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Pair Production by Ultraintense Lasers
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We consider the production of electron-positron pairs by the interaction of relativistic superthermal
electrons, generated by ultraintense laser pulses, with figtaterial. We discuss the laser and target
parameters required in order to optimize the pair-production rate. We explore the regime when the pairs,
if sufficiently confined, can start to exponentiate in number and explore the feasibility of achieving a
pair density approaching0?' cm3, %th that of solid-ion density. [S0031-9007(98)07766-7]

PACS numbers: 52.60.+h, 52.40.Nk, 52.65.Rr

The pending development of ultraintense laser pulseplasmas [5]. If we define “compactness” [5] roughly as
will allow the study of new regimes of laser-matter in- the total plasma heating rate divided by its physical size,
teraction [1]. Lasers are now being designed [2] whichthen for high compactness the pairs are primarily created
will eventually lead to light intensities such thmi > by gamma ray (photon-photon) collisions. For low com-
10" W - um?/cn?. Herel is laser intensity of the laser pactness cases the pairs are primarily created by charged
light and A, is the wavelength in microns. At such inten- particle (lepton-ion) interactions whose cross section goes
sities the electron jitter velocity in the laser electric fieldup as the square df, the ion nuclear charge. Whereas
becomes relativisticpy/mc > 1, where p, is jitter mo-  in the astrophysical contexts we are often dealing with
mentum,m is electron rest mass, andis light speed. the high compactness case [5], in the laboratory sample
When such lasers interact with an overdense plasma it ha&stimates show that we will always be dealing with the
been shown that a large number of relativistic supertheow compactness case even for micron size laser spots.
mal electrons are produced. Numerical simulations witftHence in the following we will concentrate on pair pro-
the particle-in-cell (PIC) codes [3] show that as muchduction with highZ targets (e.g., AuZ = 79). For low
as half of the absorbed laser energy goes into these sagempactness and a confined thermal plasma, Bisnovaty-
perthermal electrons whose characteristic kinetic energiogan, Zeldovich, and Sunyaev (BKZS) [6] first showed
Enot is roughly given by that there exists a fundamental limiting temperature above

which there is no pair equilibrium since the pair production
J( 1x, ) ) rate will always exceed the annihilation rate. This limiting
Eno = 1+ — 1 |mc ()

1.4 X 108 temperature was found to be ab@0inc? for pure hydro-
gen. For highZ or high-B plasma [7] it is expected to be
Hence En, > mc? for 1A7 >4 X 10'S. In addition,  |ower but above the pair production thresholefc?. If
extremely intense magnetic fields with strengths up tque use Eq. (1) as a measure of the superthermal electron
250 MG are observed to form in the overdense plasmaemperature we find that formally, above a laser intensity
Such strong fields help to confine the superthermabf 1020 W/cm?, the superthermal temperature would ex-
electrons in the lateral directions. For even highkﬁ, ceed the BKZS limit. In practice, the BKZS limit does
we expectEy, to exceed the pair production threshold. not apply due to the short duration of a laser pulse since it
It is the purpose of this Letter to explore the physicsassumes a steady state. What all this means is that above a
of this regime and consider the prospects of creatingertain laser intensity, pair processes must become impor-
a copious pair source many orders of magnitude morgant. We need to perform a time-dependent kinetic calcu-
intense than currently available electron-positron sourcegtion to estimate the correct pair density development.
in the laboratory. Consider a situation in which a significant fraction of
Nonthermal electron-positron plasmas are known to bghe superthermal electrons and pairs are confined and
abundant in many astrophysical environments from pulreaccelerated to relativistic energies according to Eq. (1).
sars to quasars. In the last few years discoveries of intensﬁ practice this can be accompnshed by using a double-
broadened 511 keV annihilation features lasting from daysijded laser illumination so that the superthermal electrons
to weeks from several gaIaCtiC black hole candidates [4hnd pairs are confined by the laser ponderomotive pres-
in our own Galaxy suggest that steady state thermal payre in the front and back and by the strong magnetic

plasmas may also exist. Since pairs annihilate on verfields on the side. In the limit of low annihilation rates
short time scales, to maintain a steady state plasma ovéte pair density grows according to

such long times the pairs need to be created prolifically to
balance the annihilation rate. Such thermal plasmas rep-
resent a new state of matter with unique thermodynamigvhere the first term is the lepton-ion pair production rate,
and radiative properties drastically different from ordinarythe second term the lepton-lepton pair production rate, the

