtual pair is the Compton wavelengtl
from the field, leading to the emission of a single photon=7%/M¢, so a critical fieldE; is defined by the condition

(that is distinguishable from the initial photons eEyitc=mc. Hence,
Thus, nonlinear effects become significant in Compton me  m2c3
(and Thomsonscattering when the dimensionless parameter, Ecng TVl 1.3x 10 vicm. (9)
c
eEms : ; ; ;
7= ome’ 4) In the case of a plane-wave field by itself, the invariant

E2—B? vanishes, and spontaneous pair creation cannot occur
approaches or exceeds unity. Here, we have used the rrf@ any value of the field strength. Nonetheless, if such a
(root-mean-squaje rather than peak, electric field as this field is probed by a particle, pair creation can occur, and the
provides the most unified description of different wave po-critical field (9) is pertinent to the physical description of the
larizations. When considered in a different reference frameprocess. The latter circumstance is made plausible by the

E.ms and w transform in a similar manner, leaving the value inverse of the usual Weizsker-Williams approximation.
of 7 the same. That iS77 can be expressed as a Lorentz That is, some aspects of the interaction of a wave field with

invariant, namely a probe particle are similar to those of an equivalent static
field in a relevant frame.
. e2|(AMA“)| In particular, the effect of vacuum polarization on the
"= (3 interaction of an electron or photon of 4-momentpmwith

an electromagnetic wave with 4-tenggy, can be character-
where the average is taken over one period. In this, thézed in terms of the dimensionless invariant
4-vector potentialA,, of the wave must satisfy the Lorentz
gauge condition {,A*=0), and have no overall constant eh
term ((A#)=0). : Y= 35 V((Fup")%)- (10

For example, in a circularly polarized wave the magnitude

of the electric field is constant. A free electron in this wave
undergoes circular motion with angular frequeneyin the
plane transverse to the direction of propagation of the field

The invariantY can also be written in terms of the invariant
» and the 4-momenturk,, of a photon of the(plang wave

The electron’s transverse momentim is field as
P, eE p-k
mc wmc Y= : (11)
mc wmc - ©) Y m2c
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Thus, while the invariantg andY can, in general, be varied TABLE |. Peak values of the invariant measures of laser field
independently, their ratio is fixed for a particular choice of strength.
the 4-momentunk andp.

For an electron, the invariaf10) can be evaluated as A (nm)
E* 1053 527
rms
Ye= Eert| (12 7 0.4 0.32
Y, 0.17 0.27
where E* is the electric field strength of the wave in the Y 0.08 0.16

Y
electron’s rest frame.

In procesg?2), a photon of 4-m0mentuml’t interacts with i
For 46.6 GeV electrons, the maximum photon energy

an intense laser pulse. We label the corresponding invariargt : :
as rom Compton scattering by a single green photon was 29
GeV, and the pair production studies were performed with
efi photons of energy close to this. Single IR photons yielded
Y,=——= V((F LK ")?). (13)  backscattered photons of energy about 21 GeV, which was
m-c unfavorable for pair production in this experiment. For the
. . _ reen laserY.=0.82p, andY ,=0.51y, according to Eq.
In any frame in which the photon and the wave collide headyy) giving the peak values listed in Table I. The peak elec-
on,,Yy can be written in terms of the photon's enerfly i field of the laser in the rest frame of the electron beam
=ko as was~5x 10 V/cm.

:% Erms

. (14 E. Related studies
7 mc2 Ecrit

The first experimental study of nonlinear Thomson scat-

If £,>mc?, the value ofY , is the same as that of , for a tering [16] reported a weak signal o_i=2 scattering of a

wave probed head-on by An electron of enef: y laser by keV electrons. Recent studies of second and third-
9 harmonic radiation produced in a laser-plasma interaction

The above interpretations are supported by detailed anali-ﬂ] h b int ted i Thomson tterin
ses[4,7,8 which show that the pair production rate become ave been Interpreted as noniinéar Thomson scattering.
Neither those works, nor the present experiment provide

Iarge_whenYy approaches unity _Further, #>1, the pair decisive evidence for the mass sltiB}, although we include
creation rate has the same functional dependenc¥ pas the mass shift in our simulations of the experiment
does the “breakdown of the vacuum” by a static electric T P '

In the nonrelativistic limit, the energg’) of the electron

fiel h i0Y static= Estatic! Ecrit - .IDand VIB . . .
teld on the ratioY sic= Esanc/ Eeri- See Secs. Il D and in a wave isé=mc+PZ/2m+ 5’md?/2; the last term is

for further discussion. often referred to as the “ponderomotive potentiall]. The
corresponding ponderomotive force fis= — (mc/2)V 7«
—VE?. Charged particles can scatter off a spatially varying
In this experiment, we studied the interactions of 527 nmponderomotive potential. In a quantum view, the charged
(green and 1053 nm (infraredIR) laser pulses with a 46.6 particle absorbs laser photons and emits photons back into
GeV electron beam. We also present some data taken withtae laser field. A spatially varying field contains a spectrum
49.1 GeV electron beam. of photon momenta, so its interaction with the charged par-
Since the photon energy in the electron rest frame wasicle can result in a change of that particle’s momentum,
comparable to the electron rest mass, recoil effects in rea@ven though no photon is scattered out of the laser field. In
tion (1) were pronounced, and we describe that process abe classical view, the ponderomotive force also can be said
Compton rather than Thomson scattering. The recoil effect ito arise from the interference between the laser field and the
Compton scattering made possible the identification of theadiation field of the chargEL8].
(minimum) number of photons absorbed from the laser beam Ponderomotive scattering of low-energy electrons in an
by measurement of the scattered electron energy, as disitense laser field has recently been obsefd&], and ef-
cussed further in Sec. II B. fects of the mass shift on scattered electrons have also been
Electron-photon scattering in which the initial electron ki- reported[20]. Note that laser trapping of atoms can be con-
netic energy is larger than the initial photon energy, as in ousidered as a manifestation of the ponderomotive force; an
experiment, is called inverse Compton scattering in the asatom with polarizabilitye in @ nonuniform electric field ex-
trophysical community. In labelling reactidfh) as Compton periences a force on its induced dipole momesteE given
scattering, we adopt the view that processes whose descripy F=V(p-E)=aVE?.
tions differ only by a Lorentz transformation are fundamen- If 5 varies rapidly in time, it is possible for an electron to
tally the same. gain energy from the wave via absorption and emission of
The peak values of parameterwere 0.4 for IR pulses laser photons of slightly different energig@sithout Compton
and 0.3 for green pulses, correspondingtps~10"°V/cm.  scattering, a process sometimes called vacuum laser accel-
In this regime, nonlinear effects are expected to be promieration[21,22. Vacuum acceleration of electrons has been
nent, and proved to be so. reported with eV energy gain in a weak la28], and MeV

D. This experiment
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gain in a laser withy=2 [24]. write dW,(w')/dw’ as the differential probability per unit
The first suggestion that the QED critical figlé) could  volume and time that an electron interacts withaser pho-

be subject to experimental study noted that Earth’s magnetitons and emits a single photon with frequengy. Then, the

field appears critical to a cosmic-ray electron of high enougmumber of interactions within a given volume elemelit,

energy[25]. Indeed, the critical magnetic field is

2-3

m=c
Bori=—g7~ =4.3% 108 G, (15)

so a 1-G field appears critical to an electron with Lorentz
factor y=10', i.e., for energy of the order of 1®eV.

d
N(dV,dt,dw’)=

time intervaldt, and energy bidw’ is

n

do’

1
dV cdt dw Fo (17)

Our expectations for the experimental rates of processes

The critical magnetic field appears in the discussion ofll) and(2) are based on the formalism given(in,8].

synchrotron radiatiofi26], as the field in which an electron
would radiate away all of its energy in a single characteristic
photon:

sion:
B B eB
YME=h o=y hwy=yh—. (16 e,m
ymc c
Hence, this occurs when the fieRf = yB seen in the elec- PuPu

tron’s rest frame is the critical fieldl5).
Neutron stars have long been thought to have surface £&-,&+
magnetic fields of ordeB.;, and evidence has been re- Yo Y+
ported recently of a “magnetar,” a young pulsar with sur-  g_ 3,
face field approximately 2. [27]. A static magnetic field
cannot spontaneously create electron positron pairs, since the
field invariantE?2—B? is negative. However, electrons and
photons of kinetic energies 1 MeV and above readily induce
pair creation when in a magnetic field larger tHag; [28].
The critical field is also encountered in atomic theorykL,w',Pw'
where the field seen by an electron in the lowest orbit of a
nucleus of charg& =1/a= 137 has the critical value. Highly a
relativistic electrons channeling through a crystal lattice ex-
perience near-critical field29] in their rest frame. Critical
fields can be produced briefly during heavy ion collisions,

e

Ky @,p0

although the observed positron production in such conditions :

does not have a clear interpretation as a critical-field effect

[30] 7
Electrons and positrons at the interaction point of a next- m

generation linear collider may experience near-critical fields]_
[31-36. Here, the essentially static electric field of one
bunch appears to havé~1 in the rest frame of the other
colliding bunch. P

:m2

written as
Il. EXPECTED RATES

The nonlinear QED processé€$) and (2) are related by
crossing symmetry, and share a common the@y 10|
based on the Volkov solutiori87] to the Dirac equation for
electrons in a classical wave field. The interaction with the\NhereE
high-energy photon is calculated in the Born approximationThe 4-
(perturbatively using Volkov states of the electron. Al-
though the incident electromagnetic waleser bearis not
quantized, the resulting formalism only contains transitions
between Volkov states that obey energy and momentum co
servation exactly as if the wave had been quantized.

The concept of a cross section is not well defined for
initial states involving multiple laser photons. Instead, we
consider the differential interaction rates. For example, we

092004-4
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A. General relations

The following list defines the symbols used in our discus-

electron charge and mass

speed of light

4-momentum of electron or positron,
initial or final state

electron, positron energy

electron, positron Lorentz factor
electron, positron velocity, i.e.
B==V1=1lys

number density of beam electrons
4-momentum, frequency, and number
density of laser photons
4-momentum, frequency, and number
density of high-energy photons
crossing angle between laser pulse and
electron or photon beam, e.gqe=0

for a head-on collision

number of participating laser photons
(order of multiphoton procegs

field strength parameter

effective mass of electron.

he natural system of units is used, whérec=1. The
metric is such that the 4-momentum of an electron obeys

The dimensionless invariany introduced in Eq.(5) is

_eErms_ € /Py
T me m VYo (18)

ms IS the root-mean-square electric field of the laser.
momentum of a charged patrticle inside an electromag-
netic wave is altered due to continuous absorption and emis-
sion of photons. For a charged particle with 4-momenfym
outside the field, the effective 4-momentuiguasimomen-
am) q, inside the field is

2

n°m?

(19
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TABLE II. The minimum energies for electrons scattered by IR
and green lasers in the limit that— 0, for different numbers of
absorbed photons.

ELin(n,0) [GeV]

P . n IR Green
o
1 25.5 17.6
T 2 17.6 10.8
- 3 13.4 7.8
FIG. 1. The geometry for the study of nonlinear Compton scat- 4 108 6.1
tering.
wherek,, is the wave(lasej photon 4-momentum. The ef- , B & o4
fective masam of the charged particle inside the field then min(M: 77) = IV (24)
b 1+2n(k-p)/m
obeys

., 5 5 which depends on the number of absorbed laser photons, as
m°=q,q“=m"(1+7°), (200 well as on the laser field strength. The fact that the kinematic

- , L, , edge decreases with increasing as indicated in Table II,
as anticipated in E8). The coefficienty"m“/2(k-p) in Eq.  makes it possible to distinguish electrons scattered via non-

(19) need not be an integer; it represents the time-averagehear processes with>1 from “ordinary” n=1 Compton
difference between the large numbers of wave photons th%tcattering.

are absorbed and emitted by the electron per cycle of the
wave. 2. Circular polarization
The differential reaction rate of photon emission by an

unpolarized electron with absorption af photons from a
1. Kinematics circularly polarized laser beam is given by

B. Nonlinear Compton scattering

Energy-momentum conservation for the nonlinear Comp-

_ NSEl ' dW,.(0')  7r3m2pep,,
ton scattering procesd) is given in terms of the relevant nl ): o7 Pep

4-momenta as do' P wl?
o u?
qutnk,=a,tk,, (2D X{—4Jﬁ(z)+ 7? 2+m
wheren is the number of absorbed laser photons. For elec-
trons inside a wave field, the quasimomeaqtather than the 2 2 _ 912
ordinary momenta obey the conservation la{21). X[Jh-1(2) +I014(2) ZJn(Z)]], (25)
The geometry of the experiment is shown in Fig. 1, where
the laser beam crosses the electron beam at anglé7°,  Where
and the(bacKscattered photon angleis measured from the
electron direction. Under our experimental conditions, 27 [u(uy—u)
Z=—\ "7z (26)
Ul 1+ 77
&
’y:a>1, 0~1/'y<a, and 7]<’}/, (22) Z(kp) 2(05(1+BCOSC¥)
. T T 1+ 75 @0
where £ is the energy of a beam electron. The laboratory
energy of the scattered photon is obtained from E2®.and k-k') o
(22) as U= ———=—, (28)
(k-p") &
w'= 2n(k-p)é , (23 Up=nuy, (29
m?+2n(k-p)+E26?
andry,=e?/m is the classical electron radius.
where k-p)=Ew(1+cosa). The photon energyw’ de- An expansion of Eq(25) for small values ofy shows that
pends on the laser field strength paramegethrough the the contributions from th@™ order nonlinear process scale
term m?=m?(1+ 7?). as 7"« (v, /c)®", as expected in the classical limit for

The maximum energy of the scattered photons occurs fon"-order multipole radiation. For weak fields;€1), the
0=0, and the corresponding minimum ener@§inematic  total scattering rate via absorption of one laser photon be-
edge for scattered electrons is comes
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> E -1
S o5l n= Klein-Nishina

a ~ g < kinematic limit
=i Htl’n\ o c
107! 040 B4l
= L =] =
= l=g / - e
o > I / (] -
= I =025 e =0 3L
- 10~ &
3 ’ g c
5] =] = E
S 2 =0, S -
g \“%9/ B B 102
210-27 rLy'(\/f// =
s T z I

r v 10 §_r

7\\!\‘\//”!\‘\\\‘\\\‘|| [ | N i 3

0 5 10 15 20 25 30 35 40 45 50 1 L : A

photonenergy[GeV] RN NRREY RRRRE RRRNN KRN FRRRARNTRL B AN FRRRUNAAT,
0 5 10 15 20 25 30 35 40 45 50

FIG. 2. The calculated rate for nonlinear Compton scattering of photon energy [GeV]
46.6 GeV electrons and 527 nm photons for several values of the
field strength parametey, as a function of the energy of the scat- FIG. 3. The calculated rate of scattered photons for nonlinear
tered photon. Compton scattering for the infrared laser and electron beam param-
eters given in the text. The dashed curves show the rates for

7_rr(z)mzpepw ;1, 2, 3, and 4 nonlinear Compton scattering. The solid curve is
=— e sum of all orders.
&
1 n=1 scattering. The curves labelee 2, 3, and 4 show the
X{l1=——=—|In(1+uy)+5+—— . ibuti i i
Uy Jf ( 1) AT mf g(r)(;]é?bunon of nonlinear and plural scatters of the respective
(30 As the ordem increases, the scattered phot@hectron

can reach higheflower) energy and the yield decreasésr

This rate can be identified with the ordinary Compton scat-y=<1), as can be seen in Fig. 4. The= 1 kinematic edge is
tering cross sectiorre [38] by noting thatW;=p¢p,(1 not as abrupt as for weak-field Compton scattering, because
+ B cosa)oc, SO thatoe=2wEW, /MPpep,U; . a significant fraction of the scatters occur wheyis large, so

The kinematic edges of the spectra of scattered electrorthe larger effective massn of the electron results in a
and photons are influenced by the mass-shift effect(El).  smaller loss of energy. The kinematic edges between differ-
As 7 increases, the electron is effectively more massive, anént orders become less distinguishablenascreases.
recoils less during the scattering. Therefore, the minimum The kinematic edges will also be smeared by the effect of
energy of the scattered electrgthe kinematic edgeis  detector resolution. Because the spectrum is steeply falling,
higher, as illustrated in Fig. 2.

To use Eq.25), which was derived for a plane wave of > F

frequencyw, for comparison to experiments that use a fo- 3 0L n=1

cused laser pulse, we make the adiabatic approximation that & £ n=m plural

Eqg. (25 holds for the the instantaneous value mpft each < - scattering

spacetime point. Details of the numerical calculations of the & 104;

expected event rates are presented in Appendix A. % -
Figures 3 and 4 show results from a simulation of nonlin- = 03L

ear Compton scattering for parameters similar to those of the § g

present experiment: a circularly polarized infrared laser pulse 3 ol

of 1 J energy, 5@.m? focal-spot area, and 1.88 ps length, < 10 2

corresponding tay=0.6 at the focus; % 10° incident elec- C

trons are assumed in a Gaussian pulse with=o, 10 &

=60um and o,=870um. Photons scattered to energies &

higher than the kinematic edge of ordecan only be due to e ’ TR

nonlinear Compton scattering, procgds, of order higher 0 5 10 15 20 55 30 35 40 45 50

than n. However, electrons can be scattered to energies
lower than the kinematic edge of orderby an additional
process that we call plural Compton scattering, as discussed G, 4. The calculated rate of scattered electrons for linear,
in Sec. IIC below. The solid curve in Fig. 4 is the overall nonlinear and plural Compton scattering for the infrared laser and
spectrum of scattered electrons, including all orders,ofis  electron beam parameters given in the text. The solid line is the sum
well as the plural scattering effect. The dashed curve showsf all possible processes. The rates for2, 3, and 4 nonlinear
the contribution of single photon scattering, including pluralCompton scattering are shown separately as well.

electron energy [GeV]
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the observed data on, say, electron energies will appear to
extend to lower energies than nominal, and the inflection
where the rate of ordem meets that of orden+1 can be

PHYSICAL REVIEW D 60 092004

shifted by 0.5-1=-0.5 GeV in our experiment.

3. Linear polarization

The differential interaction rate fon linearly polarized

laser photons and an unpolarized electron is

dW,(w") 8r§m2pepw frr/zd
do’ nwE? Jo ¢

u2

X[ ~ A3+ 7 )(A%—AOA2>],

31)

2+ ——
1+u

where the real function8, , i=0,1,2, are defined by

1 (= .
Ai(n,a,b)E;fo dvcos v cog (a+2bcosv)sinv—nv],

(32
and the parametes andb are given by
_ (s~p)_(s~p’))
a“fzm"((k-m kp))" 39
b=m2’72( ! ) 34
=7 ke ) 39

where e, =(gg,¢) is the polarization 4-vector of the laser

photons, which obeys?= —1.

