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Pair and y-photon production from a thin foil confined by two laser pulses
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Electron-positron ang-photon production by high-intensity laser pulses is investigated for a special target
geometry, in which two pulses irradiate a very thin fdD—100 nm< skin depth with same intensity from
opposite sides. A stationary solution is derived describing foil compression between the two pulses. Circular
polarization is chosen such that all electrons and positrons rotate in the plane of the foil. We discuss the laser
and target parameters required in order to optimizejytiphoton and pair production rate. We findygphoton
intensity of 7X 107/sr s and a positron density ob&10?% cm® when using two 330 fs , £ 10?2 W/cn? laser
pulses.
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I. INTRODUCTION their electric vectors rotate in the same direction. In this case,
there is no fast oscillating interference pattern, and the light
For laser intensities exceeding #0wW/cn?x (\/um)?  pressure varies with time just as the envelope of the pulse. It
[1], electrons of irradiated targets move relativistically in theleads to a quasistationary situation with a self-consistent den-
laser field. They are heated up to multi-MeV temperaturesity profile in which light pressure is balanced by thermal
[2—-4], and a large fraction is accelerated in laser directiorelectron pressure inside the foil, and electron motion is
[5—-11]. For kinetic electron energies &>2mc?, electron- dominated by circular motion in the plane of the foil with
positron pairs are produced via direct electron-ion collisionkinetic energy
[12,13 and the two-step process, involving emissionsof
photons followed by pair productidii4—1§. Other nuclear Exin=mMec*(V1+a*~1), 2
reactions, such as nuclear fission and neutron production, are . . , 2
also possibl¢15,16,18—20 Shkolnikovet al. estimated 10 mvoI_vmg the; norm_allzed_ vector potentiak=e A/mcc” of la-
positrons per shot for a terawaffW), 200 fs laser pulse, ser field. Th|s_ conﬂgL_Jratu_)n pr(_)duces the mostgen_tle form of
producing electrons which then propagate into a Higima- beam tf'ir_get interaction, in which electron heating is reduped
terial and produce pairs via the two-step procesy. This to a minimum. Becausg of low electron_temperature, h_|gh
process has been demonstrated experimeritaiyl7. electron density is obtalned.. When applying laser intensities
Li of a few 13° Wi/cn?, the kinetic energy of the electrons
iang et al. [13] have suggested another method to pro- 2 . ) .
duce pairs. A foil is heated by two linearly polarized laser&XC€€dEkin=2meC”, and pair production sets in.

pulses from opposite sides. The characteristic kinetic energm Th;leffici%ncyhof%/ plhoton produc_:t:]onldue todbremsstsr_ah-
is roughly given by[2] ng[21] inside the foil increases with plasma density. Since

electrons are not strongly heated in the present configuration
Ero=muc2(VIFINTLA—1), 1 and dc_> not propagate, the emls_smn)ophotons is concen-
hot™= MeC™( ) @ trated in space time in the laser interaction volume. However,
with laser intensity in units of 3% W/cm? and laser wave- 1Ot much two-step pair production occurs in this volume,
length in wm; m, is the electron mass amthe velocity of becausg typicallyur <1, where,_u is the coefficient fgr pair
light. From this one finds Epg>2mec? for IN2> production .a.nd the volume size. To me_lke they(e™e _)
1.2X 10 (W/en?) wm?. WhenE,o>2m.c?, pairs can be process efficient, one has to place sufficient iigaterial
. . ] ev . . . .
produced via direct electron-ion collisions. Because the cros@round the interaction volume. In the following, we discuss
section is very small, high plasma density and long confinel e various Cr_oss_sectlons in Sec. Il, the model for stationary
ment times are important for this process. foil compression in Sec. lll, and the results from both ana-

We mention that pair production was also considered fofytical treatment and corresponding one-dimensional
underdense plasmd4?2] or for a plasma channel. In this pgrtlcle'-ln—cell(lD-PIC) simulations in Sec. I\V2,4,22. The
context, the number of relativistic electrons can be highSimulations are based on the 1D-PIC caeec++ [23].
because the laser pulse can propagate a long distance.

However, the density is limited by the critical density Il. CROSS SECTIONS

=1.I1X10% cm™® for laser pulses of wavelengthum.  — pq in-flight e* e~ annihilation into two photonf24], the
T_herefore, one needs long plasma channels to obtain suffis,<q section is

cient production rates.