Ne = Nei T Mo + Ney + Nyy + 7y, 2)
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third term lepton-photon pair production rate, the fourth
term the photon-photon pair production rate, and the fifth
term the photon-ion pair production rate (here photons

10° @
10!

include bremsstrahlung and Compton upscattered gamma f(E)10'2 T 11 MeV
rays). We have estimated in detail the relative magnitudes 1073 hot ~ 2.5 '
of the five terms in Eq. (2). It turns out that for typical 10
laser target environments the first term is by far dominant, 105 ﬂﬂﬂ [\ J\ ]
at least until the pair density starts to dominate the ion of f\
density. For example, foE,, = 5 MeV, we find that 10 0 50 a0 60 80 1(’)0
the ratios of the above five terms are given approximately " Energy (MeV) ’
as fOllOWS. 7i,; @ Tee : Tley & Tlyy @ Tiy; =3 X 1032 : 3 X | e
10% :3 X 102 : 6 X 10% : 5 X 10%', where we have 10 ()
used formulas from Ref. [8] and assumed that the gamma- f(B)
ray density is given by relativistic bremsstrahlung of 5
the superthermal leptons (Ref. [9]). Hence in the pair 10 Thot ~ 10 MeV
deficient regime Eq. (2) reduces to

iy = e = (ny + n-)(nifvoe), (3) 107
wheren; is ion densityn_- = ny + Zn; is total electron L
density, v is relative velocity between ions and leptons, 0 100 200 30.0 400 500
and o,; is cross section for pair creation in the ion Energy (MeV)

rest frame. The bracket denotes averaging over thgiG. 1. (a) Electron distribution resulting from intense lasers
normalized lepton distribution functiorf. At lepton (I = 8.6 X 10'8 W/cn¥) heating a thin foil 8.5 wm thick, at

energies much above threshold the cross section assunf@sityz/n.. = 30) from both sides. (b) Electron distribution
the form [8] unction for same thin foil being heated by lasers with=

1.4 X 102 W/cm?.
e = 1.4 X 107°72%(In By)?, (4)

where y is the lepton Lorentz factor ang@ is of order the laser intensity used in the simulation. This is plotted
unity. Equation (3) can be integrated to give the pairin Fig. 2. As we anticipatedl rises with laser intensity
growth history: rapidly near threshold. But above a laser intensity of
ny = Znilexp(Tt) — 1]/2, (5) a few times10" W/cn?, T increases only slowly with
laser intensity due to the log dependence of the cross
section, as shown in Fig. 3. An important implication
. _ N of this result is that for a laser of given total energy, to
I 2"lcf dyoef(1 =y )7~ 6) optimize the pair production one should make the laser

As we will see below][I" is of the order 0f0.1(nay)/nNS,
wheren,, is the gold atomic density in units of normal 10
solid density of6 X 10* ions/cn?, for laser intensity
exceeding a few time&0'® W/cn?. /
Using PIC codes, we have simulated two-sided laser
illumination of Au targets for various laser intensities.
As discussed in Ref. [3] and references therein, particle-
in-cell computer codes work by differencing Maxwell’'s
equations for the electromagnetic wave associated with -
the laser and use the relativistically correct equation of
motion to advance electrons and ions. Figure 1 shows
the superthermal electron distributions for sample cases .
generated by such two-sided laser heating. Note that ¢
the electron temperatures attained are higher than what - -
would be predicted from the standard ponderomotive 10 10 10
potential scaling, typically found for these laser-plasma Laser Intensity (W-cm'?)
interactions [3]. This is due to the fact that the electron _ ) _
can gain energy from both sides of the foil, since we ard!G. 2. Pair production raté’ plotted as a function of laser

. . . L . ntensity /. Dashed curve is just to guide the eye. At>
using double-sided illumination. Using the supertherma’lozo W/c? we expect the curve to level off due to the log

electron distributiory generated by these PIC simulations dependence of pair production cross section on Lorentz factor
in Eq. (6), we find the pair growth rate as a function ofy. [Refer to Eq. (4).]