The polarization of the emitted photon becomes important
when considering the pair production reacti@. The dif-
ferential interaction rates for the interaction of linearly polar-
ized laser photons with unpolarized electrons, resulting in th§

emission of a linearly polarized high-energy photon, 8@

dWi(w')  8rdm?pep,, (2
n( )_ olf"pep j do

do'  w&? Jo

u? 5
m) (Al_AOAZ)] .

(35

X1 29PEME+ 72| 2+

dWs (') 8ram2pep,, 77/2d
do’ - 7]2(,052 fO ¢

X —(1+27%£)A3

2

u 2
+ ﬂzm(Al— AoAz)] : (36)

where

1 n 2

TRPTR

a

&= ab] | (37

0.01

104

10-6

0 02 04 06 08
Photon Energy/Total Energy

(b)

0 02 04 06 038
Photon Energy/Total Energy

FIG. 5. Calculated spectra:rz(wE/wrsz)(de/dw’), of
backscattered photons produced in the interaction of a 46.6 GeV
lectron withn=1, 2, 3, and 4 photons from a linearly polarized
27 nm plane wave witlp=0.1, as a function of the ratie'/& of

the energy of the backscattered photon to that of the beam electron.
(a) Spectra summed over the polarization of the backscattered pho-
ton. (b) Spectra for polarization of the backscattered photon parallel
and perpendicular to that of the incident wave.

andl, L indicate high-energy photons produced with polar-
izations parallel or perpendicular to that of the interacting
laser photons, respectively.

Figure 5 illustrates the rate81) and (35)—(36) for pa-
rameters relevant to the present experiment. Note that when
the backscattered photon has energy near its maximum, its
polarization is much more probable to be parallel than per-
pendicular to that of the las¢40].

C. Plural Compton scattering

Since the final state of nonlinear Compton scattering con-
tains only one emitted photon and one elect(eee Fig. 6,
in principle it suffices to measure either one of the two. Be-
cause high-energy electrons can be separated according to
momentum using a magnetic field, it is most convenient to
measure the electron spectrum. However, at the high fields
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=50um. Hence, the interaction probability jg,| 0c~0.2,
s0 20% of the interacting electrons will undergo two scatters,
etc.

The minimum energylower kinematic edgeof the scat-
tered electron is the same for all processes having the same
total number of photons absorbed from the field, regardless
of the total number of photons emitted. Therefore, the mini-
mum number of laser photons involved in the interaction
with a particular electron can be inferred from measurement
of the final electron energy.

However, the determination that scattering occurred by
multiple photon absorption in a single interaction, i.e., by

FIG. 6. Representation of nonlinear Compton scattering, procesgrocess(1), rather than only byn=m plural scattering, re-
(1). An electron with quasimomentumin a strong fieldindicated ~ dquires a comparison of observed and calculated recoil elec-
by a double lingabsorbs1 photons(indicated by double sinusois ~ tron spectrdif the photons are not observedror example,
emits a high-energy photdk’, and recoils with momenturg’. Fig. 4 includes a calculation af=m plural scattering and
indicates that this process is expected to be much smaller
than nonlinear Compton scattering, proce€ds only for
r.?cattered electron energies below 15 GeV.
The spectrum of high-energy photons beyond thel
nematic edge is free froom=m plural scattering, since
only multiphoton absorption in a single interaction can yield
e+tno—e +me’, m>1, n=m, (38 photon energies beyond that kinematic edge. On the other
hand, it was difficult to measure the spectrum of the forward
photons because of the high fl(up to 10 scatters in 2 ps
where an electron undergoes>1 consecutive scatters and the small angular spreéaf order of 14). By placing a
within the laser focus, accompanied by the emissionmof thin foil in the beamline at 0° from the interaction region, it
photons(of m different energiesand by the absorption of was possible to convert a fraction of the forward photons,
n=m laser photons, as sketched in Fig. 7. This process iand to measure the converted electrgas positrons in a
distinct fromn™-order nonlinear Compton scattering, processmagnetic spectrometer, as discussed in Sec. llI D.
(1), since two or more photons are emitted in plural scatter- Just as the scattered electron can undergo further scatter-
ing. Both of these processes are distinct from the case wheigg in the laser focus, a high-energy backscattered photon
one photon is absorbed and two emitted,; this latter process tan give rise to pair production via reacti@®), as discussed
a radiative correction to ordinary Compton scattering, andn the following section.
has been called double Compton scattering.

That plural scattering is probable can be seen as follows.
The photon number density at the laser focus Ifer10'® . . _ o .
Wicn? in the infrared isp,,=1/(fiwc)=2x 102%cme. The Th(_a d|fferenft|al rate fore*gf pair production in the in-
total Compton cross section ig.=1.9x 10 2°cn¥, and the  teraction of a circularly polarized laser beam of frequeacy

electron path length through the laser focus is of order With an unpolarized high-energy photon of frequenay,
procesq2), is

(photon densitigsof the present experiment, plural Compton
scattering in the laser focus gives an additional contributio
to the electron spectrum. By plural scattering, we refer to thef<_
process :

D. Multiphoton pair production

I’WZRH k“‘ de(gi) _ 2’7T|’gm2pwpw/

2
de.  Jow’? {233(2) + 7*(2u—1)

X[32_(2)+32..(2-23%2)]}, (39

where
2 —
2= 27 M= (40
Uy 1+ 72
_ (k-k')  wo'(1+pBcosa)
FIG. 7. Plural Compton scattering, procd88), of an electron Up=—— = > > (41
in the laser field wittn=n,+n, andm=2. The electron with ini- 2m 2me(1+ %)
tial momentumg scatters frorm, laser photons, emitting a photon
with momentumk’, and recoiling with momentung’; then the (k-k)2 2
electron scatters again from the laser field, absorbintaser pho- = = , (42
tons, emitting another photdd, and recoiling with momenturgy’. 4k-p)(k-p")  4Ei(0' —E&L)
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Up=nNUy. (43 1041

The electron(or positror) energy £. is a double-valued

function of the invarianti. The indexn must be at least the

minimum numbemn, of photons needed to produce one pair,
(2m?  2m*(1+ 77
2(k-k')  ow'(1+Bcosa)’

Ng (44

according to energy conservation. Note that the effective 10'75—
massm enters this threshold condition. Further, even though :
the ratioeE/fmwc, and hence the transverse momentum, can sl L i
vary over the classical trajectory of an electron or positron, 10 gt b s
only the rms quantityy enters in the quantum conditida4). positron energy [GeV]

For the weak-field case, pair creation by light was first
calculated by Breit and Wheel¢al], whose result for a
head-on collision can be obtained from E§9) on setting
n=1, letting »— 0, and integrating ovef.. :

number of positrons per 0.2 GeV

<

W= ZPwP;}TBW

- 7Tr0 TPwPw’ w wa/Z L :'
m? m? m? E n=7l.
xtanhfl\/l— ,\/1— -1+ ,)} £
ww ww ww :
(45)

For »<1, the higher-order rate/,, varies asy?".

To observe positron production, we used linearly polar- : b
ized green laser lightN(=527 nm), so that for 46.6 GeV P 1 S PO TR S R L T
incident electrons the end point of the= 1 photon spectrum 0 5 10 15 20 25 30
from reaction(1) is at£,=29.1 GeV. Thusny=5 according positron energy [GeV]

o Eq.(44); any positrons produced are the resuilt of a highly FIG. 8. Calculated energy spectra of positrons produced in the
non"nefar interaction. Phoj[ons arising from=2 Compton interaciiorll of a 30 GeV p%to’; with a 227 nm |Z§)SEI’ bedan
scattering C_an hf”“’e energies greater than 2.9'1 Ge_\/, and ¢ grallel polarization(b) Perpendicular polarization. The curves are
produce pairs with onlyng=4 laser photons in reactio). labeled by the number of laser photons involved.

In all cases, pair creation is most likely from photons
backscattered with maximal energy, for which the Compton Figure 8 illustrates a calculation based on E@s),(47)
scattering process with unpolarized electrons results in thg, 530 GeV photon and laser parameters similar to those in
high-energy photon having the same polarization as the lasgfe present experiment. The pair production rate is higher for
photons, as shown in Fig. 5. The differential rates for paifyq case that the laser and the high-energy photons have per-
production by linearly polarized laser photons interactingpengicular polarization; however, parallel polarization is
with a linearly polarized high-energy photon are simpler to arrange in the laboratory. The conditions of the
experiment also imply a yield of about 4®ackscattered
photons per laser pulse between 27 and 30 GeV, and hence
the results shown in Fig. 8 indicate a production rate of about
102 positrons per laser pulse; see also Fig. 10. Therefore,
the background from beam scraping upstream of the interac-
tion region(as well as from trident pair production off re-
dwﬁ(é): 16721 §M?p ,p .y Jﬂzdd) sidual gas molecules in the beam vacuyumad to be strictly

d&. now'? 0 controlled.

The rates(39) and (46)—(47) have simpler forms in the
X{A+277E)AG+H272U(AT-AA)}, (A7) limit that 7> 1, butY <1 [4,7]

dW\(E.)  1672rdm?pp. (72
n(Ex) oM“pup f dg

d&. o'’

X{—272EA3+ 272 (u—1)(AT—AgA,)},  (46)

where agaim=n,, A;, i=0,1,2,a andb are defined by Egs. WL =2Woc @~ 832Y (48)
(32—(34), ¢ is defined in Eq(37), andll and_l indicate the

polarization of the high-energy photon as parallel and perThese forms are very similar to that of spontaneous pair cre-
pendicular to that of the laser beam, respectively. ation in a strong static electric fie[d2,14,15:
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wE(7 ! (52
_ wheren=2m/w is the minimum number of “photons” of
% frequencyw that must be absorbed from the standing wave
field to create a pair. Equatioib2) is also a good approxi-
mation to the total rate of multiphoton Breit-Wheeler pair
. creation, procesg), for small 7.
107 -

E. Multiphoton trident process

In a region where both high-energy electrons and photons
can interact with the laser beam, there is an additional pro-
cess by which am* e~ pair can be produced:

10_2/ 5 5 ethw—e'ete, (53

Lol U T
107 107 10! 1 1 . . . .
0 0 0 n 0 which we call the multiphoton trident process. The minimum

numberng of laser photons required to produce a pair is

FIG. 9. The functiorg(#) defined by Eq(51).
(F-1pm?  4m’(1+7?)

No= = ,
We “_E;efﬁly 49 7 2(k-p)  w&1+pBcosa)
T

(54)

since the final state of proce&3) contains 3 electrons in the
wave. For a 46.6 GeV electron and 527 nm laser photons,

whereY =E/E.,; is the ratio of the electric field strength to =5 at n=0.

trt]e QEID crlttl)cal field Etrgr:)gtNQ). T?at ISI’ fr?rtn>ll In-a There exists no formal theory of the trident process in
strong 1aser béam probed by an extérnal pnoton, arge nun%’trong fields, so we have estimated its rate assuming it to be
_bers of laser photons participate in the pair creation proce.séquivalent to a two-step process during which the beam elec-
in a manner somewhat equivalent to pair creation in a stati

! S ) oo fron emits a virtual photon ') according to the
field of comparable strength. In this view, pair creation is the\Neizsl'emker-WiIIiams approximation, and then the virtual

trﬁ(?l]'(ize&}go(grzgic\;éwnag?Iﬁfg\?;éﬂﬁ;ﬁf?hzaé;'sr]eao‘;‘tgogtgoﬂec'photon combines witln laser photons to form a pair accord-
9 ing to the multiphoton Breit-Wheeler pair production process

wave field, the external photon acts as a kind of catalyst fo . ; - -
pair creation, which is otherwise forbidden in a field Where[43’44]' Thatis, we consider reactids3) as equivalent to

the invariantE2— B? vanishes.

The close relation between pair creation by a laser beam
to that in a static electric field is further illustrated by con-
sideration of the intermediate case of a standing electric
wave of frequencyw and peak field strengtk (with no
magnetic fieldl [42]. Here, the probability of pair creation
per unit volume-unit time is given by

e—e' +(w'), (55
(0)+nw—e'e . (56)

The differential reaction rate for the trident process, as-
suming the two-step mode€b5)—(56), is [43]

s/
min

\N(trident) n 2 , ’ s/
QE2 o )Y d (E+) _ QEM E IS d_sln max
i 1 , (50 de. ™St s, S

g(7 —579 (m) AWMPEW £ ) .
X—!
whereg(») is the monotonic function defined by

where MPBW denotes the multiphoton Breit-Wheeler pair

4 (1 1—x2 |12 production processagy, is the fine-structure constans,
g(ﬂ)zgf dx m) , (52 =(q+nk)?=m?+2n(k-p) is the square of the center-of-
0

mass energy of proce$53), ands’ corresponds to the sub-

procesg56), i.e.,s’=(k+nk’)>=2n(k-k’). The remaining

with »=eE/mw, andY =E/E;. At large », the functiong factors in Eq.(57) represent the spectrum of the virtual pho-

approaches unity, as shown in Fig. 9. tons. The limits of integration follow from energy conserva-
For =1, the ratg(50) becomes identicalwithin a factor ~ tion:

of 7/2) to that in a static electric field, Eg¢49), while for

n<1 the rate obeys Smin= (2M)?=4m?(1+ 5?), (58
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o 102 netics, permitting measurements of their inclusisengles
2 e P rates as a function of momentum in segmented calorimeters
= * ¢ Breit-Wneeler Lt labeled ECAL and PCAL in Fig. 11. Scattered electrons with
= A trident . o £.,<28GeV and positrons witlf, <20 GeV were deflected
S0° i e out of the vacuum pipe and could reach the detectors. There
-8 B & is no efficient spectrometer for high-energy photons, and
St . il during most of our experiment only the total energy of all
+Z,’ ‘,v’ & photons scattered during a laser pulse was recorded in a calo-
B 10" . 3 s rimeter, GCAL, which provided a measure of the total rate of
3 g i Py reaction(1). For a small portion of the running, some of the
g 0 ' e ) P scattered photons were converted to electron-positron pairs
= g ﬂ in a thin foil, and those charged particles were analyzed in a

10 o spectrometer containing charged-coupled-devig@CD)

E pixel detectors and SCAL calorimeters downstream of a
02 Ex” 5D36 magnet.
003 004 006 008 0.1 0.2 0.3
Ty at laser focus A. Laser system

FIG. 10. The calculated rates for pair production from the mul- 3Th|e Iase; was a O.Sd-Hz-repetltlon-rate, ltabl:::g]op terawatt
tiphoton Breit-Wheeler proce$g) and from trident productiof63) (T°) laser that operate_ _at 1053 Onm wavelenggy, or _at
as a function ofY, at the laser focus. In the present experiment, thed27 Nm(green after efficient ¢-45%) frequency doubling.

maximum value ofY . was about 0.16. The laser was based on the technique of chirped pulse am-
7 plification [50], and it consisted of a mode-locked Nd:YLF
s’ =(\s—m)2 (59) oscillator, Nd:glass regenerative amplifier, a two-pass
max "

Nd:glass rod amplifier and a flashlamp-pumped Nd:glass
A calculation comparing the rate of positron productionslab amplifier, as shown schematically in Fig. 12.

from the trident process according to E§7) and the rate ~ The laser system delivered up to 2.4 J in the IR at the
from the two step procesd) followed by (2) is shown in  interaction point, but typically it was operated only up to 800
Fig. 10. Since a minimum of 5 laser photons are required, théJ of IR and 500 mJ of green. The laser has been focused to
rates vary roughly as theé™power of the laser intensity, and better than 2 times the diffraction-limited area. The shortest
hence as the Ibpower of the laser field strength. We esti- Pulse width achieved during the running period was 1.5 ps
mate that the rate for trident pair production is less than 194ull width at half maximum(FWHM) (0jas¢7~0.6 ps). Inten-

that from the multiphoton Breit-Wheeler process. sities above 1¥Wi/cn? at the laser focus have been pro-
duced.
Ill. EXPERIMENTAL ARRANGEMENT The relatively high repetition rate of 0.5 Hz was achieved

via the use of a slab amplifi¢b1], which had highly effi-

The experiment was designed to study reactidnsand cient cooling as compared to large-diameter rod amplifiers.
(2), each of which contains two GeV-energy particles in theSmall-signal gain of 600 was achieved with three passes at 6
final state resulting from the collision of a picosecond pulsekJ of flashlamp energy. The elliptical beam size in the slab
from a terawatt lasgd5—48 with high-energy electrons and was 1 cmx4 cm. After recircularization, spatial filtering, and
photons in the Final Focus Test BedRFTB) [49]. The rate  further expansion, the beam was directed to the compression
of reaction(1) was up to 10 scatters during each laser pulse, stage, which consisted of two 1760-lines/mm, gold-coated,
which precluded a coincidence measurement of the two final60 mmx220 mm holographic gratings used in the near-
state particles from a single interaction. The final-state electittrow, double-pass configuration with a separation distance
trons and positrons were dispersed by the FFTB dump magsf 164 cm[52].

pair spectrometer

rf picku PCAL
IP1 536 oopys
po GamMmMa  ppaonet
"1 photons conve1|'tor CCM2
47 GeV — —  — —|— - =
e's EC31 EC37 47 GeV e's GCAL
SCAL

dump magnets

FIG. 11. Schematic of the experimental setup: The laser pulses crossed through the electron beam at the interaction point, IP1. The
scattered electrons were deflected by the dump magnets into the electron calofi@e). Positrons were deflected into the positron
calorimeter(PCAL). The scattered photons were detected inese@kov countefnot shown, or converted tee* e~ pairs which could be
detected by the pair spectrometer.
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476 MHz Expansion gratings

from linac . i 0
3| Phase-stabilized 119-MHz pulse train
Nd:YLF illat
oscillator A
fiber

Pockels
cell

Double-pass
6-mm Nd:glass

Nd:glass
regenerative amplifier Single nanojoule
pulse
AnERGIphiC:EXpans(on FIG. 12. Schematic of the la-

ser system.

2x

Nd:glass

4x cylindrical I SLAB amplifier pues S
( )> 1.25x <( ) M
KDP crystal
To experiments

After compression, the frequency of the laser pulse could>ood wavefront quality of the beam returning to the laser
be doubled by using 4-mm- or 8-mm-thick type Il KDP crys- room was an indication that the alignment of the OAP pair
tals [53], the thicker crystal being used at lower intensitieswas correct, and that the pointing of the beam incident on the
(1<30GWr/cnt). Efficiencies of 45% were obtained, com- first OAP coincided with the OAP axis. To aid in alignment,
pared to the theoretically predicted value of 50%. After fre-we used a copropagating, continuous-wave, frequency-
guency doubling, the laser pulse was circularly polarized usstabilized He-Ne beam with a large diameterd.5cm) and
ing a liquid crystal polarizer. co-injected it into the transport; after its return from the IP, it

The laser beam was transported in vacuum to the interagnterfered with the original beam in a Mach-Zehnder inter-
tion point and focused onto the electron bunch by an off-axiserometer configuration. The laser transport line wak2 m
paraboloid mirror(OAP) [54], and then recollimated by a long and was under vacuum; entrance and exit windows
second OAP for return to the laser room. These optics werevere 1-in.-thick BK7 glass, which contributed some wave-
located in the IP vacuum box, which is shown in Fig. 13.front distortion[57].

