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PAIR PRODUCTION BY A STRONG WAKEFIELD EXCITEDBY LASERS IN A MAGNETIZED PLASMAL. A. Rios a*, A. Serbeto a, J. T. Mendonça b, P. K. Shukla b;;d;e**, R. Bingham d;eaInstituto de Físia, Universidade Federal Fluminense24210-340, Rio de Janeiro, BrazilbGoLP, Centro de Físia dos Plasmas, Instituto Superior Ténio1049-001, Lisboa, PortugalInstitut für Theoretishe Physik IV, Ruhr-Universität BohumD-44780, Bohum, GermanydCentre for Fundamental Physis, Rutherford Appleton Laboratory, Chilton, Didot, OxfordshireOX11 0QX, UKeDepartment of Physis, University of Strathlyde, GlasgowSotland G4 0NG, UKReeived 10 January 2006The prodution of eletron�positron pairs due to aelerated eletrons in a magnetized plasma is onsidered.The high-energy eletrons are produed during laser�plasma interations in the presene of spontaneously pro-dued magneti �elds. By using a lassial �uid desription, we analyze the generation of eletrostati wake�eldsat the plasma wave-breaking limit and estimate the number of produed pairs for di�erent situations. We notethat in some ases, the presene of the magneti �eld an inrease the number of produed pairs.PACS: 52.59.Rz, 12.20.-m, 52.38.-r, 52.35.Mw1. INTRODUCTIONThere are several mehanisms by whih eletron�positron pairs an be produed. One of the mostpopular mehanisms is the Shwinger pair produ-tion proess [1℄, where pairs are spontaneously pro-dued in a onstant eletri �eld if its strengthin the vauum exeeds the Shwinger ritial valueEQED = 1:3 � 1016 V/m. One possibility of pair pro-dution is by means of intense lasers, where eletron�positron pairs an just �appear� from the vauum inthe foal region of the laser pulse (near the inten-sity 1029 W/m2, orresponding to the ritial eletri�eld). Many theoretial studies of the Shwinger meh-anism using lasers have been made [3�6℄. Narozhnyet al. [6℄ onsidered the eletron�positron pair produ-tion in an eletromagneti �eld reated by two ounter-propagating foused laser pulses, and showed that pair*E-mail: rios�if.u�.br**E-mail: ps�tp4.ruhr-uni-bohum.de

prodution an be experimentally observed when theintensity of eah beam is lose to 1026 W/m2, threeorders of magnitude lower than that for a single pulse.However, the ross setion for the Shwinger proess atoptial frequenies (or below) is so small at any laserintensity that this e�et is insigni�ant [7℄.Prodution of pairs is also possible in the Coulomb�eld of a nuleus via virtual photons (�tridents�),whih is a dominant energy-loss mehanism at highenergies. In a trident proess, high-energy ele-trons, whose kineti energy exeeds the pair-produtionthreshold 2me2, an produe the eletron�positronpairs by sattering in the Coulomb potential of anuleus. Some authors [8, 9℄ presented a prelimi-nary disussion about pair prodution by relativistieletrons aelerated by intense lasers, while othersdisussed pair prodution due to sattering of high-energy eletrons produed in strong wake�elds drivenby ultra-intense short laser pulses [10℄ and neutrinobeams [11℄. Reently, Berezhiani et al. [12℄ performed57