In the present paper, we follow the proposal of Liang, but Zmr[ 2+ 4y+1 y+3
use two circularly polarized laser pulses illuminating a very g, (Z,y)= 5 In(y+Vy?>—1)— ,
thin foil, for example, a gold foil 10 nm thick. The polariza- y+1| »-1 Vyi-1
tion of the counterpropagating pulses is chosen such that ©)
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wherer,=2.8179%< 10 2 cm is the classical electron radius, case where a solid target is illuminated by a single laser
v is Lorentz factor of the positron. In this paper, we havepulse; we cannot reproduce the pair density of 0.1% of the
y=+/1+2a?, recalling that electron momentum is related totarget electron density reported in REE3].

the laser field bya=p/mqc in the present context. Foy In the two-step process, first photons are generated due
=3, 0,,=1.7X1072°Z cn?. Usually the annihilation rate is to the bremsstrahlung of the relativistic electrons. The cross
low due to the low positron density. The cross section forsection of bremsstrahlung foy photons of energy larger
e*e” production from direct electron-ion collisidi2,13is  thanEq [14] is

00i=5%10 3372(y—3)36 cn?, (4)

o, =1.1% 10—2622[0.83( S0 —1) —In—
in the electron energy region oE<7 MeV,; for E (11)
>7 MeV one has
whereE,;, is the kinetic energy of the incident electron. In
order to produce pairs, the energy of thehotons must be
In the limit of low annihilation rate, the pair density grows Iarggr than the threshQIoEO_z 1.022 MeVv. The cross
according to section for pair production isop,i=0oopZ?, where oy
=5.8x10 2 cm 2. Formec?<hv<137m.c?Z~ %3, it is ap-
N, =(n;+ny)N;Coe, (6)  Pproximately[25]

00i=1.6X103Z?(In )3 cn?. (5)

28 2hv 218

wheren, andn; are density of electron and ion, respectively. ““In _41c
9 mgc? 27

The equation can be integrated to give the pair growth his-
tory,

. (12

_ 2
Opair— o2

. In addition to the process of pair production, photoionization
B and Compton scattering occurs. The total linear attenuation
n+(z,t)—EZni(z){exp:F(z)t]—l}, @) coefficient is aboutu=0.5 cm'! for lead in the energy

range of interesf25].

wherez is the space coordinate and the pair growth rate is  Energetic electrons can be generated in both underdense
and overdense plasmas and are typically emitted in the di-

I'(z2)=2ni(2)coei(2). )  rection of the laser pulg®,10,26. These electrons will then
propagate into higlZ- material. The number of the brems-

WhenT't<1, n, =ngh;oeict. The total number of positrons strahlungy photons at the position is

produced from the foil per area is

N,= f n,dz (9) N (2)=N_ fo noo,dz=N_ngo,z, (13

Liang et al. [13] estimate thaa 1 ps, 1.& 102° W/cn? where N _ is the number of energetic electrons emitted from
laser pulse focused to a 1@m radius spot on a thin gold the laser-plasma interaction region, is the atom density of
foil 3.5 um thick and with an electron density of,/n, the highZ material. The total number of positrons produced
=30 may heat 7.8 10*? electrons, i.e., 20% of all electrons, 'S
to energies much higher than 1 MeV. The temperature of this |
hot electron component i$.=10 MeV. The pair creation N, = J N(2)No0pairdZ
rate from direct electron-ion collisions then I5=2cn;o 0
=(6X 1_010)><(4.2>< 1079 x (2.8x 10" 2% =7x10°/s and the v 212
total pair number per shot amounts to =N-0TpairNo

1
1 1 _
Npair=5N-(T1)=0.5X(7.3x 10 X (7 10°%) = 5N-(03M01) (TpairNol).- (14

=2.6x 10, (10) This equation is valid when the length of the highmaterial
is <R and u "1, whereR is the stopping distance of the