Since the laser path was fixed with respect to the IP vacuum The laser energy was measured by leakage monitors be-
box, alignment with respect to the electron beam was accontind one of the mirrors before the transport line and behind a
plished by moving the entire box. Three motions were pos{lat in the diagnostic line after the transport. The IR pulse

sible: transverse horizontak), vertical (y), and rotation width was measured with a single-shot autocorrelator in the
about the beamz) axis, via motors interfaced into the SLAC diagnostic line, while the width of the green pulses occasion-
Control Prograni55,56]. ally was measured with a Hamamatsu streak camera and

The laser pulse was returned to the laser room in order twith a single-shot autocorrelator. The focal spot at the inter-
measure its energy, pulse width and focal area, and to allowction point was measured indirectly by the equivalent-
accurate alignment of the transport and focusing opticstarget-plane technique after the return of the laser beam into

the laser room. For this purpose the beam was refocused
after the transport wit a 4 mfocal length lens, reflected off
e four flats which attenuated the beam energy by, 18nd
Y: o further attenuated by neutral-density filters. The focus was
et ke imaged with a 5 microscope objective onto a CCD camera.

,,,,,,, The diffraction limit for the radiusv of the focal spot is
> > =|.  given by

3
1
4
Uk

3
i

R
Bl

1N vty
Wit =X, (60)

Y,
12.300 and we define the diffraction-limited focal area as

FIG. 13. The optical elements in the interaction point enclosure 2
(IP vacuum box Dimensions are in inches. Agif = Wi (61)
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476 MHz
demodulation optical 476 MHz
modulation from

23 km ACCELERATOR
optical fiber
fre ]
KX\ 1 photodiode Ise galaction
E:l 119 MHz 0.5 Hz
x6
(@) —~{ocilator opticaldelay | pockels amplification FIG. 14. Diagram of the tim-
modelocker call stages . .
ing system for the synchronization
of the laser pulses with the elec-
tron beam.
computer
PYTrET. —(}tﬁ { photodiode |
5 )
) S

e e / [ Hoavity fee
electron beam

We usedf,=6, so thatAg=25um? for IR and 6um? for  between the laser pulses and the arrival of the electron bunch
the green. The actual spot sizes attained were larger, approxAs typically of orderorj=2-3 ps.

mately twice diffraction-limited for the infrared laser and
approximately five times diffraction-limited for the green la-
ser. Nominal values for the electron beam energy, charge, and

The synchronization of the laser pulse with the electrorpulse-to-pulse charge variation were 46.6 Ge¥, 1’ elec-

beam was achieved by using the 119-MHz subharmonic offons per bunch, and 0.3%, respectively. Although the rep-
the accelerator master oscillator frequency to drive the modgtition rate of the electron beam could be set as high as 30

locker in the laser oscillatde6], as shown schematically in Hﬁz tlfu]e ex%egrr_'en_t was I|n;|ted b%. the Iasg_;_ repen'_:mn rate,
Fig. 14. The accelerator master oscillator, located in the iny 'c" Was 9.5 HZz In normal operating condtions. However,
jector area 3 km from the laser room. provided radio-'t was desirable to collect some electron beam background

frequency(rf) power at 476 MHz. This signal was transmit- data when the laser was not firing. For this reason, the elec-

. . . . . tron beam was operated at 10 Hz. The Final Focus Test
ted via the Main Drive Line, a rigid coax cable that runs theBeam(FFTB) energy and launch feedbacks, although best
length of SLAC's klystron gallery, and was then transported ’

, ; ; optimized for 30-Hz repetition rates, performed reliably in
by optical fiber{58] to the laser room. Here, it was demodu- his |ower-frequency regime. During parasitic detector cali-

lated by a fiducial output module, which delivered th® 4 pration rung60], the beam rate was 120 Hz. To calibrate the
subharmonic at 119 MHz; this signal was sent to the timingcCD spectrometer, some data were taken with pulses of as
stabilizer[59] which controlled the mode locker. The laser few as 16 electrons transmitted at 1 Hz for 9 s, alternating
pulse train was viewed by a 20-GHz-bandwidth photodiodayith 30 Hz pulses of % 10° electrons for 1 s.
whose output was compared in the timing stabilizer with the  The laser-electron interaction poifiP1) was located at a
phase of the reference rf to keep the two signals locked. secondary focus 12 m downstream from the primary focus of
Every 2 s, one pulse was selected from the laser oscillatahe FFTB. After passing through IP1, the electron beam and
pulse train for further amplification and delivery to the inter- essentially all scattered particles continued in the forward
action region. This was accomplished by using Pockels cellgirection to six permanent dipole magnets. In addition to
triggered by software-defined triggers which were synchrobending the primary electron beam down into the beam
nized with the master accelerator clock. The fine timing ofdump, these magnets were used as this experiment’s electron
this pulse was set by adjusting an optical delay line withand positron spectrometer, as described in the next section.
subpicosecond resolution. A ringing cavity in the electron The electron beam parameters recorded for each event in
beam line provided a reference signal which was used ta typical run were the charge, the energy offset of the beam
compare the phase of the laser signal to that of the electrorelative to the central energy, and the transverse position and
bunch. Final timing was established by observingdgHaser angle of the beam as measured by beam position monitors
scattering rate as a function of optical delay. A typical “tim- [ocated close to the IP.
ing curve” is shown in Fig. 15, with(standard deviation At IP1, it was possible to tune the beam to a transverse
o=4.3ps; this is the convolution of the pulse widths of thesize of oy=0,=60um; longitudinally, the electron pulse
two beamsg=3 ps,0j,5/=0.6 ps, and of the time jittes; could be adjusted to-, between 0.5 and 1 mm. The horizon-
between their centroids. A detailed analysis of the fluctuatal and vertical dimensions were measured by scanning the
tions in the collision rat¢46] showed that the timing jitter electron beam over 2am-thick Al wires and observing the

B. Electron beam
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rate of the resulting bremsstrahlung photons. The scanning @ine background positron was detected pet B€am pulses
the electron beam was done using dipole steering magnets of 5x 10° electrons each.
the FFTB line upstream of the IP. The whole procedure was
integrated into the SLC Control Program. C. Primary spectrometer and calorimeters

The longitudinal dimension of the bunch could be tuned ] ) .
by varying the bunch compressor voltage settifg. The The primary spec_trometer consisted of_ Six perm_anent
effect of timing jitter on the synchronization of the 1.5 ps magnets with mean fields of 0.5 T acsoa 2 in. by 36 in.
laser pulses with the electron bunches was less for longdtole face, providing a transverse kick of 816 MeVih the
electron bunches. For this reason, the electron bunches wevyertical plane to the primary electron beam. Because of the
kept longer than is usual for FFTB running, around 3.6 psshort height of the pole face, the magnets were positioned to
(rms). maintain full field along the trajectory of the beam electrons,

The FFTB gets its beam directly from the SLAC 2-mile as shown in Fig. 16; trajectories of electrons and positrons
linac. Unlike a recirculating collider, the constant productionfor typical momenta are indicated as well.
and extraction of bunches in a single-pass system means that On both sides of the IP were located soft bends of 0.06
the beam halo is repopulated on each bunch, and this r&nd 0.5 mrad to reduce synchrotron radiation in the direction
quires a vigorous collimation system to eliminate particles apf the forward photons. Recoil electrons and positrons exited
large excursions in position, angle and energy. The FFTB’¢he vacuum chamber through 1/4-in.-thick stainless steel
primary collimation system is the SLAC linac collimators, windows and were detected by sampling calorimeters, posi-
which comprise a set of movable jaws in the last three sectioned as shown in Fig. 16. The electron calorimeter could be
tors of the linac, and which serve as the primary collimationmoved in the vertical direction, so that it only would detect
for SLC as well. The first set of these collimators does theelectrons below a given momentum.
primary collimation, while the second set is used to remove The electron calorimeter, referred to as ECAL, was made
particles that were scattered of the first set. The linac colliof alternating layers of silicon and tungsten; each layer of
mators do not eliminate large-energy oscillations; nor aréungsten was one radiation lengthl.) thick, and each sili-
they adequate for regions with enormous betatron functionson layer was 30@:m thick, resulting in a sampling fraction
such as the FFTB. For this reason, the FFTB itself has a sef 1.1%. Each of the layers in ECAL was divided into 12
of movable collimators, located in the first section of therows and 4 columns of 1:61.6 cnf active area pads, and the
FFTB line. The collimation was set up in such a way thatlongitudinal layers for each tower are ganged into 4 seg-
neither too much beam was allowed to pass throiegising  ments[62], as shown in Fig. 17. The positron calorimeter,
backgrounds by scraping on tight magnet apertures or theeferred to as PCAL, was of identical construction, except
beam pipe itsejfnor too much beam was cut awésausing  that PCAL had an additional 4 rows. Electrons and positrons
off-energy repopulation and worse backgroundsmeasure produced at the IP could only reach the two centiaher
of the success of the collimation system is the result that onlgolumns of the calorimeters; thus the outer pads could be
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FIG. 16. Calculated trajectories of electrons and positrons of
different momenta through the magnetic spectrometer. The locatio
of two calorimeters is shown as well.

FIG. 18. The response of the ECAL to 13-GeV incident elec-
flons. The peaks due to the simultaneous arrival of up to six elec-
trons are clearly distinguished.

used to measure backgrounds.

The calorimeters were read out with modules built for aof the shower resulted in less than 6% leakage from the inner
liquid argon calorimeter used in Fermilab experiment E-7060 the outer pads. The gain was set so that a single 10 GeV
[63]. The calorimeters were calibrated in the FFTB line us-electron could be recorded, whereas the readout was satu-
ing low flux at variable momentum. The results of a Ca“bra'rated at a total energy of 10 TeV in a Sing|e tower.
tion run for 13-GeV electrons are shown in Fig. 18. The A series of calibration runs with the FFTB operating at
resolution was found to be energies from 9 to 25 GeV established the absolute energy

2 2 2 202 scales of the ECAL and PCAL detecto(with the latter

0§=(0.19°€+(047+(0.097°¢%, 62 moved to the usual position of ECAL during these calibra-
where€ is the electron energy in GeV. The transverse profiletions). As the electron beam size was smaller than 1 mm,
these calibration runs also established that the segmented
calorimeters could locate the position of individual electrons
center pads to an rms accuracy of 1.6 mm. Figure 19 illustrates the re-
sults of a calibration run during which the PCAL was moved
in small steps across the electron beam.

The ECAL and PCAL had essentially full acceptance for

1 module = . .

4xd towers electrons an_d positrons t_hat struck these d_ewces more than 1
cm from their edges. This was confirmed in the case of the
PCAL in calibration runs in which a foil was placed at IP1 to
generate a spectrum of Bethe-Heitler positrons from the con-

1 pad = — version of bremsstrahlung photons. Figure 20 shows the ob-

1.6x1.6 cm? served and calculated spectra of positrons from a 19-GeV

electron beam. The acceptance was essentially 100% for mo-
menta between 5 and 19 GeV/

Another confirmation of the performance of the PCAL is
shown in Fig. 21 in which the energies of positrons observed
in the PCAL from a 19-GeV electron beam incident on a foil
are plotted against their momenta, as inferred from the field
map of the dump magnets and the position of the positron
shower in the PCAL.

23 layers

|_—"
outer pads of 1 X, For the data presented in Sec. V B, the beam pipe on top
of ECAL and vacuum chamber in front of ECAL were modi-
FIG. 17. The electron calorimet¢ECAL). fied to reduce the rescattered-electron backgrounds, as mod-

092004-15



C. BAMBER et al. PHYSICAL REVIEW D 60 092004

n
(=]

7.5

-
-]

«®

6.5

Energy from PCAL (GeV)
0

»

[SFSTES EURSTET B

5 10 15 20
Momentum from map (GeV/c)

FIG. 21. The energy vs momentum of positrons observed in the
PCAL from a calibration run with a 19-GeV electron beam incident
on a foil in IP1.

5.5

Reconstructed position (row)

s However, after the increase of the diameter of the beam pipe,
part of then=2 electron spectrum was also contained within
as L the vacuum pipe, making it impossible to make further mea-
0 20

30 40 50 80 70 i = = '
Beam position (mm) surements with ECAL of the=1 andn=2 portions of the
Compton spectrum.
FIG. 19. The reconstructed position of 17.6-GeV electrons inci-
dent on the PCAL, in units of the 16-mm-wide rows, as a function D. Forward photon spectrometer

f the incident ition i . . .
o the incident position in mm After the charged particles were deflected by the primary

elled in GEANT v3.21 and EGS464] Monte Carlo simula-  SPectrometer magnets, the forward-going photons produced
tions. The modifications included the following: at IP1 passed into a separate beamline, the 0°(Fig 11.
Two collimators cleaned the photon beam of synchrotron
(@ Anincrease in the vertical size of the beam pipe on topradiation and beam-scraping backgrounds. The photons ei-
of ECAL from 4.5 to 8.0 in. to contain not only the ther continued to a thin target in which a small fraction
original 46.6 GeV electron beam, but also thee1  would convert into electron-positron pairs, or a movabés-C

spectrum of scattered electrons. enkov counterfCCM1) was inserted into this beamline to
(b) The thickness of the beam pipe on top of ECAL wasmonitor the total rate as described in the following section.
reduced to 1/16 inches along the line where the2 In the former case, the electrons and positrons entered a mo-
electrons cross the beam pipe. mentum spectrometer consisting of a dipole magnet which
(c) The thickness of the vacuum chamber in front of provided a horizontal kick of 100 to 250 Me¥/and 4 CCD
ECAL was reduced to 1/8in. planes to measure the particle tracks, as shown in Fig. 22.
(d) The vacuum flanges behind ECAL were moved 20 in.The forward photon spectrum could be inferred from the
downstream. electron and positron momentum spectra.

Each CCD plane consisted of a pair of large-area CCD
As a result of the above modifications, backgrounds inmage sensors (EEV model CCDO05-20, pixel size
ECAL were reduced by more than an order of magnitude22.5x 22.5um?) and associated support electronics. The
Backgrounds in later runs represented only a small fractioplanes were mounted on remotely controlled motion stages
of then=3 and 4 signal in ECAL, and they were easily dealtinside an evacuated chamber. Bulk cooling was provided by
with by reconstruction procedure described in Sec. IVC.

Upstream Box Downstream Box
(CCD 0, CCD 1) (CCD 2 - CCD 7)

b il

_______+_____._/T_Tf_4__’_: __________________________ L _ vy
i

ARG

Analysis Magnet
(5D36)

s 0 2
Positron momentum from magnet map (GeV/c)

FIG. 20. The observethistogram and calculatedpoints spec- 8 g
tra of positrons detected in the PCAL during a calibration run with
19-GeV electrons and a thin foil inserted at IP1. FIG. 22. Schematic of the CCD pair spectrometer.
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circulating chilled ethylene glycol in copper pipes brazed Al Converter
onto a copper backplane surrounding the CCD sensor; .
thermo-electric coolers further lowered the temperature of Y er.e

the sensors to below 0 °C, which significantly reduced leak- el —

age current. The CCD’s were read out by frame grabbers
(Dipix model P360F with built-in digital signal processing Cerenkov
(DSP capability. The on-board DSP chip acquired pedestal Periscope
frames, calculated line-by-line dc-offset corrections, and
converted signal level information into a stream of hit coor-

dinates.

Proper steering of the high-energy photon beam through
the collimators was required to minimize synchrotron back-
grounds and undesirable beam-clipping effects. To accom-
plish this, a foil was inserted at the interaction point, which

Pb Shield

created an intense beam of high-energy photons with the P.M.T.
same geometry as that due to laser backscattering. The elec-
tron beam trajectory was adjusted to maximize transmission FIG. 23. The forward photon monitor CCM1.

of photons to the end of the 0° line, while minimizing the

signal on four scintillators monitoring loss around the beam- ; .
line downstream of the CCD’s. Once this setting was esta scattering_study. These high-energy photons were detected

lished, the foil was removed and a computer-controlled feedlt.)y ar\lNalr-Qrdenkgvt cciun'tt;a(C((:le) é[Jflf] p'afje.dt_'” the ?ho
back maintained the optimal beam steering. In€. YV used a detector based oarehkov radiation, as this

When the foil at the interaction point was removed andwas less sensitive to major sources of background radiation

the CCD stages were sent to their “home” position directly SUch @s bremsstrahlung or beam scraping. Figure 23 is a
in the photon beamline, the CCD’s were able to image the%qhemaﬂc of the CCM1 detector, Whlch_used 0.2 r..I. of alu-
synchrotron light from the electron beam. The electron beanfinum as a converter and 2.5 cm of air as a radiator. The
was then aligned such that the collimators blocked the synacceptance and efficiency of theei@nkov volume and the
chrotron light from the 0.5-mrad bending magnets on eitheransport to the photomultiplier were calibrated by inserting
side of the interaction region. The weak synchrotron radia2 thin foil in the electron beam at the IP. The photomultiplier
tion from the 0.06-mrad bends remained, and a signal ogain-vs-voltage curve and analog-to-digital converter re-
“edge radiation” from electrons passing through the fringe sponse were carefully measured using known signal sources
fields just upstream and downstream of the IP1 identified th@rior to data taking. By adjusting the photomultiplier gain,
Compton backscattered beam position. the dynamic range of the counter could be varied over six
After beam steering, the positions of the photon converteprders of magnitude.
and of the CCD’s were determined to within 0.3 mm using Similar Cerenkov counters were placed to intercept scat-
the synchrotron light. The thicker photon-conversion target¢ered electrons of 37, 31, 12.6, and 8.8 GeW omentum.
blocked the synchrotron light when inserted in the beam, andhese detectors were named EC37, EC31, N2MO, and
so their boundaries could be located precisely relative to th&13MO, respectively; the last two names reflect the fact that
CCDrs in their “home” position. For analysis of the con- for green laser light, the electron spectrum at 12.6 @eis/
verted photons, the CCD’s were moved away from “home” dominated byn=2 scattering, whilen=3 scattering is the
by distances sufficient that no synchrotron radiation struckrincipal contributor to the spectrum at 8.8 Ge\(see Table
them. I1). The EC37 and EC31 detectors were cross-calibrated with
For the data presented in this paper, the CCD spectronicCML1 using data from the foil inserted into the primary
eter was used in “single-arm” mode, in which no attempt electron beam as described above; they served as alternate
was made to reconstruct pairs by matching electrons wittneasures of the=1 interaction rate when CCM1 was re-
their positron partners. In this mode of operation, events ofnoved to allow photons to proceed to the pair spectrometer.
100 tracks were easily accommodated. No attempt was madhifter careful characterization of the gain-vs-voltage curves
to use the CCD’s in the front plane of the spectrometer inof the photomultipliers used in N2MO and N3MO, their ac-
this mode, since the high number of hits led to significantceptances and efficiencies were calibrated at high gain,
ambiguity in the projection from the back planes to the front.situ, using a low-rate, variable-momentum test beam. The
As a consequence of using the spectrometer in “single-arm’measured acceptances of these counters as a function of elec-
mode, the photon spectrum is convolved with the Bethetron momentum are shown in Fig. 24. A Si-W calorimeter at
Heitler pair production spectrum. Nevertheless, the resultinghe end of the 0° line provided a redundant photon monitor.
spectrum is easily predicted, and the kinematic limits and
relative scales of the=1 andn=2 processes were clearly F. Data acquisition system

observed. The data acquisition systeAQ) collected data from

the detectors as well as information on the laser system and
the electron beam. Although the accelerator provided elec-