where the pair growth ratE is given by the integral
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superthermals to bremsstrahlung will always be at least a
factor of 10 or more larger than the loss to pair production.
Hence the factop in the above paragraph will always be
less than 0.1. However, at sufficiently high compactness
(large photon density) some of the bremsstrahlung gamma
rays will be reconverted back to pairs via gamma-gamma
collisions. Accurate estimates can be calculated only via
detailed numerical simulations.
How does one diagnose the pairs and superther-
mals? The direct method is to measure the prompt
bremsstrahlung and annihilation gamma-ray fluxes and
7 | . ‘ . ‘ spectra. However, many of the pairs will escape from the
0.0 100 20.0 300 400 500 production region and annihilate in the surroundings (e.qg.,
Toot/MC? target chamber walls), likely after the laser pulse is over.
FIG. 3. Pair production rat€ plotted as a function of the hot Hence to estimate the total number of pairs produced we
electron Maxwellian temperaturg,, for sample values of the need 1o integrate .the tOt.al 51.'1 keV flux over durations
upper Lorentz factor cutofm,. comparable to positron flight times to the target chamber
walls. On the other hand, the prompt bremsstrahlung
gamma rays from the superthermals provide diagnostics
pulse as long as possible provided the intensity stayabout the superthermal flux and energies during the laser
above=~10% W/cnm?. A corollary is that the smaller the irradiation. Hence together they will serve to calibrate
laser spot size the better. From Fig. 2 we see that fothe above estimates of the pair production efficiency.
a 10?° W/cn? laser lasting 10 ps (such as that proposed In summary, we expect that the next generation of
for the faster ignitor or LLNL),I't = 2 X 1073 and the ultraintense lasers, such as the one under development
pair density can in principle reach 0.1% of the targetfor the fast ignitor at LLNL, will be able to generate
electron density. Sincé’ is linearly proportional ton;  significant density of pairs under optimal conditions. A
one obvious way to increase the pair creation rate is td0 ps,10*° W/cn? laser hitting solid density gold foils
precompress the target to densities much higher than soligh both sides can in principle produce peak pair density
density (e.g., with another laser) prior to hitting it with the of the order of 1073 of the target electron density. An
high intensity laser. alternative approach to achieving a clean pair-dominated
Another relevant issue is the maximum number of pairplasma is to let the above plasma freely expand after
one can hope to achieve for a given laser pulse energy andser turn off. Then, since the pairs are thousands of
whether we can ever reach a pair-dominated state, as times less massive than the ions, they will expand much
the case of BKZS [6]. Assuming that a typical pair carriesfaster than the ions. After maryfoldings of expansion,
a total (rest plus kinetic) energy dfnc?, we find the leading rarefaction front will be pure pairs, leaving
kJ of laser energy, if 50% converted to superthermals anthe ions and background electrons behind. We will
then a fractionp of that converted to pairs, will give rise publish the plasma dynamics of such a “pair fire ball”
to a total of p X 10'* pairs. This is to be compared to and its potential applications to gamma-ray bursts at a
the total number of Au ions in 40 um diameter target later date.
spot of 1 um thickness= 5 X 10'? and the total number We thank W. Kruer, R. More, C. Surko, and J.
of background electrons: 4 X 104, Woodworth for valuable discussions and A.B. Langdon
In addition to the confinement and reacceleration offor the use of his simulation code. This work is performed
the superthermal electrons and secondary pairs, we alsmder the auspices of the U.S. DOE by the Lawrence
need to consider their radiative cooling. This includesLivermore National Laboratory under Contract No. W-
bremsstrahlung and synchrotron cooling. If these pro7405-ENG-48. E.P.L. is also supported in part by NASA
cesses are on a much shorter time scale than the las§SAG 5-1547.
pulse, then the above discussions on pair density evolu-
tion needs to be amended. For a typical field of a few
hundred megagauss and Lorentz factor of 10, we find

that the synchrotron coqling 'time [9]'is 10 ns, whereas *Permanent address: Department of Space Physics and
the bremsstrahlung cooling time [9] is on the order of Astronomy, Rice University, Houston, TX 77005-1892.
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if we are dealing with a sub-ns pulse. But if we even- =" yjiichberg et al., Phys. Rev. Lett61, 2364 (1988); G.L.
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