or 2.9x10" per kJ of laser energy. In the paper of Liang energetic electron and the absorption coefficient of the
et al, a much higher pair production rate was obtained. Itphotons. It is clear that the propagation distance in gh-
seems that they used solid density to calculate the pair pranaterial is very important for pair production in the two-step
duction rate. If all the foil is heated to 10 MeV, it is impos- process.
sible to maintain a solid density because of the great thermal In the experiment of Gahat al. [9], the total number of
pressure, as we will see below. When a thick foil is used s@nergetic electrons of temperature 3 MeV emitted from laser
that in the middle of the foil it is still cold while the laser plasma interaction is about210' for a 200 fs, 250 mJ laser
pulses are on, then only some energetic electrons go throughulse with peak intensity of % 10'® W/cn?. For 1 kJ laser
the foil, and the efficiency of pair production is similar to the energy, we extrapolate a number ok80. A =2 mm
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plasma wherey=(1+a?%)2,a=eAm.?, andé=w z/c; w,_ is the
| density | frequency of laser. We easily obtain the solution
| |
| |
2 — i i — a No=Ngexp(— 2y/3T,). (17)
a3 — }\aZ /: — a
| | * Following the method in Ref[27], we take the fielda
| ! =a(&)e' ettt 199 inside the foil with real amplitudea(¢)
| ! and real phasé(¢). Because the ion density is the same as
. £ the electron density at each position, we obtain
b C
FIG. 1. Schematic drawing of plasma density with positions Y J%a 7,|\/|2
&, ,&., where boundary conditions are used, anda,,az,a,,as s R o Ne, (18
defining wave amplitudes. adg  a
thick lead € =82) of atom densityio=3.3x 10?2 cm 3 can 90
be used to produce photons and then pairs. We suppose the M= — &—g( y*-1), (19
Lorentz factor of the electrons to bg=6. The conversion
factor from energetic electron tg photon isK.,=o,ngl
=(4.6X10 272%) X (3.3x10%? X 0.2=0.2. The factor from y* [ay\? M? 1 3
y photon to pair isK., pair= 0 pairNol =0.008. Here we use =542 (9_§> tot v T 5 TeNe, (20)

Opair=2.X10" %22 for a photon energy of 2 Me\[25].

Therefore, the pair number per shot is abad, _ -

= %NfKeyKy,pair: 1.6x 107 or 6.4x 10'° per kJ of laser en- where M and W are constants with respecgtd\t posmoqs .
ergy. In the following, we discuss pair production in a thin é» @nd&., where the electron density is very low, the inci-

foil confined between two circularly polarized laser pulses. dent laser pulses and the outcoming laser pulses propagate
just as in vacuum. From continuity of transverse electric and

magnetic field at left and right boundary, one finds ten equa-

tions relating amplitudes and phases; they have been derived
We consider a thin foil illuminated by two circularly po- as Egs«(8) to (18) in Ref.[27] and are not given explicitly

larized laser pulses from opposite sides, as sketched in Fifere. In addition, one finds

1. This configuration has been studied in detail in R27].

Thin foils illuminated by a single laser pulse have been stud- 52 _

ied in a number of papef28-32. In Ref.[27], it was sup- W=2a3+1/2= M+ (3/2TeNe(&p)- @D

posed that ions are fixed and electrons are ¢8R&+-36. It

was found that the light pressure strongly compresses the Now the task is to obtain the two constaMsandW, the

electrons inside the foil. Here we suppose that the laser pulsspace-dependent laser field, and the electron density by using

is long enough for ions to follow electron motion within the the amplitudesa, ,as, the relative phasebs;, the electron

thin foil. As a model, we set the electron density equal to theemperature, and the foil density per area. In practice, we

ion density so that the electrostatic field is zero. We try tosuppose M to be given and alsg at some arbitrary posi-

obtain a one-dimensiong[lD) stationary solution of this tion; we choose the point where the electron density is for

problem, where the ponderomotive force of the laser field issxampleN,=0.1. From Eq(21), we then geW. We rewrite

balanced by thermal electron pressure. Fermi pressure is ngg. (20) as

glected. A very thin foil is assumed, say a 10 nm thick gold

foil or a 50 nm aluminum foil, which is ionized by the laser

Ill. FOIL COMPRESSED BY LASER PULSES

fda
pulses. , , —=x(2W-M%a?-a’~1-3TNg)¥2 (22
It is well known that the normalized thermal pressure is 23
ET:;TeNe’ (15)  Using Egs.(17) and(22), we obtain laser field and electron

density as a function of space and thereby the foil density per
area. At the same timeps;= ¢ds.— @1 Can be obtained.
where the electron density, normalized to the critical den- Strictly speaking,¢s; is not the exact phase difference be-
sity n¢, electron temperatur&. normalized tom.c>. Be-  tween the two incident laser pulses for the foil, because for
cause the ponderomotive force is balanced by the thermayi 0 the density distribution is asymmetric. However, be-
force, we have cause the foil is very thin, we neglect this phase difference.
In conclusion, we have derivegls; and foil density per area
ﬂ: _ ‘9_ET: _ §T ‘9_Ne (16) from M anda,,. ForM =0, ¢5,=0 or ¢5,= 7. It means that
€ o0& 0€ 2 © o9&’ M,W, and all other quantities can be obtained by inversion.
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FIG. 2. Electron density distribution, /n. and laser fielth as a S qo°F |
function of foil depthZ/\. Two circularly polarized laser pulses of 3 F /’ ‘
amplitude a=50 and phase¢s;=0 illuminate the foil from i '/\a=10 |
opposite sides. The electron density of the foil per area is 8 H i I’ .