The forward-going photons served as the primary monitotrons at 10 or 30 Hz, the DAQ recorded data less frequently.
of the interaction rate during much of the nonlinear ComptonEvery beam crossing when the laser fired, at 0.5 Hz repeti-

E. Forward photon and n=1,2,3 electron detectors
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07 E N3MO j 08 E N2MO puters was established using the standard TCP/IP and UDP
0.6 0.7 protocols.
0.5 8‘2 The main part of the DAQ system consisted of one back-
0.4 0.4 end computer and several front-end computers. The back-
0.3 0.3 end computer controlled and synchronized the DAQ system
8:? 8? and provided the interface to the user, while the front-end
AT S W N - R Ve computers collected data from the detectors and diagnostic
8 8-% [Ge9V/C] 9.5 10 12 P[Ge\1//3c] 14 equipment and responded to command messages received

from the back-end computer. A standard interface between
FIG. 24. Measured acceptances of electron detectors N2MO arldleé programs running on the back-end computer and the
N3MO vs electron momentum. front-end computers allowed for a modular and very flexible
DAQ. The third type of computer shown in Fig. 25, the
tion rate, constituted an event to be recorded in this experidisplay computers, provided detailed online monitoring of
ment. In addition, data were collected from the electronthe collected data.
beam pulses 400 ms and 200 ms prior to each laser shot, to The readout cycles were controlled by the trigger logic,
measure electron-beam-related backgrounds in the detectowghich received triggers from the SLAC control system and
A third set of events, obtained by dumping the electron beandistributed them to the readout electronics and/or front-end
far upstream in the linac, was used to measure the pedestadmputers. Once a trigger signal passed through the logic,
mean value and noise in the detectors and readout electroniasy further triggers were blocked until the logic was reset by
during data taking. These events occurred at a rate of 0.08 READY signal from the back-end computer. Upon receiv-
Hz, and one-third of them coincided with laser shots. ing a trigger signal, each front-end computer collected its
The moderate event rate and data volume of the experiassigned set of data and sent it over the Ethernet link to the
ment allowed a low-cost solution for the data acquisitionback-end computer, where the data were assembled, ana-
system, which is shown schematically in Fig. 25. The systentyzed and stored to disk. When the back-end computer fin-
was based on IBM compatible personal computers connectddhed processing an event, it reset the trigger logic and
by a local Ethernet. The communication between the combroadcast the full event information to the display comput-

Beam, Silicon CCD Electron- IP1 Wire Laser Laser
Counters, Calorimeter ~ Spectrometer Laser Scanner Ener; Spot Size
etc Timing Pulse ldth
Detectors/ [Er}g\nlds lSlllCO‘n & (‘(L) ) &z;se{ﬂ llao :{oter lfjne;:\ (L(D
1 1 S ungsten ectrometer pLIC: \ 7 age; TODE. amera
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CAMAC Rabbit Di Timing Ilag Digital Elect
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FIG. 25. Components of the
data acquisition system.
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ECAL for different particle energies and laser energies for IR
pulses. The acceptance of a single ECAL tower is shown at the tof.

. . . FIG. 27.(a) The crossing of the laser pulse and electron beam in
ers. The display computers, running unsynchronized to thge _t plane: two possible collisions are shown, each giving ap-

readout cycle, allowed online monitoring of the experiment,oximately the same linear Compton scattering rate but drastically
or individual front-end equipments, as well as CPU-intensiveyitferent non-linear Compton rateth) Linear Compton event rate
data processing. One display computer was set up in thgs a function of transverse beam displacement and relative timing.
accelerator control room to aid in tuning the electron beanic) As above, but for the=2 scattering rate.

for low background in the detectors.

An RS-232 link between one of the front-end computers In contrast, the data reported in Sec. VB were obtained
and the master computer of the SLAC control system made ifith the ECAL position scanned in steps of 1/4 or 1/2 of a
possible to bring additional experimental parameters into th@ad height, providing improved spectral resolution and
data stream, as well as to perform special runs during whicknominally) constant laser intensity. For these data, the laser
the position of the IP box and/or the ECAL were varied. intensity was obtained from the nonlinear monitors N2MO
and N3MO rather than directly from the measurement of the
laser parameters.

To align the electron and laser beams in the transverse
plane, a fluorescent flag was lowered into the path of the

To study the dependence of the nonlinear scattering praseam and viewed remotely. By moving the IP vacuum box,
cess on laser intensity, data were taken at several differemthich held the focusing mirrors, it was possible to bring the
laser energies between 10 mJ and 800 mJ. Both NR ( electron beam and the He-Ne alignment laser images into
=1053 nm) and green\(=527 nm) laser pulses were used, overlap. Final adjustment was made by monitoring the
with circular and linear polarization. At the highest intensity, forward-photon rate as a function of transversey( posi-
there were over T0photons/event emitted in the forward tion of the IP box. While the vertical overlay) was unam-
direction. To avoid saturation, the ECAL was moved well biguous, the overlap in the horizontal plang @depended on
below the kinematic edge for=1 scattered electrons. How- the relative timing of the two beams, as indicated in Fig.
ever, the dynamic range of the ECAL limited the measure27(a).
ment to about two orders of magnitude of the nonlinear scat- Thus, it was necessary to carry out a raster scan in both
tering rate at any particular position of the ECAL. Figure 26the x position of the IP box and in timing delay. This is
shows the region accessible to the ECAL for different recoilshown in Fig. 27), where the linear Compton scattering
electron momenta and laser energies for IR pulses, accordingte observed in the CCM1 detector is plotted as a function
to the rate calculations summarized in Fig. 4. The momenef Ax andAt. The correlation between the two offsets,
tum acceptance of the ECAL pads is also indicated.

The data reported in Sec. V A were taken with the ECAL
kept at fixed position for runs of at least 1000 laser-on
events. These runs were taken for different laser intensities,
and the position of the ECAL was chosen accordingly tois clearly evident. In Fig. 2€), the nonlinear rate observed
avoid saturation. Keeping the calorimeter position fixed simin ECAL at a position corresponding to=2 is plotted for
plified real-time monitoring of the beam overlap quality andthe same raster scan. A large-2 signal was obtained only
background subtraction. when the electrons crossed through the peak field region of

IV. DATA COLLECTION AND ANALYSIS

A. Data collection strategy
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the laser beam, which identifies the optimal space-time align-
ment of the two beams more precisely than doesrthel

scan.

The x-t scan data were also used to characterize backfhe
grounds from linearrf=1) processes that contaminated theto 2x 10" W/cn?. The corresponding rms electric field is

desiredn>1 signal, using regions of the-t plane in which

n=1 scattering was still large, but>1 scattering was sup-
pressed. Suchk-t scans were performed frequently during
the run to assure correct spatial and temporal overlap. Each o ) )
x-t scan was preceded byyascan to ensure that the elec- WhereZo=3774), andEpsis given in V/cm forl in Wicn?.

trons and photons were in the same plane, and thgcan to

verify the scan range anad=1 collision stability.

event basis for an accurate comparison between data a
theory. We measured the value of the intensity by two dif-

B. Determination of the laser intensity

ferent methods.

Sec. llI A were used to determinke as follows. The laser

1. Direct measurement

given by

PHYSICAL REVIEW D 60 092004

FIG. 28. Laser parameters for all data taken
with IR pulses. The value ofy at the laser focus
was calculated by the direct method described in
the text.

u

I:E'.

(64)

intensity was varied over the rangé=10%

Erms= \/ﬂ, (65)

From this, the parametey was calculated according to Eq.

For the infrared laser data all three quantities, laser en-
ergy, focal-spot area, and pulse width, were measured for

every pulse, as summarized in Fig. 28. The uncertainty in the

. , __pulse width was 20% because of diffraction of the laser
The scattering rate depends strongly on the peak intensityye oy - Fiyctuations in the probe calibration led to a 13%

I, at the laser focus, sb must be known on an event-by- \,hcertainty in the energy measurement. Because of laser

T@ht scattering, filtering, and the non-Gaussian shape of the
ocal spot, the uncertainty in the area was 20%. The overall

uncertainty in peak IR intensity was therefore 30%.

For the green laser data, the energy and focal area were
measured for each pulse, but the pulse width is known only
Measurements of the laser parameters, as discussed @m average for each data set from streak-camera and autocor-

relation measurements, and varied betweenl.5 and 2.5

powerP was fitted to a Gaussian shape as a function of timeps. Thus, we assign an uncertainty 63% for the green

yielding the standard deviatiom; and pulse lengthr
=+2moy. An image of the focal spot was fitted to Gauss-

laser data.
The above procedure was used to establish the depen-

ians in the horizontal and vertical projections, and the effecdence of nonlinear Compton scattering on the laser intensity
tive area was defined by=2mo,0,. Together with a mea- (Sec. V A. Once this dependence was found to be in agree-
surement of the pulse enerdy, the peak intensity is given ment with the theoretical prediction, it was convenient to

obtain the peak laser intensity for each event from the rates

by
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observed in the linear and nonlinear Compton scatterindocus deduced by this method is in good agreement with the

monitors, by the following indirect method. average value calculated from the measured laser parameters.
For more details, seé6].
2. Indirect measurement The indirect measurement of the laser intensity was used

in the analysis of the* e~ pair production datéSec. VI B),

We designate byN, N,, and N; the numbers of elec- as well as for the ECAL scan datsec. VB,

trons intercepted by the gasefenkov counters EC37,
N2MO and N3MO, of first-, second- and third-order Comp- )
ton scattering, respectively. An overall effective intensity C. Electron calorimeter data
was extracted from ratios of these monitor rates, as the ratios The total energy in a calorimeter towére., all longitu-
are less sensitive to the effects elaser timing jitter and  dinal segments of a given row and column; see Fig.i¢ &
fluctuations in spatial overlap. Fap?<1, the field intensity measure of the number of electrons scattered during the
is given to a good approximation by pulse into the momentum interval spanned by the tower. The
energy distributions in the top six rows of the ECAL are
N, N shown in Fig. 29 for a particular ruffor the initial configu-
772:k1N— and 772:k2N—. (66) ration of the dump-magnet vacuum chambefrhe rapid
1 2 variation of the signal with momentum is obvious, as ex-
pected from the spectrum simulated in Fig. 4. Indeed, when
The parameter&; and k, depend on the acceptances andthe signal in ECAL row 1 approached saturation, rows 5 and
efficiencies of the counters, as well as on the spectrum of were generally compatible with zero signal, and only the
scattered electrons, and must satisfy the constraint imposeitst four rows for every calorimeter position have been in-

by Eq. (66): cluded in the analysis.
The data in Fig. 29 have pedestals and electron beam
K, background subtracted, but are not corrected for laser-on
N§=k—1N1N3. (67) backgrounds or for shower spreading.

The principal laser-on background in the calorimeter is
due to effects of electrons from=1 Compton scattering. A

An overall constrained fit was made to the measured valsignificant fraction of these electrons passed through the
ues ofN; to extract k,/k;), and thusz?, for each event. vacuum pipe and/or struck obstacles downstream of the calo-
The fit determinedy with an average precision of 11%. Un- rimeter, and created electromagnetic showers. Some portion
certainties in the acceptance, background levels, calibratioof these showers reached the calorimeter and gave rise to a
and efficiency of the monitors caused a systematic error gposition-dependent background. Measurements of this back-
f?s% in the absolute value of. The intensity at the laser ground were made using data from the scans described at
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the end of Sec. IV A. The background was initially substan-

tial, and the vacuum chamber near the ECAL was modified Fi:f dyf(y) > RinJ(Y)=f dyf(y)gity), (72
to help suppress it in the later phases of the experiment, as '
discussed in Sec. IlIC. W

Another analysis issue is the effect of spreading of the

electromagnetic showers of signal electrons in the calorim-
eter. Because of the rapid variation of deposited energy with ai(y)=2 RiX(y) (73
ECAL row number, “feed-down” of energy from an upper !
row, i, to the one below iti + 1, caused a significant distor-
tion of the energy spectrum. Similarly, the top row, 1, suf
fered partial loss of shower energy that escaped out the t
surface.

here

is called the aperture function for the reconstructed signal.
“We optimized the coefficient®;; such that, as nearly as
0Bossible,gi(y) is zero fory outside the aperturey; ,Y; 1] of
channeli, and is unity inside. For this, we did not need to
assume a particular form for the incident electron spectrum
f(y).

The goal of the analysis of the electron calorimeter data is The observed data include background energy, primarily
the spectrum of energy;;, incident on rowi of the calo-  from rescatteresh=1 electrons, and the reconstruction pro-
rimeter due to nonlinear Compton scattering. This was obcedure should remove this from the reported signal. The re-
tained from the observed datd;, , in the calorimeter via a sponse of ECAL to this background was written as a set of

1. Spectrum reconstruction and background subtraction

reconstruction matriR;; such that coefficientsB; that were found from fitting thex-t scans
away from the nonlinear signal and that express the raw
ECAL signal due to rescattered electrons divided by the total
Fi=2 RyD;. (68) 9 y
]

number of electrons scattered at IP1. The observed data in
ECAL from an incident electron spectruhfy) andNs elec-

The determination of the matri®;; was based on calibration trons scattered at IP1 is therefore given by a modification of

data that we expressed as a response funcdy,E), Eq. (70):

which gives the amount of energy deposited in riotwy an

electron of energ¥ incident at heighy on the ECAL. This

vector is normalized t&@;X;(y) =1.

We used two different methods to obtain the matix
The first method39] is based on an iterative approach to the Thus, when the data vectbris inserted in Eq(68) to obtain

shape of the electron spectruifly). At each iteration, the the background-free reconstructed electron spectrum, the ef-
desired ECAL energy Spectruﬁ] was modelled as fect of matrix R on the baCkgrOUnd vectd® must be that

2R;;B;=0. This provided additional constraints on the pro-
it1 cedure for constructing the matrik.
FFJ f(y)dy, (69) Both methods gave similar results, and are discussed in
g more detail in Appendix B, which also includes information
on the calibration data.

Di:NSBi"'f dyf(y)Xi(y). (74)

while the observed data were modelled as
2. Event cuts

Di:j dyf(y)Xi(y)- (70 Cuts were applied to eliminate events where the electron
beam fluctuated in position, angle or intensity, or when there
Since the detector response functiéris known, we could was poore-laser overlap as determined by the ratio of the
construct a matri3M that predicts the observed data as forward-photon monitofCCM1) signal to that expected for
the measured values of laser parameters for that event. About
2/3 of the events were thereby rejected.
D=2, M;F;. (71)
! 3. Normalization and error analysis

The reconstruction matriR needed for Eq(68) is just the From the reconstruction of the energyincident on calo-
inverse ofM. The initial hypothesis fof (y) was a polyline rimeter rowi corresponding to electron momentum, we

fit to the observed dat®;. The procedure converged well obtaineddN/dP, the number of incident electrons per mo-
after 2 iterations. The effects of rescattemed 1 electrons mentum interval for each event. The value of the Compton
and feed-down from row to row were accommodated by exspectrumF; used here was the average of the results of the
tensions of the basic procedure. two analysis methods described above.