3.3x10'® /cn?. (@) Simulation result at peak of laser pulsék) 107,

18
Analytical results. =l

electron density (cm'g)

IV. RESULTS FIG. 4. Pair creation rate as a function of foil density for differ-

First we give results for a thin gold foil with areal density €Nt laser amplitudes.

of 3.3x10"¥m ?(3000 n,x10 nm), illuminated by
two 330 fs circularly polarized laser pulses of intensity

1 : : _
6.8<10°° Wien?  and having  amplitudes a;=a; pulses with a focal radius of 10m, we obtain 5< 10'° pos-

=50(x sinwt-+y coswt)sin(t/400) in the time interval 0 jyond per shot or 3.8 10° per kJ laser energy. The positron
< wt<400r. The initial relative phase between the two 'aserdensity is 0.5% of the electron density, i.ex 50?/cm? in

pulses is zero. In the PIC simulation, performed in parallel Qhe middle of the foil.

the analytic analysis, the foil is initially located at 0.06 One should notice thaps;=0 does not correspond to a
<2/A<0.07 with a uniform densityne/n.=3000. There-  gap6 hoin{27]. Fortunately, however, the foil can stay for

fqre, in Fig.(2) and Fig_.(3) the I_ocatio_n of elect_ro_n Qe_nsity several hundred femtoseconds in this position before moving
differs from the analytic result in which the foil is initially appreciably. It is important that one has;=0 initially.

located at GCZ/.)‘<.O'01' we useq/_e_=_1 andm; /me= 4580 Otherwise, the foil would oscillate quickly. Althoughhs,
for completely ionized gold. The initial electron temperature _ 7 is a stable point, it would not be a good choice. As we

. o 73 2 .
is supposed to bele=9.2x10 "mec(460 eV). Healing qaq in Fig. 3, the plasma density is much lower in this case

due to ionization and collisions are not included in the PICy, 1 in Fig. 2, and the laser field in the foil as<1. There-
code. Nevertheless, the plasma is compressed by the I'géﬁre, pair production would be strongly degraded. The ana-

pressure and heated by the work done by the light pressurg o raqyits again give a good agreement to the PIC simu-
It is interesting that, when neglecting heating by light pres-

'“>Tation for an electron temperature d,=0.024nc%. The
sure, the electron temperature becomes lower than the |n|t|:{xj1l

I T . ickness of the foil is also crucial for pair production. For a
temperature. This is due to the relativistic increase in Mas$yil much thicker than the skin depth, one would havie

supposing that thermal momentum and thermal energy are 4 for any ée,. From Eq.(20) and (21), we find that the

initially Pro and Pto/2me. After laser pulse incidence, the |5 qest electron density in the middle of the foil is
electrons rotate relativistically in the laser field with Lorentz

factor v. Because the thermal momentum is constant, ther-
mal energy becomeB3,/2m,y.

In Fig. 2(a), we show electron and ion density and the
laser field, as obtained from the 1D-PIC simulation. It is seerThis implies high plasma density for low temperature. On
that the foil is strongly compressed due to the large lighthe other hand, the laser fiellis too small even near the
pressure. Also the laser field inside the foil is very large ( surface of the foil. In order to check this point, we have
=32); this is because the thickness of foil is smaller than theerformed a simulation using a foil with an electron density
skin depth. The analytical result is given in FigbR The  of 3.3x10'%cm? (30000 0.1 um), ten times larger than
temperature used in the analytical calculation 7§  before. In this case, we find the laser field toase3 inside
=0.025n.c? (13 keV), which is taken from the PIC simula- the foil, too low for pair production. From the PIC simula-
tion. First we consider the one-step process to produce pairdon, we find also that the electron temperatule
=0.15m,c? is much higher than in the case of the thin foil
that givesT.=0.025n.c?. This is due to the fact that most
electrons are no longer relativistic.