The second methob7] is based on adjusting the matrix ~ The event-to-event spread in the energy observed in a
elementsR;; (by minimizing a relevanty? distribution, so  calorimeter row was due to several factors, the dominant one
that the calculated acceptance of each row approached itging variations in the overlap of the electron beam and laser
geometrical shape. Note that combining E(8) and (70)  pulse due to timing fluctuations. To a good approximation,
implies these fluctuations are reflected in the number of forward pho-
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tons per eventN,, which measures the total scattering rate. ~ Figure 30 shows the observed distribution of the positions
Thus, by normalizing the ECAL signals té, on an event-  of tracks at the center plane of the magnet. This distribution
by-event basis in subsequent analysis, a more stable distribig well described by a sum of two Gaussians: a narrow one
tion is obtained. Part of the spread was due to the variation iqjith ~0.6 mm, consistent with the expected track angle
laser intensity for different pulses; this is accounted for byresolution of the system, and a wider one with-6 mm,
normalization toN,. Only a small contribution came from consistent with the expected distribution of combinatoric
statistical fluctuations, since there were usually 10—-100 9|eooackgrounds.
trons per event incident on the calorimeter. Figure 31 shows the distribution of magnet-plane inter-
Therefore, we report the yield cept positions for tracks in the electron arm whose horizontal
1 dN angle is smaller than that corresponding to thel Comp-
—_— (75  ton kinematic edge. The distribution is well described by two
N, dP Gaussians, but in this case, the combinatoric background is

whereN., is the number of high-energy photons emitted fromdisplacgd away from th_e center position of the magnet, and is
IP1 as measured in the forward-photon monitor. The scathCh h_|gher than the signal. Th_|s occurred b_ecause the com-
tered electron data presented in Sec. VA were binned adinatoric backgrounds are dominated by points on low mo-
cording to laser intensity and recoil momentum independenfentum tracks, and these are farther from the 0° beamline.
of the particular run, calorimeter position, or calorimeter rowLOw-angle combinatoric backgrounds from these tracks

from which they were acquired. therefore tend to project back to a position away from the
point was the sum in quadrature of two effects: tracks in the positron arm.

o ) To limit the number of “fake” tracks contaminating the
(@ The statistical uncertainty due to the number of ob-sjgnal, further analysis was confined to tracks whose hori-
served electrons. zontal position at the magnet center plane obejwegh]
(b) The uncertainty due to the reconstruction algorithm,<2 mm. The signal region was defined |ey$nad<1.5 mm,
taken to be the maximum of the error estimate of theand the region 1:5]ymad <3 mm was used for estimation of
second reconstruction algorithm, or the difference inthe background in the signal region.

the results of the two algorithms. Momentum spectra of signal and background tracks were
accumulated for five ranges af and fitted to theoretically-
D. Forward photon spectrometer data predicted spectra, as discussed in Sec. V C. For more details,

. . see[67].
Some data were collected with the forward-photon moni- [67]

tor removed from the 0° beamline, and a thin foil inserted to
convert a small fraction of the forward photons to electron-
positron pairs. These were deflected by 10-30 mrad into the Positrons produced at IP1 were detected in the PCAL
CCD spectrometer by a 5D36 magnet, as shown in Fig. 11calorimeter, but it was not possible to identify their electron
Electron and positron tracks were reconstructed using thpartners because of the high rate of Compton scattered elec-
three back planes of CCD’¢ésee Fig. 22 All triplets of  trons in the ECAL.
points from the back CCD planes of a given arm were tested The response of PCAL to positrons originating at IP1 was
to see if they fit a line intercepting a region near the center otudied by inserting a wire into the electron beam at IP1 to
the spectrometer magnet. For any candidate tracks thgroducee®e™ pairs by Bethe-Heitler conversion of brems-
shared more than one hit, only the track with the lowgst  strahlung photons. These data were used to develop an algo-
goodness-of-fit was kept. This set of candidate tracks infithm to group contiguous PCAL cells containing energy de-
cluded many “fake” tracks from thermal noise and combi- posits into clusters representing positron candidates. The
natoric background of points from different particles. clusters were characterized by their positions in the horizon-
To convert positions in CCD-relative coordinates into po-tal and vertical directions, and by their total energy deposit
sitions in a common coordinate system, a more precise aligrk,. Using field maps of the magnets downstream of IP1,
ment of the CCD planes with respect to each other was rethe vertical impact position was translated into the corre-
quired than was possible using the synchrotron radiatiosponding momentunPy,. The efficiency of the cluster-
image technique described earlier. This was accomplishefinding algorithm was found to be €31 % in a study where
using real track data, yielding relative spatial alignment of 30simulated clusters were added to laser-off J&6.
um. Slight rotations, as well as offsets in the horizontal and Figure 32 shows the spectrum of calibration clusters
vertical directions, were measured and corrected. found in row 7 of the PCAL as a function of the ratio
After all alignment and track reconstruction was com-E,/P,. The one-, two-, and three-positron peaks can be
pleted, a slight variation with magnet setting was noted in theclearly distinguished.
apparent momentum of the kinematic edges. This was inter- Positrons were also produced in showers initiated by lost
preted as arising from either an error in the measurement alectrons upstream of the interaction region. This back-
the magnet saturation curve, or an overall systematic rotatioground could be severe, but was minimized by careful tuning
of the CCD planes. It was corrected by increasing the magef the beam. It was studied by accumulating data in the pres-
nitude of all track horizontal angles 0.36 mrad. ence of the electron beam, but with the laser off.

E. Positron identification
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FIG. 30. The two-dimensional distribution of
the track positions at the center plane of the 5D36
magnet; the box size is proportional to number of
tracks in the bin. Projections on the two trans-
verse axes are also shown. Distances are in mm.

FIG. 31. The distribution of the track posi-
tions at the center plane of the magnet, using only
high momentum electron tracks. Distances are in

mm.
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z F TABLE 1ll. Numbers of events.
5 70 L
A
% _ IR Green
S 60 - Before cuts 18,344 16,322
[ After cuts 7,207 5,342
50 [
i shown in Table Ill. The principal reason for rejecting events
40 - was poore-laser overlap, as indicated by a low value of the
r ratio of observed to expected numbers of forward photons.
30 | The variation of the laser parameters over the entire data
L set was shown in Fig. 28 for the IR runs. While the laser was
20 L operated with only six nominal pulse energies, fluctuations in
- the output energy, area, and pulse length were large enough
r that the laser intensity spectrum was essentially continuous.
10 - Figures 33 and 34 show the differential yield
r (1/N,)(dN/dP) for electrons scattered from the IR and
0 (;‘ green lasers, respectively, at six different laser intensities.

E. /P 35 The observed yield is shown as a function of momentum by
clu' " clu

the solid circles; the horizontal error bars give the width of

FIG. 32. Distribution of the ratid,/Pq, for calibration clus- ~ the corresponding momentum bin, and the vertical bars in-

ters in PCAL row 7, which spans momenta from 20.3 to 21.5 GeV.clude systematic errors in reconstruction. The overall sys-
tematic uncertainty of-30% for the IR laser intensity and

V. RESULTS ON NONLINEAR COMPTON SCATTERING 4_'_280/0 f(_)r the green Ias_er int_ensity is not shown. The data and
) ) ) simulations are also given in Tables IV and V.
Nonlinear Compton scattering, procey, was studied In general, each plot in Figs. 33 and 34 covers three or-

by measuring the scattered electrons, as well as by observingrs of magnitude in yield. The=2 plateau and the dropoff
the forward high-energy photons. In Sec. VA, we discussg n=3 scatteringnear the kinematic edge at 17.6 GeV for
results where the ECAL detector was held at a fixed positionr, 10.8 GeV for greenare evident at lower laser intensities.

results where the nominal laser intensity was held fixed ang)|ateau, which extends from 10.8 to 7.8 GeV.

the ECAL detector was scanned to cover the momentum The simulation, including both nonlinear Compton scat-

range of electrons from=3 andn=4 scattering in an al- tering, procesg1), and plural Compton scattering, process
most continuous fashion. Then in Sec. VC, we present thesg), is shown by the open boxes. For each event, the simu-
results from the measurement of the electron-positron spegation incorporated the measured laser and electron beam pa-
trum of converted forward photons. rameters, including beam-beam timing and spatial overlap.
As discussed in Sec. I, the presentation of the results of a A simulation that ignores nonlinear Compton scattering,
nonlinear scattering process is best done in terms of rategng thereby includes onlg=m plural scattering, is shown
rather than cross sections, as the latter are not well definggl; the dashed curve. The effect of detector resolution on
for initial states involving multiple laser photons. In general, shjiting the position of the inflection between=2 andn
because of the continuous variation of the photon density 3 gcattering to lower momentum by 0.5—1 Ge\é espe-
across the laser focus and the nonlinear nature of the scaltgfiu|ly noticeable in this case. The data at higher laser inten-
ing, the data do not correspond to a rate for a single set Afities cannot be accounted for by plural scattering only, and

experimental parameters, but to an integral over a range Qfiearly indicate the presence of nonlinear Compton scatter-
conditions. Therefore, the results given below are compare,

with those from a simulation of the experiment based on the “Wyhile the data follow the simulation over three orders of

theoretical model discussed in Sec. II. _ magnitude there are significant disagreements between data
Another important feature in the presentation of ourgng simulation if the systematic uncertainty in laser intensity

results is that the obseryed nonlinear spectra, such ag ignored. The overaly?/Npg (number of degrees of free-

(1N,)(dN/dP), are normalized by the total number of scat- yom) for comparison of data and simulation over the entire

tered photonsN,, as discussed in Sec. IV C. This has theyata set in Figs. 33 and 34 are then 488/49 and 188/41,

important advantage that fluctuations in the timing and spayegpectively. If, however, the average laser intensity for each

tial overlap are compensated for, in first order. of the plots at a nominal laser pulse energy is adjusted to

minimize they?, we find

A. Scattered electron spectra vs laser intensity X2(|R)/NDF: 133/43, )(Z(Greer)/NDFZ 112/35.
We present data for circularly polarized IR (
=1053mm) and green\(=527 nm) light. The total num- The scale factors by which the nominal laser intensity would
bers of events before and after cuts for the IR and green afge multiplied to obtain the reduced are given in Table VI.
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FIG. 33. The yield of nonlinearly scattered electrons, FiG, 34. The vyield of nonlinearly scattered electrons,
(1/N,)(dN/dP) vs momentun®, for six different circularly polar- gllNy)(d N/dP) vs momentun®, for six different circularly polar-
ized IR laser energies. The data are the solid circles with verticajzeq green laser energies. The data are the solid circles with vertical
error bars corresponding to the statistical and reconstruction erroksror pars corresponding to the statistical and reconstruction errors
added in quadrature. The open boxes are the simulation, with errq{qged in quadrature. The open boxes are the simulation, with error
estimates indicated by the horizontal and vertical lines. The effeckstimates indicated by the horizontal and vertical lines. The effect
of systematic uncertainty in the laser intensity is not shown. Theyf systematic uncertainty in the laser intensity is not shown. The
dashed line is the simulation of=m plural scattering. dashed line is the simulation of=m plural scattering.

Since data at different laser intensities were taken under si
nificantly differing experimental conditions and back-
grounds, the spread of scale factors appears reasonable.
To show explicitly the nonlinear behavior of Compton
scattering in intense laser fields, we present the scattereig<
electron yield (IN,)(dN/dP) at several scattered electron ¢
momenta(for P within +0.25 GeVE of the central valug

Yactor 1N, would be independent of intensity for a linear
process, the uncertainty in laser intensity still has a large
effect on our expectations for higher-order processes.
Results of fits to the form Ed76) are presented in Table
The fits forn=2 are quite satisfactory, and acceptable
for n=3 IR. Forn=4 IR andn=3 green, the errors in the

. . R i data preclude a meaningful fit. A more sensitive demonstra-
as a f“”C“OT‘ of laser intensityin Figs. 35 and 36 fpr €I tion of the power-law dependence on the laser intensity is
cularly polarized IR and green laser pulses, respectively. Thﬁrovided by the positron datSec. VI, which is ann=>5

data sets, also given in Tables Vil and Vi, are Iabele_d by rocess and is practically free of background at high values
the lowest allowed number of laser photons corresponding t

each scattered electron momentum, recalling Table Il. The
expected dependence on the laser intensity is
B. Scattered electron spectra from ECAL scans

i dﬂm 2(n—1)oc n—1 (76) Scattered electron spectra were also collected with lin-

N, dP early polarized green light during positron production run-
ning. Only the top row of the ECAL was used in the analy-
as indicated by the shaded bands in the figures, which are ttgés, to reduce systematic effects, and the spectra were
predictions of the simulation including the uncertainty in theobtained by scanning the detector position over the available
laser intensity. Note that while the rate as normalized by thenomentum range. The shielding of the ECAL was modified
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TABLE IV. Nonlinearly scattered electron yield for circularly polarized IR lasers.

PHYSICAL REVIEW D 60 092004

(1/N,)(dN/dP)x 10° (GeV/c) !

U, =16mJ U ,=30mJ U,=60mJ U,=120mJ U,=240mJ U_,=380mJ
b 7=0.066 7=0.090 7=0.128 7=0.181 7=0.256 7=0.322
(GeVic) D? Sh D S D S D S D S D S
10.0 0.005£0.05 0.00
10.5 0.02£0.06 0.01
11.0 0.05-0.03 0.02
12.0 0.0x-0.05 0.003 0.080.05 0.01 0.130.05 0.08
12.5 0.02:0.03 0.01 0.120.07 0.05 0.260.05 0.17
13.5 0.05-0.05 0.03 0.530.05 0.10 0.720.05 0.53
14.0 0.86+0.08 0.26
14.5 0.05-0.07 0.01 O0.060.07 0.03 0.02£0.05 0.14 1.2%¥0.07 0.61 238022 1.45
15.5 0.08:0.07 0.03 0.060.07 0.10 0.16£0.08 042 2.720.21 1.06 4.080.37 4.26
16.0 3.62£0.22 1.80
16.5 0.29-0.19 0.09 0.3%20.21 0.20 1.2%#0.11 0.59 4.880.28 2.07
17.0 0.88:0.39 0.27 0.730.32 041
17.5 1.05-0.38 0.96 0.920.32 1.29
18.0 1.26:0.28 1.21 3.240.62 253 4.1%0.78 3.40
18.5 11.4-2.64 6.87 13.23.09 9.01
19.0 11.3-2.02 9.02 13.32.35 13.0
19.5 144265 10.8 14.2251 15.2
20.0 397089 6.16 57%1.04 9.71
20.5 4.28-0.62 552 9.6&1.38 112 12.%1.68 14.9
21.0 117092 115 11.80.89 15.1
D is the data including errors;; S is the simulation.
TABLE V. Nonlinearly scattered electron yield for circularly polarized green lasers.
(1/N,)(dN/dP) X 10° (GeV/c) !
U,=16mJ U,=30mJ U,=60mJ U ,=120mJ U,=240mJ U_,=380mJ
b 7n=0.047 7n=0.064 7=0.090 7=0.128 7=0.181 7n=0.227
(GeVic) D? S D S D S D S D S D S
8.0 0.04+£0.07 0.01 0.0& 0.09 0.02
8.5 0.16= 0.06 0.04 0.220.07 0.15 0.2% 0.08 0.27
9.0 0.19-0.11 0.03 0.240.14 0.08 0.250.09 0.22
9.5 0.14-0.24 0.08 0.320.19 0.14 0.260.23 0.37
10.0 0.24£0.27 0.01 0.2¥0.32 0.16 0.450.33 050 0.580.35 0.90
10.5 0.5%*0.23 0.03 0.730.40 0.04 2.8%0.96 0.80 3.741.05 1.52
11.0 1.11*0.42 0.29 215057 0.75 3.680.88 153 7.0861.66 257 9.222.02 452 10.62.20 6.50
11.5 487122 196 536156 2.18
12.0 8.13-1.98 3.74 7.3%221 4.19
12,5 393141 190 6.8%1.77 475 12.¥2.37 9.71 20.83.67 16.6
13.0 9.28:1.70 5.22 10.¥2.17 6.44
13.5 10.71.74 583 12.32.27 651
14.0 5.18:5.09 252 8.84137 6.43 105155 134 253355 235
14.5 7.33t2.29 254

8D is the data including errors; S is the simulation.
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TABLE VI. Scale factors for laser intensities.

Energy(mJ 16 30 60 120 240 380

IR 0.70 1.09 0.86 1.15 1.69 1.21
Green 2.80 1.70 1.14 1.35 1.24 1.05

as discussed in Sec. Il C, and resulted in a tenfold decrease
in background. The laser intensity was measured indirectly
by relying on the linear and nonlinear monitors, as discussed
in Sec. IVB 2.

The laser was operated at fixed nominal energy, resulting
in the measured distribution of the field-strength parameter
as shown in Fig. 37. There was sufficient data to be binned in
six intervals ofn from 0.15 to 0.25, as shown in Fig. 38 with
the data as the black dots and the simulation as the open
circles. The modification to the beam pipe restricted the
ECAL to observe electrons scattered ty 3 or more pho-
tons.

The data are in excellent agreement with the simulation
except at the highest momentum, which is at the inflection

E L
> L
Q
Q L
- -4
%10 ?
O
> |
<
5
10 =+
10°
En=3 ; i
fosaevd /o +10%
T e | ~ For
R ;

17
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—
=]

1/NyedN/dP [1/GeV/c]

laser intensity [W/cm2]

FIG. 36. The scattered electron yield K1) (dN/dP) vs green

laser intensity for two representative electron momenta. The solid
circles and triangle are data for which the2 andn=3 nonlinear
Compton processes dominate, respectively. The simulation for each
data set is shown as bands, including thﬁ% uncertainty in the
laser intensity.

betweenn=2 andn=3 scattering. Then=3 “shoulder”
from 8 to 10 GeVt can be seen for low values of, at
which it is expected to be more apparent. Furthermore, the
good agreement between data and simulation is an indication
that the values ofy deduced by the indirect method from
nonlinear monitors are reliable, within their uncertainty of

For more information on ECAL scan data, both at 46.6-

and 49.1-GeV incident electron energy, see [R&9].

C. Forward photons

An important part of the nonlinear Compton scattering

i study is the spectrum of forward photons, since the compet-

laser intensity [W/cmz] : : . i
ing process of plural Compton scattering cannot yield pho

FIG. 35. The scattered electron yield XL)(dN/dP) vs IR

and open circles are data for momenta at whichrth€2 Compton

tons with energies beyond time=1 kinematic edge.

laser intensity for four representative electron momenta. The solid At high laser in_tensities, there were typicawy
photons scattered into the forward direction, with o %

~10

process dominate. The triangles and open squares are data for nff these at momenta beyond tine=1 Compton edge. A
menta at which thev=3 andn=4 processes dominate, respec- 50-um-thick aluminum foil was used as a converter

tively. The simulation for each data set is shown as bands repré5.6x 10 *r.l.), so that~5000 pairs entered the pair spec-
senting the 30% uncertainty in the IR laser intensity. The slopes ofrometer (Fig. 22 in each laser pulse. This high number
the bands are characteristic of the order of the nonlinear processmade proper identification of the positron partner of a given
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TABLE VII. Scattered electron yield vs. IR laser intensity.

(1/N,)(dN/dP) x 10° (GeV/c) ~*

I x10 16
(W/cnr) P=20.5GeVt P=18.0 GeVE P=16.5GeVE P=12.5GeVE
1.04 3.92:0.57 1.12+0.26
1.29 6.08-0.93 1.93-0.43
1.61 7.81:1.16 2.58-0.52
2.00 8.93-1.29 2.95-0.58 0.25-0.18
2.46 11.86:1.72 3.77%0.75 0.32:0.19
3.00 11.64-1.62 3.71£0.71 0.32:0.20
3.64 14.89-2.11 5.371.13 0.40-0.21
4.43 16.36-2.39 6.12-1.32 0.34-0.21
5.43 6.80:1.46 0.5%:0.12
6.71 0.91-0.10
8.36 1.36-0.12
10.36 1.930.19
12.86 4.06-0.34 0.06-0.05
15.72 4.7%-0.30 0.16:0.07
18.93 4.94-0.29 0.12-0.06
23.22 5.270.73 0.26:0.05
28.57 0.28+0.05

electron impossible. Therefore, we analyzed the data in thebserved. Thev=2 kinematic edge is at 36 Ge¥/and, as
two arms of the spectrometer independently, and then conlsredicted by the simulation, no tracks above background are
bined the reconstructed single-particle momentum spectrgpserved beyond this momentum.
for comparison to a model spectrum calculated by convolv-  The sglid curve is a simulation, including the fitted back-
ing the simulated photon spectrum with the Bethe-Heitleryround (dotted curvg, that is normalized to the number of
pair spectrum. ) tracks forP<28 GeVL using the value ofj, determined by
In Fig. 39 we show the spectrum for all tracks with mo- {ne indirect method discussed in Sec. IV B. The dashed curve
mentumP>26.0 GeVt in either arm, for~2300 linearly  js a simulation, in whichy has been adjusted for best fit to
polarized green laser pulses that collided with the 46.6 GeVhe forward photon data, yielding a value callgg.
electron beam. The solid histogram represents the candidate For 3 more detailed study, we separated the data into five
signal tracks, while the dotted histqgram shows th_e level Ofntervals of the laser field-strength parametgr, as shown
background tracks deduced from sidebands, as discussediiiFig. 40, where the solid and the dashed lines are fits to the
Sec. IVD. Then=1 kinematic edge at 29 Ge¥lis clearly  sjgnal and to the background, respectively. The numbers of
(signal minus backgroundracks for 26<P<29 GeVLk (the
TABLE VIII. Scattered electron yield vs green laser intensity. =1 region and for P>30GeVk (the n=2 region are
- presented in Table X.
| %1016 (1/N,)(dN/dP) x 10° (GeV/c) From a fit to each data set, we extracted the values,of
(Wicn?) P=12.5GeVEt P=10.0 GeVE given in Table XI. These values af, are compared with the
correspondingy, in Fig. 41. For all data setsy, is lower

3.22 3.98-1.57
4.00 5.071.53 TABLE IX. Power law fits (1N,)(dN/d P)~Ib for nonlinear
4.93 7.10-1.80 Compton data. For order scattering, the expectation is thatn
6.00 8.82:2.02 -1
7.29 11.39-2.33 P (GeVic) n b XZINDF
8.86 12.912.49
10.86 12.122.37 IR
13.43 20.5%3.55 20.5 2 0.93-0.10 0.62
16.72 21.36:3.76 0.19-0.32 18.0 2 1.030.13 0.43
20.72 20.7%3.70 0.34-0.30 16.5 3 1.5%-0.18 3.09
25.72 0.38:0.33 12.5 4 1.84-0.64 0.03
31.44 0.47-0.32 Green
37.87 0.470.35 12.5 2 0.86:0.15 0.51
46.44 0.5%0.34 10.0 3 0.811.45 0.02
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FIG. 37. Distribution of the laser field-strength paramejeral- 26 2§ 30 32 34 36 38_40 42 44 46

culated using the constrained {87) for the 46.6 GeV data with Track momentum [GeV/c]

linearly polarized green light. FIG. 39. The momentum spectrum of electrons and positrons

) o from conversion of forward photons into paifsolid histogram,
than 7, and a linear fit givesy,=0.747,, as compared t0  ang the background as estimated from sidebafutisted histo-
the expected value of one. Since the uncertainty in the lasgjram. The dotted curve is a fit to the background. The solid and
intensity(Sec. IV B) is ill%(stat)fﬁg%(syst), the apparent dashed curves are simulations, including the fitted background, in
discrepancy is within one standard deviation of the overallvhich the value ofy is taken from the indirect method, or fit to the

present data, respectively.
3 -3

glo_f 0.14-0.16 10_; 0.16-0.18 (statistical plus systemagi@rror.

& 10 ¢ O 10 o The good fit to the data shown in Fig. 40 supports the
= 1070 *° 103k ﬁ@' validity of the model of nonlinear Compton scattering in Sec.
e - & Il. The data clearly indicate the presence of forward photons
2107 e 107, 5 with momenta beyond the=1 kinematic edge, which is

% 10’7§ . s 10_7i g evidence for nonlinear Cqmptor} scattering, Bk}, indepen-

Z 8 @f | 8 dent of any pIura_I scatterin(88) in the laser focus.

L ey | S L e e For more details on the forward photon data, g&&.

P [GeV/c] P [GeV/c]
_,10_35 10'35 VI. RESULTS ON PAIR PRODUCTION
L E 0.18-0120 E 0.20-022 ) ) .
%10"‘% g 10'4%_ . A. Light-by-light scattering
= 1070 #@5 1050 gg‘.’" ‘ Positron data were collected with linearly polarized green
& ” laser pulses of nominal energy of 500 mJ with 46.6-GeV
%10‘6E 100 ok
I af a?ﬂ
2_10 107 ]
=100 NS PRI PRI S T) APV SIS PSR PO ]
4 6 § 10 12 4 6 § 10 12 6
P [GeV/c] P [GeV/c]
—107% —— g 3
2 E 5 0.22-0.24 0.24-0.26 °Q ]
% ]0'4: ; e Qe R % 46
= sf 2% 5 o® O
S107k f 1071 < 3
& F i 9538 = ]
Z10°L 10° 5
A v ' 4 2, 16
<07 T B
> E : : E % E
élo‘S: S PR P IS i PRI DU = E
4 6 § 10 12 4 6 g 10 12 =]
P [GeV/c] P [GeV/c] 46
i S o o= L, ]
FIQ. 38. The scattered electron yield Im,b((_:iN(dP), as a g Wu AT
function of electron momentum, for 46.6-GeV incident electrons Track momentum [GeV/c]

and linearly polarized green laser. The solid dots are the data, and
the open circles are the prediction of the simulation. Data are shown FIG. 40. Single-particle momentum spectra from five subsets of
for six intervals of the laser field-strength parameter the photon-conversion data.
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TABLE X. Yields of tracks in the CCD pair spectrometer after 0.25 -
background subtraction, for the five subsets shown in Fig. 40. o [
= o
No. of tracks E
02 | . I :
Subset Ne n=2 n=1 F ' %
a 0.13-0.16 -3 1669 :
b 0.16-0.20 74 5612 015 =
c 0.20-0.235 70 5425 s
d 0.235-0.27 100 5752
e 0.27-0.31 49 2524 01 [
incident electrons. A smaller sample of data was collected 0.05
with 49.1-GeV electrons. Since pair production for our ex- F
periment involves at least five laser photdnse or more to _
produce a high-energy photon via reactidn, and four or . | | |
0

more to produce a pair via reactié®)], it depends strongly o1 02 03

on the peak laser intensities and on the beam overlap. Data MNe

from collisions with poore-laser beam overlap were dis- )

carded when the signal in the EC37 monitor was less than FIG. 41. Photon-baseg, vs the mean value of the nonlinear-

1/3 of the value expected for optimal overlap. electron-based,, for each of the five CCD data subsets. The ver-
After cuts there were-22 000 laser-on electron pulses, in tical error bars are from the fit fo;, using CCD data, and the

which 175 positrons were identified. The cluster momer;tunborizoma' error bars are the rms of the distribution of the

distribution for these events is shown in Fig(d2 and sum- monitor 7, .

marized in T._’;\ble X_II. We also tpoer 121 OOO.Iaser.—.off elec- scattering, some had momentum beyond the end point of the
tron pulses in which 379 positrons were identified. Theseh:1 spectrum, which leads to the second peak in the pre-

were largely due to showers of lost beam electrons thafiicted spectrum near 34 Ge//The prediction for the pos-

struck beamline components. The momentum distribution Ogon spectrum shown in Fig. 48) is the convolution of the

these background positrons, normalized by the ratio 0.17 of _: : : . . .
. -~_“pair spectrum of Fig. 43 with the positron spectrum given in
ON/OFF electron pulses, is shown by the shaded area in Fi ig. 8. All of these predictions are based on the simulation of

fnzé?%'eﬁzj;uzggggﬁgnt?; t\t’r\?; dslisgtnzlgluggnssr,]c\)l\\:\? r(cl)j;tg;‘n;de thethe exp(_erimer_1t described in Appendix A, which inc_ludes the
figure: it contains 106 14 positrons. The solid curve is the T Semiclassical QED theory, plus detailed modelling of the
\gure, : P . . : spatial and temporal overlap of the colliding beams. The dis-
prediction of the simulation described in Appendix A and crepancy between the observations and the simulation could

based on the theory reviewed in Sec. 11 D. be an indication that the simulation overemphasized the con-

The observed positron momentum spectrum is softer thap., " .. : ion f hiah- h
the predicted one, with g2 of 2.61 per degree of freedom. gf#tfz ZtOCF(;(I?T?[I;[tr(?: S%rgggﬁggn rom high-energy photons

The positron momentum spectrum is expected to be symmet- Systematic uncertainties in the positron momentum spec-

e [zzi_boug olne-half the rr]ometnttjhm of t_hée‘ palrt, as shown 41" are expected to be small compared to the statistical
IN FIg. ©. In our expenment, the pair momentum 1S essen'uncertainty, since, as discussed in Sec. Il C, the acceptance

tially the same as that of the high-energy photon in reactiorz)f the positron detector, PCAL, was essentially 100% be-
(2), which photon arose from the Compton scattering reac- ' '

tion (1). The rate of pair creation is a rapidly increasing

—20
function of the pair momentum, and so is maximal near the%40 (@ [ ]ON § ®)
end point of the spectrum of photons fram=1 Compton g =S oFF 85 L
scattering, i.e., around 27 Ged// as shown in Fig. 43. Al- 230 - = {
though many fewer photons came from the2 Compton  ~ = Sl ., T
%20 @ //
TABLE XI. Fitted and estimated values of. 10 g5l / + + !

e Utaser (MJ My X*INor 0 S 011520
0.13-0.16 395 0.080.02 33/44 positron momentum [GeV/c] positron momentum [GeV/c]
0.16-0.20 400 0.160.01 58/42 FIG. 42. Number of positron candidates vs momentum for
0.20-0.235 475 0.150.01 77142 laser-on(ON) and laser-off OFF electron pulses(b) Spectrum of
0.235-0.27 550 0.190.01 40/42 sighal positrons obtained by subtracting the laser-off from the
0.27-0.31 625 0.180.02 57142 laser-on distribution. The curve shows the expected momentum

spectrum from the model calculation.

092004-31



C. BAMBER et al. PHYSICAL REVIEW D 60 092004

TABLE XII. The 46.6 GeV positron events in 2 Ge¥bins, for B
7=0. The number of laser-off positrons has been scaled by the § %
ratio 0.17 of the number of laser-on to laser-off electron pulses. % 107} /]
P N2 (ON) NS (OFP dN/dP é i f
(GeVic) (GeVic) ™1 b=
7 25 24.3 0.42.7 é‘ 102
9 41 21.6 9.%23.3 3 g :
11 41 11.2 14.93.3 = 0
13 32 5.8 13.%2.9 §
15 15 2.2 6.42.0 \ S S
17 14 2.9 5.61.9 107 —ﬁi@é\ | _
19 7 0.7 3.%1.3 A N
0.1 0.2 0.3 04
1 at laser focus
tween 5 and 19 Ge\¢, and the momentum scale was cali- FIG. 44. The dependence of the positron rate per laser shot on
brated in test beams. the laser field-strength parametgrThe line shows a power law fit

Figure 44 and Table XlII show the yieR,+ of positrons to the data. The shaded distribution is the 95% confidence limit on
per laser shot as a function of the laser intensity paramgter the residual background from showers of lost beam particles after
where the latter was measured by the indirect method desubtracting the laser-off positron rate.
scribed in Sec. IVB 2. The line is a power law fit to the data

and givesk 2n with n="5.1+0.2(stat) 33(syst), where . . SR
9 et (stat) o syst) The detailed simulation indicates that on average 1.5 pho-

the statistical error is from the fit and the systematic error, S .
includes the effects discussed previously, as well as the e}pns are absorbed from the laser field in reac(ibrand 4'?
fect of the choice of bin size im. Thus, the observed posi- In (2), but that the exponenmt for the two-step process varies

: o : . lightly with » and has an average value of 5.3. The calcu-
tron production rate is highly nonlinear, varying as th& 5 S S
power of the laser intensitysince = »2). This is in good lated distribution of the number of photons absorbed from

agreement with the fact that the rate of multiphoton reaction%he field in the Breit-Wheeler procet® for our experimen-

involving n laser photons is proportional tg?" (for 72 Sgairgngﬁgir;lj;?ﬁ; ((:)(.)Arrr:;;g]r? dljfg[r ff((:)uzs I\?vhsehrzvmem
<1), and with the kinematic requirement that 5 laser phD'Iatter is the invariant ratio of the Iaseryfield strength to the
QED critical field strength introduced in Sec. | C.

The observed positron rate is shown in Fig. 46, after hav-
ing been normalized to the number of Compton photons,
; i where the latter was inferred from the rate in the EC37 moni-
R A fracmenenees tor. This procedure minimized the effect of the uncertainty in
i i the laser focal volume and in tteelaser overlap. The simu-
lation indicates that the variation of the positron rate over a
spatial offset of+25um or a temporal offset oft5 ps
between the electron and laser beams is 8887 of the
variation in the Compton scattering rate, and we adopt this
value as the correction factor for imperfect overlap. The solid
curve in Fig. 46 shows the prediction per Compton photon
based on the numerical integration of the two-step Breit-
Wheeler procesgl) followed by (2), multiplied by the

tons are needed to produce a pair near threshold.

S P P v

.
H
1
i
.
DT Ty

R T e I . TTT e

Pair rate (relative)

!III|'||II|II|I|GIIIllllll||||[l

....................................................

TABLE XIlll. The 46.6 GeV positron yield vs;.

O . Gy P T T T LT

7 N /shotx 103 Ng/N,x10

i i i 0.10+0.07 2.6-2.9 95104
[N R AR RN A s O O a1 |
0 20 30 40 50 0.15+0.03 1.8-0.9 3.2¢1.7

Pair momentum (Gev/c) ggiggg ;igg ;;’22

FIG. 43. The relative rate of pair creation by the two-step pro- 0.26+0.02 11.6:3.0 16.8:4.4
cess of reactiongl),(2) as a function of the total momentum of the 0.29+0.02 35-8 48+11
pair, according to the simulation of the experiment. The peaks near0.32+0.02 8725 113+32
27 and 34 Ge\ are due to high-energy photons fram1 and 2 0.34+0.02 18795 273+139
Compton scattering, respectively.

o
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[ FIG. 47. Momentum spectra for the positrons produced by 49.1

C NN GeV electrons, with and without collisions with green laser pho-

tons.(a) The momentum spectra of the laser ON and the laser OFF

r clusters, the latter scaled by the ratio of number of laser ON to laser

s S I T N S OFF pulses(b) The momentum spectrum of the background sub-

12 3 4 5 6 7 8 9 10 tracted positrons. The solid line is the prediction of a simulation of
n the experiment.

FIG. 45. Calculated probability distribution of the numirepf
photons absorbed from the laser field in the second step of thBY the interaction of Compton photons with the residual gas
two-step Breit-Wheeler pair creation process. Field intensity correin the beamline. We can estimate an upper limit to thls effect
sponding toY ,=0.2 (y=0.4) at the laser focus was used for the from the rate of positrons with the laser off X680 3e" per
simulation. beam electron supposing they are all due to interactions of
beam electrons with residual gas, rather than due to showers

cluster-finding efficiency(0.93 and by the overlap correc- Of lost beam electrons. This giv&+ <10 '° per Compton

tion factor (0.89. The data are in good agreement with thephoton, which is well below the observed rate shown in Fig.
simulation, both in magnitude of the observed rate and in it£6.

I
=

dependence ow. Positrons could also be produced through the emission
Several points at low values afseen in Figs. 44 and 46, and rescattering of a virtual photon as indicated by the tri-

while statistically consistent with reactiofis) and(2) indi-  dent procesg53). To estimate the contribution of this pro-

cate a possible residual background of aboxt1® 3 posi-  cess, we performed a simulation in which the beam electron

trons per laser shot, likely due to fluctuations in the subtracemitted a virtual photon according to the Weidser-
tion of positrons from showers of lost beam electrons. Thé/Villiams approximation, and the virtual photon combined

residual background could also be due to positrons producedith laser photons to yield electron-positron pairs according
to the theory of the multiphoton Breit-Wheeler procé2s

5 as discussed in Sec. Il E. The results of this simulation are
- shown by the dashed curve in Fig. 46, and indicate that for
r the present experiment the trident process was negligible.
10 ; See also Fig. 10 an®8,68,69.

Results from a similar analysis of the 49.1 GeV data
sample 5000 laser shojsare shown in Fig. 47, and sum-

no. of positrons / no. of Compton photons

marized in Table XIV. In this case, the errors in the data
10°L points are larger than those for the 46.6 GeV sample because
i TABLE XIV. The 49.1 GeV positron events in 2 Ge¥/hins,
- for »=0.
10 -10 et e ]
g = NS (ON) N} (OFP dN/dP
C (GeVic) (Gevic) !
" | 7 7 29 2614
10 9 25 30.6 —2.8£28
0.09 0.1 0.3 0.4 11 12 10.8 0.61.9
7 at laser focus 13 16 98 3421
FIG. 46. The dependence of the positron rate on the laser field- 15 16 4.9 5521
strength parametep when the rate is divided by the number of 17 7 3.9 1514
Compton scatters inferred from the EC37 monitor. The solid line is 19 2 2.4 —-0.2£0.8
the prediction per Compton photon based the simulation of the two- 21 2 0.5 0.80.7
step Breit-Wheeler procegd) followed by (2). The dashed line 23 1 0.2 0.405

represents the simulation for the one-step trident pro&3s
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of higher background, lower laser intensity, and a smaller TABLE XV. The 49.1 GeV positron yield vs;.
number of events. There are 220 positrons above the . . + -
background. The expected dependence on the laser intensity 7 N /shot<10™ Ne /N, X 10

. . 2n .
is obeyed and a g)?ower law fit of the forRy+oc " gives 0.16+0.02 _0.8+54 _01+144
n=3.2+0.9(stat) 3 {(syst). These data are compared to the 0.20+0.02

dicti f the simulation in Fia. 48 and ized i 1.6:2.6 2.4 6.1
_ﬁ)_rebIICI;R;I of the simulation In Fig. ana summarized in 0.23+0.02 8.4-3.5 19.5- 8.0
anie ' 0.27£0.02 13.9:8.1 31.6-18.4

B. Breakdown of the vacuum

In the previous section, the data have been interpreted gfulse. The peak laser intensity corresponded to a value of 0.4
multiphoton  light-by-light scattering, proces®). As dis-  for the field-strength parametej=eE,,/mwc introduced
cussed in Sec. II D, for large numbers of absorbed laser phgn Eq. (5). In this regime, interactions involving multiple
tons, it becomes valid to interpret the data in terms of pro{aser photons are significant.
duction ofe* e pairs by the intense electric field of the laser  \We measured nonlinear Compton scattering, procBss
pulse, in which the initial nonlaser photon plays only a minorwith up to n=4 photons absorbed from the laser field, by
role. Figure 45 indicates that typically five laser photonspbserving scattered electrons with momenta smaller than
were involved in pair creation in our experiment, so we arethose permitted by ordinary Compton scattering, as indicated
nearly in the largex limit where the form(48) holds. in Fig. 4. Such low-energy electrons can also be produced by

Therefore, we plot the positron yield as a function df /' plural incidences of ordinary Compton scattering of a single
in Fig. 49, including both the 46.6 GeV and the 49.1 GeVelectron. Details of the observed electron spectra unambigu-
data. See also Table XVI. A fit to the forR.+=exp  ously identify the presence of nonlinear Compton scattering.
(—AYY,) yields A=1.27+0.08+0.25, the first error being Furthermore, we have measured the spectrum of forward
statistical and the second systematic. This can be compargghotons froom= 2 nonlinear Compton scattering in a region
to the asymptotic expectation of 838=1.89, according to forbidden to plural scattering.