In Fig. 4 we plot the rate of pair production as a function
of foil density. We suppose that the electron temperature is
T.=0.025n.c2. We find that the increase of the pair creation
rate is faster than the increase of laser intensity. From Fig. 4,
we find that proper choice of foil thickness is also important.
Pair production is low for either too thick or too thin foils,

We use EQ.(8) to calculate the growth rate and find
2.9x10% s ! at the peak of laser pulse. For two 330 fs laser

4
No(max) = §a§/Te. (23)

Fr—rr T 10

l
—_

=4
A=A

Trrr
A
(5]

L g
z/\h

Q [TTTT
o
o
o
=

FIG. 3. Same as Fig. 2, but febs,= 7.
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electron density 3.3 x 10'%em?
a=50
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v photon creation rate (s )

0 2x10"®  4x10"™  6x10™

electron density (cm?) 0 5 10 15 20
angle in degree

intensity of radiation (arb. units)

0.0t

FIG. 5. Creation rate oy photons of energy larger than 1 MeV

as a function of foil density for different laser amplitudes. FIG. 6. Angular distribution ofy photons for the case in Fig. 2.

itrons per shot or 1.8 10 per kJ laser energy. In this way
We can obtain higher pair production than in the one-step
rocess (3.2 10' cm™ 2 per sho}. If we useu ! instead of
mm to calculate pair production, it will be ten times higher.

because it gives a low pair creation rate and low pair creatio
number. It is also easier for the thin foil to oscillate.

Now we consider the two-step process. For the case dg
Fig. 2, the production rate of bremsstrahlupghotons in-
side the foil with energy larger than 1.022 MeV is
1.2x 10" s~1, which is obtained with the help of E¢l1).
The y photon intensity is 4 10°! cm™2s™*, because the foil In conclusion, we have obtained stationary analytical so-
density is 3.3 10'® cm™2. Therefore, even if the photons  |utions for intense electromagnetic waves of circular polar-
radiate uniformly in space, the radiation intensity can reachzation shining from opposite sides on a thin foil. Both elec-
1.0x 10%° (srs) ! for a focus radius of 1@m. At 1 m dis-  tron and ion motion is considered. Ultrathin foils illuminated
tance, itis X 10°* (cn?s)” L. We plot they photon creation by two intense circularly polarized laser pulses of zero phase
rate as a function of foil density in Fig. 5. The photon difference are considered to produgghotons and electron-
creation rate has a similar behavior as the pair creation rafgositron pairs. We find y photon intensities of
inside the foil. 7x 10?7 (srs) ! and positron densities 0£810?> cm™ 3 by

We use the approximate functi$¢87,38 using 330 fs laser pulses of amplitude= 50.

_ au 3au The large positron population should lead to an ultrashort

f(u)=C(ue *"+due ) (24 Uitrabright flash of 511 keV annihilation radiation. The time

to calculate the angular distribution, whete=(y— 1), structure of this flash depends on how a quasineegifa .
C=9a%/(9+d), a=0.625, andd=0.13 0.8+ (1.322)][ 100 cloud may expand and separate from the dense production

+(1/E) {1+[k/y—1]}. Herek is the photon energy. For the vplume: The results .presented. here. are basgd on one-
case ofy=32, we plot the angular distribution in Fig. 6. We dimensional treatment; effects of instabilities possibly occur-

find that the peak in the angular radiation spectrum is a{ing in real three-dimensiqnal space have not been investi-
about+1° out of the target plane and most of the energy i gated. The 1D-PIC simulations seem to confirm that electron

radiated into the region of 3°. Therefore, the solid angle is %eatlng is low under the irradiation conditions considered.

- e o ? ~ .~ The neglection of collisions may be justified in view of the
abou@ 2r(1 COS@)N‘WNSO’. and the radiation intensity is relativistic electron energies, but could play a role in the
730 times stronger than estimated above.

; . . startup phase of irradiation. In this context, prepulse suppres-
Even if they photons move exactly in transverse direc- bp prep P

tion, it takes only about 30 fs for them to move a distance 10Sion 's a crucial issue. Experimental verification of the

P . - . present results, therefore, appears to be very demanding; it
pm which is the radius of laser focus. Because the foil ISrequires high-contrast-ratio laser pulses and two-sided irra-
very thin (1 nm after co_mpressu)m/ photons easily move diation of very thin foils with high precision. Exploratory
out. For the case of .F'QK'S)’ ay photon propaggtes only experiments are now under preparation at the Rutherford
about 0.6 um before it moves out. Therefore, pair produc- laboratory[39].
tion due to the two-step process inside the foil is much
smaller than outside the focus supposing it is surrounded by
high-Z material.

For 2 mm thick lead, the,e“e™) production factor is B. Shen acknowledges support of the Alexander von
K., pair= TpairNol =0.1. Hereop,;,=2.6x10 2’22 cm™2is  Humboldt Stiftung and financial support from the German
used fory photons of energy 15 MeV25|. Therefore, the Bundesministerium “fu Bildung und ForschungBMBF).
pair production rate isl"pair=I‘yK%pair=1.2><1012 s!  This work has been done at the Max-Planck-Institit fu
and, for a 330 fs laser pulse, we haveXXB° cm 2 pos-  Quantenoptik.
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