Eq. (48). Referring to Fig. 9, we infer that fop in the range We also observed positrons frogie™ pair production at
0.2-0.4 as holds for our data, the coefficigntshould be the e-laser collision point. This process occurred when a
about 0.6 of the asymptotic value, i.e., about 1.1. high-energy backscattered photon interacted with the laser

The agreement between the observed and predicted slofield to produce the pair by the multiphoton Breit-Wheeler
of 1/Y , is reasonable, and supports the complementary viewrocesg?2). In this case, energy conservation required that at
of pair production as the realization of vacuum polarizationleast five photons be absorbed from the laser field.
loops by a strong laser field, when probed by a high energy The rates for these reactions are in excellent agreement

photon. For more details, s¢66]. with the theoretical predictions, when the errors in the deter-
mination of the peak laser intensity are taken into account.
VII. CONCLUSIONS The nonlinear dependence of these processes on the laser

intensity | is clearly demonstrated and obeys the folrfn

We have observed nonlinear QED effects in t_he SC"’mermg\/heren is the number of the photons absorbed from the laser
of high-energy electrons from the focus of an intense lasefield Such a dependence is predicted wheal

2 E When » approaches unity, another dimensionless measure
g C : : of field strength becomes relevant for pair production,
g r

= i f

= L &

g /1 2 [

= 10'9 S| \‘

g F = 10 = -
O 2 F
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g - & of
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FIG. 48. The subtracted laser-on positron rate for 49.1 GeV 1 y

beam electrons, normalized to the number of the linear Compton

photons. The prediction of the simulation is represented by the solid FIG. 49. Number of positrons per laser shot as a function of
line. The dashed line indicates the results of the simulation of thel/Y . The circles are the 46.6 GeV data whereas the squares are
trident process. the 49.1 GeV data. The solid line is a fit to the data.
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TABLE XVI. Combined 46.6 and 49.1 GeV positron yield vs formal expressions for the rates of these processes are taken

Y,. from [7,8] and have been summarized in Sec. Il above.

The first simulation[67] tracked individual beam elec-
Y, N¢/shotx< 10~° Energy(GeV) trons, distributed according to the electron density in the
502+0 37 113-39 16.6 _beam b_unch, thro_u_gh the laser field. Based on calculated
6.57-0.49 38.0-7.2 16.6 interaction probabilities and random numbers, the_ program
7 24+0.58 12477 49.1 decided at_ each_ step along the pat_h wheth.er an interaction
+ 590,66 10523 46.6 occurred, in wh|(_:h case the (esultlng particles were then
8'3410'73 7'&3'5 49'1 tracked from the interaction pom"t on.

SO D ' In a second approadfi0], reaction rates and energy spec-
9.00£0.85 Ll 46.6 tra of final particles were obtained by numerical integration
9.57+1.04 142.7 49.1 of the differential cross sections over a space-time grid

10.92£1.35 0.6:1.3 46.6 around the laser focus. This method has the advantage of
11.55£1.77 4.455.5 49.1 being free from statistical fluctuations and was used for com-
13.61+2.81 2.8-1.3 46.6 parison with experimental data. Details of this method are

presented in Appendices A2—-AB6.

namely Y7=(2€y/mcz)(Erms/Ecrit) as introduced in Sec.
IC. In our experiment, a peak value of 0.16 fir, was _ o
obtained wheny=0.3. Oure*e™ pair production data are Since the parameters characterizing the electron beam and
also well fitted by a model of breakdown of the vacuum bythe laser pulse fluctuate from event to event, a simulation of
the strong laser fieléstimulated by a high-energy photoin  individual collisions was needed for a meaningful compari-
which the laser field strength is close to the QED criticalSon between theory and experiment. Because the numerical
field E.,=m?c?/ef, as measured by, . integration took a considerable amount of time, the final par-

These data are the first observation of nonlinear electraticle spectra were pre-calculated for a variety of interaction
dynamic phenomena in vacuum, i.e., in the interaction ofarameters and the results were stored in lookup tables. Each
light with free electrons in the absence of polarizable matterof these tables was associated with one of the parameters,
They are also the first demonstration of light-by-light inelas-and contained the results obtained by stepping this parameter

1. Lookup tables

tic scattering with real photons. through the range covered by the experiment, while keeping
all other parameters at their nominal values. The parameters
ACKNOWLEDGMENTS chosen to describe the laser pulse wggg.y (the 7 value of

the laser field at the focusthe effective focal spot arefy,

We thank the SLAC staff for their extensive support of and the pulse width, while the electron beam was charac-
this experiment. The laser system could not have been comerized byo,, oy ando,. By employing these lookup tables
pleted without support from members of the Laboratory forin the analysis program, a simulation of the total yield and
Laser Energetics at U. Rochester. T. Blalock was instrumenspectra of electrons, positrons and high-energy photons pro-
tal in the construction of the laser system and its installatiorduced at the IP was obtained for each event.
at SLAC. We also thank U. Haug, A. Kuzmich, and D.  To predict the number of particles intercepted by a row of
Strozzi for participation in recent data collection, and A.ECAL, the corresponding spectrum was integrated over the
Odian and P. Chen for many useful conversations. KTMmomentum range covered by that row. The correlation be-
thanks J.A. Wheeler for continued inspiration. This worktween the particle momentum and impact point at ECAL was
was supported in part by DOE grants No. DE-FGO02-obtained by a detailed calculation of charged particle trajec-
91ER40671, No. DE-FG02-91ER40685, No. DE-FGO5-tories originating at the IPsee Fig. 16 The calculation used

91ER40627, and contract No. DE-AC03-76SF00515. the measured field maps of the six permanent magnets.
The prediction of the total high-energy photon yield al-
APPENDIX A: SIMULATION OF THE NONLINEAR lowed us to calculat®qeia= NS/NS™, the ratio of experi-
QED PROCESSES mentally observed and simulated number of photons pro-

duced in the collision. This ratio served as a measure of
overlap quality and was used in the event selection. Further-
ore, the ratioR e ap allowed an online estimate of the

St mporal offsetAt between the electron and laser pulse, as-

g(izgtelrr‘ir;tg(els)e ;l'lzr:g:aggrrfpfgﬁ gzgggﬁggggomzﬁﬁhg%?ptoguming perfect spatial overlap. For this purpose, an addi-
Breit-Wheeler pair productior{2), and trident production tional lookup table was needed wiltt as parameter.

(53), in a circularly or linearly polarized laser field. For pair
creation, we account for both the production of the high-
energy photor(through a single or multiphoton interactjon In the numeric integration simulation, the electron and
and its subsequent multiphoton interaction within the saméaser beams were represented by particle density distribu-
laser focus to produce the pair. Further Compton scatters dgfons, and their various interactions were accounted for si-
the positron(or electron are also taken into account. The multaneously by multiplying the densities with the relevant

For a detailed simulation of strong field QED effects in
electron-laser collisions, two independent programs wer

2. Numeric integration simulation
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sible time offset between the electron and laser pulses. Typi-
cally, o, was different fromo, .

The laser beam density,, (laser intensity profile was
also taken as Gaussian:

Z < ) 0 elr:ectronbor
h ] N\ photon beam /2 , 2
= r (z'—ct)
O e =Yen po(X'y' 2 t)cexpg — — - | (A2)
o 20,,(2") 207,
\%9:5\\66 wherer’ = x’2+y’2. While ¢,, was a constant taken_ from
A X measurements of the laser pulses, the transverse size of the

laser beam varied according to the laws of diffractjbid]:

FIG. 50. The two coordinate systems employed by the numeric
integration code, as described in text. fuh (A ( 7’ ) 2

O'r/(Z’):_ (A3)

interaction probabilities. Space and time were divided in
small elements, and the_ interaction yields were computed fafhere the Rayleigh ranger and the diffraction limited
each one of them. This method contrasts with the Mont%cal-spot ared\, are related to the laser wavelengtrand

Carlo approach, where a single high-energy particle Waghet,, of the focusing system~6 in the present experiment
stepped through the laser beam, and at each step a decisign

was made regarding which one of a number of possible pro-

cesses took place, based on a pseudo-random number gen- 4 2

erator. The main advantage of the numeric integration based zR=—f§)\, Ap=—(fu\)?, (A4)

simulation was speed of execution. ™ ™
Several processes were simulated with the numeric inte- . . :

gration code. The primary process is #hi-order Compton andA.y is the effective focal-spot area measured in the labo-

scattering(1) of beam electrons with laser photons. A num- ratory (see Sec. 3.4.3 4#7)).

ber of secondary processes were considered, involving the

scattered electrons and high-energy photons resulting from 4. Effective crossing angle

the Compton scattering inside the laser focal area. These Because the laser beam was focused, the laser photons
secondary processes include furth€rorder Compton scat- had a spread of angles relative to the optical axis. When
terings off laser photongi.e., plural Compton scattering considering an interaction with the laser at poix} §/4,26)

(38)], as well as pair production by the high-energy photonsy, the |aser coordinate system, we took the effective direc-

via interaction with several laser photons, proces@88nd {ion of the laser-photon momentum to be along the trajectory
(53). In all the above cases, the detailed geometry of the

interaction region was taken into account, along with the Agit/ Ag+ (Z' /zR)2
r'(z')=ryg

attenuation of the initial electron beam due to the Compton
scattering as it traversed the laser focus.

, A5
Agii! Ao+ (2 25)? (AS)

as illustrated in Fig. 51. On this trajectory, the laser intensity

) ) - (A2) remained a constant fraction of its value on the optic
To describe the electron and laser beams with crossingyjs.

anglea=17°, two coordinate system{€S’s) were defined,

as shown in Fig. 50. The first one, called the electron CS,
(x,y,2), has itsz axis parallel to the direction of the electron
beam propagation. The second coordinate system, called the To find the total interaction rates for the various processes
laser CS, X',y’,z'), has itsz’-axis parallel to the direction discussed in the previous section, we needed to integrate
of the laser propagation. The origid’ of the (x',y’,z’) them over space and time. For this purpose, both space and
system was at the laser focus, which, in general, was offsdtme were divided into small space-time eleme(83E'’s),

from thez axis of the electron CS. The origin of the electron and for each of them the yields of the beam-laser interactions

CS was chosen so that the laser focus has Coordmm were calculated. At the end of the integration, the different

3. Beam densities

5. Space-time integration

i.e. (Xoft»Yorr0)- space-time element results were combined to give the total

The electron beam densipy, was taken as Gaussian: interaction rate. In this approach, it was assumed that the

electron and laser photon densities remained constant within

x2  y? [z—c(t+te)]? each STE, and therefore the integration grid needed to be

pe(x,y,z,t)ocexr{— 202 292 2 » (A fine enough that this was accurately true. In addition, the
oy 20'y 20

definition of the integration grid needed to take into account
the fact that the laser beam was focused, and therefore the
where the rms quantities,, o,, and o, were taken from step sizes should become smaller as we approached closer to
measurements of the electron beam profile, gpds a pos-  the laser focus.
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/ volume
element dV

1/t intensity particle
envelope in Z«
/ x'z' plane beam
.
T 3-¢ envelope
2
/ @
//’/ (Xo',Yo'1Zo') A Q // X
/ /
/ . . o .
/ FIG. 52. Schematic of the integration grid along #ieaxis and

the z' axis. The variable size of the volume elemdiM as a func-

FIG. 51. Effective crossing angle between the laser photonsion of z’ is evident. For this example;,=nj, =3 andnf,:nf,

propagating alondR and the electron beam moving aloégat the =8
interaction point Xg,Y4,2g)-
The integration over space and time for a specific process
The integration grid in space was defined in the laser CSX (illustrated here as nonlinear Compton scatteripgo-
and in units ofoy/(z'), oy/(z'), and o, . In this case, a ceeded as follows:

single STE had a spatial volume (1) For a given timd, loop over all the volume elemendd/

dV(z')=dx' (z")dy’'(z")dZ in the integration grid.
. . " (2) Use the expressions given in Sec. Il to find the interac-
_2n,040(2') 2ny,0y(2") 20,04 6 tion rateWy (this involved integration over the energy,
N n® n® nd ) with a specified step sizeand thus the interaction yield
X Y z from
where STE
N3 E=W,dVdt (A7)
ng .y Ny o size of the integration volume ix’,y’,z’, . S
in units of oy (2'),0y/(2'),0 (1) Add the y|§Id found to the total up to this point yield for
processX, i.e.,
nf, ,né, ,n'ZA,: number of elements in the integration NloEI_ Nlotal | STE (A8)
volume alongx’,y’,z". X Xo = X
It is clear from the above expressions that the STE dimentl) Advance in time by a step size ofit, and start over at
sions along thex’ axis and they’ axis depend orz’. An step 1.
example of the integration grid in thé-z’ plane is shown in
Fig. 52, in whichn{,=n7, =3 andnf, = nZA, =8. The step size Figure 53 shows how the spatial integration grid moved to
cdt in time was kept comparable to the step siz2 along stay centered on the beam pulses during two consecutive
thez’ axis. time steps at andt+dt.

time t+dt

FIG. 53. The spatial integra-
> tion grid at two consecutive time
steps.
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4 converted into CCD hit coordinates for each CCD plane.
/ Simulated thermal noise hits were then added, and “raw hit”
records written for each event in the same format as written
by the data-acquisition system. These Monte Carlo data sets
were used for studies of systematic effects in the reconstruc-
i tion and spectra-fitting algorithms.

APPENDIX B: ECAL ANALYSIS DETAILS

1. Calibration data

volume
element dV . - .
a. Coordinates, indices, and ECAL segmentation
The FFTB dump magnets dispersed the Compton scat-
tered electrons vertically, which we call the direction.

/ There was therefore a correlation between an electron’s mo-
! mentum and the coordinate at which the electron entered
}lhe ECAL, as shown in Fig. 16.

The ECAL (see Fig. 1Y was segmented into horizontal
rows, which we label by subscript Usable signal could be
found in only the top four rows. Typically, signals in row 4
were of order 1% of those in row 1.

The above space-time integration essentially refers only The ECAL was segmented vertically into four columns,
to the interaction of the initial electron beam with the laseroften grouped as “inner” and “outer.” The ECAL was seg-
photons, i.e. the™-order Compton scattering. We will refer mented longitudinally into four segments. The last segment
to this process as the primary process. The products of suaontained little signal from electrons that entered the front of
an interaction remained inside the laser field for some timethe ECAL, but was useful in characterizing backgrounds
and therefore could undergo further interactions with the lafrom the “splash” ofn=1 Compton scattered electrons that
ser photons. These are the so-called secondary processesstruck nearby obstacles.
particular, the scattered electrons could undergo further [|n the iterative analysis, described below in Appendix
Compton scatterings, while the produced high-energy phoB 2 a, the first three longitudinal segments were summed, and
tons could absorb several laser photons, resulting in pair prahe two inner columns of each row were summed together
duction according to the multiphoton Breit-Wheeler processinto a logical segmernit consisting of the two inner physical

This led to an additional integration, over tirtiefor each  segments; likewise, a logical segmedtwas formed from
volume elementV, to account for the secondary processesthe two outer physical segments. The inderefers to these
The volume element was kept constant in size as it movegbgical segments.
along thez axis of the electron beam, while at the same time
the laser pulse continued to propagate alongzthexis. This b. ECAL calibrations and response kernels
is shown schematically in Fig. 54. Here, the basic assump-
tion was made that all the produced particles were movingn
along thez axis. This is fairly accurate, since the angular

divergences of the products of the Compton scattgring are Othe beam-spot size was about 1 mm. The vertical position of
the order of~1/y, i.e. about 10urad. The step sizedt the ECAL was varied in small steps.

was kept comparable to the linear dimensions of the volume i. ECAL response functions; (). From the calibration
elementdV at the current locationx{ ,y. ,z.). The starting data, the energy response of Ieach ECAL Seqrhebot an

point for the time integration was, of course, the location inelectron entering the front of ECAL at heigtwith energy

t!me of thﬁ. phrimhary STE& The em_j Ipolinft V\;]asltaker}.tcl)db%theE was determined. The fractionédr normalized response,
time at which the secondary particle left the laser field. Dur-y £y “tor 3 given geometrical configuration was found to

ing the computation of the secondary processes, the interaB—e reasonably independent of energy in the range 5—30 GeV.

tions of the produced particles with the electron beam Wer¢iance we summarized calibration data with the energy-

FIG. 54. Integration grid for secondary processes, as defined i
the text.

6. Secondary processes

Extensive studies of ECAL performance have been made
parasitic runs of the FFTB. Pulses of 1-100 electrons
ere obtained at selected momenta in the range 5-30 GeV.

ignored. independent respon3é(y), where the normalization condi-
tion was
7. Simulation of the CCD tracking spectrometer
For Monte Carlo studies of systematic effects in the CCD E X(y)=1 (B1)
- ! :
I

tracking spectrometer, data sets were created by generating a

Poisson-distributed number of pairs for each simulated event

[67]. Gaussian-distributed angular displacements were intro- The analog-to-digital convertefADC) gain conversion
duced to account for the electron beam divergence, theonstant was normalized so that the energy deposited by an
Bethe-Heitler pair-creation process, and multiple scatteringlectron in the inner segments was equal to 100% of the
in each CCD plane. The CCD-plane intercept positions werelectron’s energy. That is,
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Transversal Shower Profile Parametrization in W—Si Calorimeter

:g” X/ndf 1639, | /[ 154
G B4
[
¢ DommmmibommmnmommosiocgoiooqernpPe s 7.0
5
[
@
80 FIG. 55. Top: the response functiofj(Ay)
Detector position, mm for inner columns of the ECAL, summed over
Central Pads longitudinal segments 1—3. Bottom: the function
E 2R I 3555 /54 Xo(Ay) for outer columns. Circlesdata,;
o ; : : P1 25.73 curve=calculation based on E@B6).
o P2 4679
2
s P3 74E-01
[
@

PN o i TSI PO SORTOPOT NOOOY DO SOOI OITY T i i
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Detector position, mm

Outer Pods
wexp(—|y—y’|/by)
> Xii(y)=1, (82) Ki(y.y') = -
i 2b1
(1-w)exp(—|y—y’|/by)
where subscript refers to the inner segments. + b : (B4)
The ECAL calibrations revealed that the ratio of the en- 2
ﬁ]rﬁgrdsizorﬁgifsl?Stgeo;);tser.rsﬁgrrgfi?és to that deposited in thaend all segments in outer columns had kernels of the form
, exp(—|y—y'|/bs)

Z Xoi(y)=0.0713. (B3) Ko(y,y')=0.0713 2b; : (B5)

Figure 55 shows calibration data for response functips Whereb;=1.940,b,=9.561,b;=16.908, andv=0.703.
andXo, along with fits described below. The ECAL response functiorX;(y), were then repre-

i. Response kernels K,y’). Guided in part by EGS sented in terms of an integral over the response kernel. Thus
simulations[64], the calibration data were analyzed to ex-
tract the response kern#l(y,y’), defined such that when Vi
an electron entered the ECAL at heightit deposited frac- xi(y):f Ki(y,y)dy’, (B6)
tional energyK dy/1.0713 in a horizontal slice of thickness Yi
Sy at heighty’ within segmeni. To a good approximation,
the kernel depends on positiogsandy’ only through the
absolute value of their differencdy—y’|. The factor
1/1.0713 in the definition oK arose from the convention -
that the channel gains were adjusted until the nominal energy ¢. Splash coefficients
deposited in the inner segments is exactly the incident en- Signal electrons could only enter the front of the inner
ergy, so the nominal energy deposited in inner plus outecolumns of the ECAL. However, many Compton-scattered
segments was 1.0713 times the incident energy. electrons, primarily froon=1 scattering, initiated showers

A different form of the kernel was assumed for the innerin the beam pipe and other shielding above the ECAL, caus-
and outer segments. All segments in inner columns had keing a spray of electrons and photons into the top and back of
nels of the form ECAL. This was the principal type of background in the

where rowi spans the intervdly;,y; 1]
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L 3 2 F. Yi+1 , ,
R . Di=fdyf(y)f Ki(y,y")dy =fdyf(y)Xi(y), (B8)
: : yi
Q : -
% 2 -4 Eos recalling Eq.(B6). ExpressionB8) is a Fredholm linear in-
g . i tegral equation of the first kind. We solved this by construct-
2 : ing a matrixR, by two different methods, such that
R e Avt ot MR ow e v
50 100 150 50 100 150
Row 1 Position (mmJ Row 2 Position (nim) I:i = 2 Rij Dj . (BQ)
E 2 E ]
g12 &% g
g : a. lterative method
8 1 For every laser pulse, we determined a maMx such
gl e e that the observed dafa, was related to the desired spectrum
g \ é Fi by
2 . i
§ 1 G I E
50 00 150 Y50 700 150 200 D=2 M;Fj, (B10)
Row 3 Position (mm) Row 4 Position (mm) ]
FIG. 56. The “splash” coefficientd;; as functions of the . . . .
ECAL vertical position. and then we inverted this matrix to yield
— _ -1
ECAL, and is called “splash.” It has been characterized us- Fi—zj: RijDj, where Rj=M;". (B11)

ing x-t scans, as discussed in Sec. IVC1.
There also exists electronic crosstalk at the level of a few
percent between various segments of the ECAL. The matrixM;; was found by an iterative procef39] in
Correction for the splash background was made using th#hich the integral4B8) were performed analytically for a
observed energy in the outer ECAL columns, in which little “polyline” approximation to a spectrunf derived from the
energy from the signal electrons was deposited, as describéd Of the previous iteration. The initial hypothesis was that
in Appendix B2b below. For this, we used the ratio of theF;j=D;. Only two iterations were needed to find the recon-
“splash” background in the inner segments of rowo that  structedF; to good accuracy. The indéxran from 1 to 4,
in the outer segments, callég . This ratio was largest when corresponding to the top four rows of ECAL. For additional
ECAL was positioned close to the electron beam and, hencéletails, se¢71].
close to the trajectories ofi=1 Compton-scattered elec-
trons. Figure 56 shows tHe; . To a first approximation, the b. Background subtraction

“splash” ratio L is only a function of they coordinate of the As noted in Appendix B1b, about 93% of the energy
ECAL row. from Compton-scattered electrons was deposited in the inner
columns of ECAL. However, energy from background pro-
cesses was more uniformly divided between the inner and
outer columns. The background subtraction method is an ex-
The nonlinear Compton scattering procéss produced tension of the simple prescription that the Compton signal
an energy spectrurfi(y) of scattered electrons hitting the could be obtained by subtracting the energy in the outer seg-
ECAL at heighty. Because of fluctuations in the-laser ~ments from that in the inner segments.
beam overlap, this spectrum varied from pulse to pulse. The LetS designate energy deposited from Compton-scattered
general strategy was to reconstruct the spectfuior each electrons entering the front of ECAL amlthat deposited by
pulse and then sum over pulses. the background processépredominantly “splash” from
Of course, we cannot fully reconstruct a continuous specSC&ttel’ed electrons that hit shielding rather than the front of
trum such ag from data in a detector with a finite number of ECAL). Then the observed enerd; in the inner columns
segments. Rather, what we desire to reconstruct is the int€an be written as a vector with indéxsuppressed:
gral F; of the spectrunf over segmeni:

2. Main analysis algorithms

D|:D|’S+D|’B. (BlZ)

Yi+1
Fim [ ay ®7) | |
Yi We also introduced vectdd, as the observed energy in
the outer columns of ECAL, which was partly due to the

small leakage from electrons that entered the front of ECAL,
The spectrunt; was obtained from the observed enef@y and partly due to “splash” energy:

in segment. In terms of the Compton spectrumand the
detector response functidf, we have Do=DostDos. (B13)
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Just as the Compton sigri2| s in the inner segments was 1 ' ' ' ' ' ' i '
related to the Compton-spectrum veckoby Eq.(B10), ( ¥ or x g :

D, s=MF, (B14) 081

there exists a matrik such that the Compton-leakage signal 0.6}
Do s in the outer segments is related by

g(y)

041}
Do.s=NF. (B15)

The key to background subtraction is that we can relate
the background energy in the inner segments to that in the

P
* % nox g
A S .Y R

outer segments according to Ot ’ ’ , ; : * * X ]
20 10 0 10 20 30 40 350 60 70
y [mm]
Dig=LDogs, (B16)

FIG. 57. The aperture functions defined by E823) for the top
four rows of ECAL.
where matrixL is diagonal, with diagonal elements as dis-
cussed in Appendix B1c. However, the data in a lower row were heavily influenced
Once matriced. and N were known the analysis was by feed-down from the rows above, given that the Compton
readily completed. The observed energy in the inner segspectrum is steeply falling. Therefore, the biggest uncertainty

ments could then be written as in row j was the uncertainty in the feed-down from rows
with i<j, and the uncertainty in roy could be propagated
D,=D,g+D, g=MF+LDgg, (B17)  all the way back to that in row [39].

. . d. Aperture function method
while that in the outer segments was .
In the second methdd 7], the calorimeter segments were

not combined, but were treated individually. As remarked in
Sec. IVC1, the integralF; of the spectrum over segmennt
can be expressed as

DOZDO'SJFDO'B:NF‘FDO'B. (818)

On subtractind- times Eq.(B18) from Eq.(B17) and noting
Eq. (B16) we have

F=3 R0, [ dyinS R - [ ayfn)a),
D,—LDo=[M—LN]F, (B19) (B22)

where
and hence

F=[M—LN] %D,~LDy). (B20) gi(y)=2 Ry;X(y). (B23)
J

¢. Eror estimates Comparing Eq.(B23) with Eqg. (B7), we see that they;

In addition to the statistical errors related directly to the(called “aperture functions)’ should obey
number of electrons hitting the ECAL, the analysis assigned
errors that represent the systematic uncertainty due to limi- 1 v<yev.
tations of the numerical algorithms. g-(y)=(  YisYSYisn (B24)
Since an iterative procedure was used to unfold the ' 0, otherwise.
Compton spectrum, it was easy to generate trial data from a
known hypothesid (y), calculating both the corresponding The matrix element&;; for a given geometric configuration
ideal spectrunF; and the “observed” datd®;, and finally ~ of ECAL and shielding were found by #*-minimization
reconstructing a spectrufy from theD; . This was done in  Process involving the; . Briefly
the presence of some model background as well. We then

repeated this check for a reasonable class of trial spectra 2
f(y) and accumulated error estimates: [2 RijX;(yi) —gi(yk)
X'=2 - : (B25)
’ , T;
o?=((Fi—F))?. (B21) ik
where the deviates were evaluated/aspaced 1 mm apart.
The result of the study for row 1 was that /F,~0.05. Some care in choosing the “errorg0r toleranceso;, was
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required. A sense of how well the procedure worked is giverThis condition was enforced during the determination of the

in Fig. 57, which shows the aperture functiogsfor four
rows in ECAL.
In this analysis, the background energy in segniemas

written as B;. Since this background was dominated by

showers ofn=1 Compton scattergrather than nonlinear
Compton scattejs we expect that vectoB; varied from

event to event only in overall normalization. The relative

values ofB; were determined fronx-t scans, and normal-

ized such tha& B, was the total background energy from a

single Compton scattering.
The reconstruction matriR;; introduced in Eqgs(B11)

R;; by adding a term to thg?, Eq. (B25):

=3 [EjRinj(Ykz)_gi(Yk)]z > (EjRi,szj)z.
ik O Tk

(B27)

The two analyses for the nonlinear Compton spect/ym
yielded results that were equal within the assigned errors

and (B22) should produce no signal when applied to thel71]. Another indication of the equivalence of the two analy-

background vector:

> R;jB;=0. (B26)
J

ses is that the iterative background subtraction procedure for-
mally satisfies the conditiofiB26). Thus, the basic differ-
ence between the two methods was in their procedures to
calculate the matriR.

[1] C. Bulaet al, Phys. Rev. Lett76, 3116(1996.

[2] D. Burkeet al, Phys. Rev. Lett79, 1626(1997).

[3] N. D. Sengupta, Bull. Calcutta Math. So#4, 175(1952.

[4] H. R. Reiss, J. Math. Phy8, 59 (1962; Phys. Rev. Lett26,
1072(197).

[5] L. S. Brown and T. W. B. Kibble, Phys. Rew33 A705
(1964.

[6] I. I. Goldman, Sov. Phys. JETE9, 954 (1964); Phys. Lett.8,
103(1964.

[7] A. I. Nikishov and V. I. Ritus, Sov. Phys. JETP9, 529
(1964; 19, 1191(1964; 20, 757 (1965; 25, 1135(1967.

[8] N. B. Narozhnyi, A. I. Nikishov, and V. I. Ritus, Sov. Phys.

JETP20, 622(1965.
[9] For a review, see J. H. Eberly, Prog. Opt.359 (1969.
[10] V. B. Berestetskii, E. M. Lifshitz, and L. P. Pitaevsk@puan-

tum Electrodynamics2nd ed.(Pergamon Press, New York,

1982, Secs. 40 and 101.

[11] T. W. B. Kibble, Phys. Rev138 B740 (1969; 150, 1060
(1966; Phys. Rev. Lett16, 1054(1966; Cargese Lectures in
Physics edited by M. Lery (Gordon and Breach, New York,
1968, Vol. 2, p. 299.

[12] F. Sauter, Z. Phy$9, 742 (1931); 73, 547 (1931).

[13] O. Klein, Z. Phys53, 157 (1929.

[14] W. Heisenberg and H. Euler, Z. Phy&3, 718(1936.

[15] J. Schwinger, Phys. Re82, 664 (1951)).

[16] T. J. Englert and E. A. Rinehart, Phys. Rev. 28, 1539
(1983.

[17] S.-Y. Chen, A. Maksimchuk, and D. Umstadter, Nat(ren-
don) 396, 653(1998; http://xxx.lanl.gov/ps/physics/9810036

Vancouver, Canada, 1997p. 684, http://www.triumf.ca/
pac97/papers/pdf/7vV021.PDF

[22] M. S. Zolotorev, S. Chattopadhay, and K. T. McDonald,
Princeton University report, 1998, http://puhepl.princeton
.edu’'mcdonald/accel/vacuumaccel.ps

[23] P. H. Bucksbaunet al, Phys. Rev. Lett58, 349(1987.

[24] G. Malka, E. Lefebvre, and J. L. Miquel, Phys. Rev. L&®,
3314(1997.

[25] I. Pomeranchuk, J. Phy&8Moscow 2, 65 (1940.

[26] J. Schwinger, Proc. Natl. Acad. Sci. USI, 132(1954).

[27] C. Kouveliotouet al, Nature(London) 393 235(1998, http://
xxX.lanl.gov/ps/astro-ph/9809140

[28] T. Erber, Rev. Mod. Phys38, 626 (1966.

[29] A. Belkacemet al, Phys. Lett. B177, 211(1986); 206, 561
(1988; R. Medenwaltet al,, ibid. 227, 483(1989.

[30] J. Schweppeet al, Phys. Rev. Lett.51, 2261 (1983; T.
Cowanet al, ibid. 56, 444 (1986; W. Koenig et al, Phys.
Lett. B 218 12 (1989; P. Salaburaet al, ibid. 245 153
(1990; H. Tsertoset al, Z. Phys. A342 79 (1992.

[31] M. Bell and J. S. Bell, Part. AcceR4, 1 (1988.

[32] R. Blankenbecler and S. D. Drell, Phys. Rev. Léit, 2324
(1988.

[33] M. Jacob and T. T. Wu, Nucl. PhyB303, 373, 389(1989.

[34] P. Chen and K. Yokoya, Phys. Rev. Leifl, 1101(1988; V.

N. Baier, V. M. Katkov, and V. M. Strakhovenko, Nucl. Phys.
B328 387(1989.

[35] R. Bonvinciniet al, Phys. Rev. Lett62, 2381(1989.

[36] The NLC Design Group, Report No. SLAC-474/LBNL-5424/
UCRL-ID-124161/UC-414, 1996.

[18] K. T. McDonald and K. Shmakov, Princeton University report, [37] D. M. Volkov, Z. Phys.94, 250(1935.
1998, http://puhepl.princeton.edmtdonald/accel/dressing.ps [38] O. Klein and Y. Nishina, Z. Phy$2, 853(1929.
[19] C. I. Moore, J. P. Knauer, and D. D. Meyerhofer, Phys. Rev.[39] K. D. Shmakov, Ph.D. dissertation, University of Tennessee,

Lett. 74, 2439(1995.

1997, http://www.slac.stanford.edshmakov/phd.ps

[20] D. D. Meyerhofer, J. P. Knauer, S. J. McKnaught, and C. I.[40] U. Fano, J. Opt. So89, 859 (1949.

Moore, J. Opt. Soc. Am. B3, 113(1996.
[21] J. L. Hsu et al, in Proceedings of PAC97edited by M.
Comyn, M. K. Craddock, M. Reiser, and J. ThomstBEE,

[41] G. Breit and J. A. Wheeler, Phys. Ret6, 1087 (1934.
[42] E. Brezin and C. ltzykson, Phys. Rev.2)1191(1970.
[43] C. Bula and K. T. McDonald, E-144 Internal Note, 1997,

092004-42



STUDIES OF NONLINEAR QED IN COLLISIONS ®. .. PHYSICAL REVIEW D 60 092004

http://www.slac.stanford.edu/exp.el144/ps/trident.ps Mountain View, CA; see also M. J. W. Rodwell, D. M. Bloom,
[44] T. Koffas and A. C. Melissinos, E-144 Internal Note, 1998, and K. J. Weingarten, IEEE J. Quantum Electr@f-25, 817
http://www.slac.stanford.edu/exp.el44/ps/tridemdte.ps (1989.
[45] T. Kotseroglou, Ph.D. thesis, University Rochester, Report No[60] S. H. Rokniet al, Health Phys71, 786 (1996.
UR-1459, 1996. [61] R. Holtzapple, Ph.D. thesis, Stanford University, Report No.
[46] T. Kotseroglouet al, Nucl. Instrum. Methods Phys. Res. A SLAC-R-487, 1996,  http://www.slac.stanford.edu/pubs/
383 309(1996. slacreports/slac-r-487.html
[47] S. J. Boege, Ph.D. thesis, University of Rochester, Report No[62] S. C. Berridgeet al., IEEE Trans. Nucl. SciNS-37 1191
UR-1458, 1996, http://www.slac.stanford.ethgege/ps/clqg.ps (1990.
[48] C. Bamberet al, Laser Phys7, 135(1997. [63] E. Prebys, E-144 |Internal Note, 1992, http://
[49] V. Balakin et al, Phys. Rev. Lett74, 2479(1995. www.slac.stanford.edu/exp/el44/ps/rabbit.ps
[50] D. Strickland and G. Mourou, Opt. Commubb, 447 (1985; [64] W. R. Nelsonet al, “The EGS4 Code System,” SLAC-R-
M. Pessot, P. Maine, and G. Mourabjd. 62, 419(1987). 265, 1985, http://www.slac.stanford.edu/pubs/slacreports/slac-

[51] W. S. Martin and J. P. Chernoch, U.S. Patent 3633126, 1972;  r-265.html
M. J. Shoup Il and J. H. Kelly, presented at CLEO '89, Bal- [65] C. Field, Nucl. Instrum. Methods Phys. Res. 360, 467

timore, MD, 1989. (1995.
[52] O. E. Martinez, IEEE J. Quantum Electrd@E-23, 59 (1987). [66] T. Koffas, Ph.D. dissertation, University of Rochester, Report
[53] R. S. Craxtoret al,, IEEE J. Quantum ElectroiQE-17, 1782 No. UR-1521, 1998, http://www.slac.stanford.edu/exp/eld4/ps/
(1981). koffas_thesis.ps
[54] Model OAP 12-017-036Q, Space Optics Research Labs|67] Glenn A. Horton-Smith, Ph.D. dissertation, Stanford Univer-
Chelmsford, MA. sity, Report No. SLAC-R-529, 1998, http://
[55] M. C. Rosset al, in Proceedings of the 1991 IEEE Particle www.slac.stanford.edu/pubs/slacreports/slac-r-529.htmi
Accelerator Conference, 1991, Vol. 2, p. 1201. [68] V. I. Ritus, Nucl. PhysB44, 236 (1972.
[56] G. Bowdenet al, Nucl. Instrum. Methods Phys. Res. 368 [69] K. A. Thompson and P. Chen, Report Nos. SLAC-PUB-7776,
579 (1996. SLAC-PUB-7869, 1998, http://www.slac.stanford.edu/pubs/
[57] A. E. Siegman/lasers(University Science Books, Mill Val- slacpubs/7000/slac-pub-7776.html  and  http://www.slac.
ley, CA, 1986, p. 386. stanford.edu/pubs/slacpubs/7000/slac-pub-7869.html
[58] rf/microwave fiber-optic transmitter, model 3540A; receiver, [70] C.  Bula, E-144 Internal Note, 1997, http://
model 4510A, Ortel Co.; Optical fiber cable, model 6HJ- www.slac.stanford.edu/exp/el44/ps/nidoc.ps
9336A, Sumitomo Electric Industries Ltd., Yokohama, Japan.[71] K. T. McDonald, E-144 Internal Note, 1996, http://
[59] Model 1000 timing stabilizer, Lightwave Electronics Co., www.slac.stanford.edu/exp/el44/ps/glenn_kostya.ps

092004-43