L. A. Rios, A. Serbeto, J. T. Mendonça et al. ÆÝÒÔ, òîì 130, âûï. 1 (7), 2006simulations of laser pulse dynamis in overdense plas-mas and showed that an intensive prodution of pairsby the driven motion of the plasma eletrons oursowing to a trident proess.The nonlinear interation of lasers with plasmasan give rise to a large number of interesting phenom-ena. The latest advanes in the pulse ompression teh-nique have provided the possibility of generating high-intensity laser pulses with the intensity I approahing1020 W/m2 at the wavelength � � 1054 nm (and thepromise of an even higher intensity I = 1024 W/m2).At suh intensities, the eletron motion in the laser �eldis essentially relativisti and the physis of the laser�plasma interations is very di�erent from the ase ofmoderate intensities. Spei�ally, high-intensity laserpulses spontaneously reate strong magneti �elds [13℄,whose e�ets should be onsidered in a realisti de-sription of laser�plasma interations and assoiatednonlinear phenomena.In this paper, we present a theoretial investigationof the eletron�positron pair prodution by the ele-trons aelerated due to laser�plasma interations in ahomogeneous magneti �eld. Spei�ally, we onsiderthe nonlinear interation between an intense short laserpulse and a ollisionless old magnetoplasma, by as-suming that the ions form a neutralizing bakground.The eletrons an be diretly aelerated by the intenselaser or by the strong wake�elds generated during thenonlinear laser�plasma interation, and then produepairs by sattering in the Coulomb potential of immo-bile ions. We use a lassial �uid desription to analyzethis nonlinear interation and determine the pair on-entration produed by the eletrons. Di�erent laserintensities, pulse widths and diretions of the exter-nal magneti �eld are onsidered, and the eletrostatiwake�eld (at the wave-breaking limit) and the numberof produed pairs in eah ase are analyzed.The paper is organized as follows. The governingnonlinear equations for intense laser�plasma intera-tions in an external magneti �eld are presented inSe. 2. There, we fous on the generation of wake�eldsby arbitrary large-amplitude eletromagneti �elds,and derive the relevant equations. The prodution ofeletron�positron pairs due to the aelerated eletronsin the wake�elds is disussed in Se. 3. Numerial re-sults for the wake�elds and assoiated pairs are givenin Se. 4. Finally, Se. 5 ontains a brief summary andpossible appliations of our work to laboratory and as-trophysial plasmas.

2. GOVERNING EQUATIONSWe onsider a old, ollisionless, relativisti elet-ron�ion plasma in the presene of intense irularly po-larized eletromagneti (CPEM) waves and an externalmagneti �eld. We study the nonlinear interation bet-ween the CPEM waves and the magnetized plasma byusing the equations�N��t +r�� = 0; (1)�p��t + (v� � r)p� = q� �E+ v� �B� ; (2)rE = �4�e (Ne �Ni) ; (3)r�E = �1 �B�t ; (4)r�B =X� 4� q��� + 1 �E�t ; (5)and rB = 0; (6)where p� = �m�v�is the relativisti momentum of the partile speies �(� equals e for the eletrons and i for the ions) and� = 1=p1� v2�=2is the relativisti Lorentz fator, m� is the rest mass,v� is the �uid veloity,  is the speed of light in vauum,�� = N�v�is the partile �ux, and N� is the number density ofthe speies �. Beause we onsider the generation oflongitudinal (eletrostati) �elds, the vetor B inludesonly the wave magneti �eld and the external magneti�eld B0. Besides, we study the wake�eld generation ontimesales that are either omparable to or shorter thanthe eletron plasma period !�1p , and therefore ollisionsbetween eletrons and ions are negleted (we onsider!p � �;where !p =s4�N0e2meis the eletron plasma frequeny and � the eletron�ion ollision frequeny). Furthermore, on the fasttimesales of the light pulse and rapid eletron mo-tions, the ions do not respond and an be onsideredimmobile.58



ÆÝÒÔ, òîì 130, âûï. 1 (7), 2006 Pair prodution by a strong wake�eld exited by lasers : : :In what follows, we are onerned with the nonlin-ear propagation of a short laser pulse in a magnetizedplasma. Assuming that the latter is transparent to thelaser propagation, we an onsider the pulse nonevolv-ing and propagating at a onstant veloity near thelight speed. Thus, the laser vetor potentialA = jAjis a funtion of the variable� = z � vgt;where vg is the group veloity of the laser in the plasma(we onsider the laser is traveling from left to right).The salar and vetor potentials � and A are de�nedas E = �1 �A�t �r�; (7)B = r�A+B0; (8)and r �A+ 1 ���t = 0: (9)During the interation of a laser pulse with theplasma eletrons under nonrelativisti onditions, thepulse ponderomotive fore reates a loal harge sep-aration, whih gives rise to an eletrostati �eld. Ingeneral, this �eld remains after the laser pulse passesand its relaxation indues the eletron wake osillationswith the phase speed near the speed of the light pulse(v� � vg) and a frequeny near the plasma frequeny!p [14℄.In the nonrelativisti ase, one expets that the ef-�ieny of wake�eld generation is highest if the laserpulse width d is half �p, the wavelength of the wakeosillations [14, 15℄. On the other hand, if d is muhsmaller than this optimum value, the dynamis of theeletrons an be ompletely dominated by the pondero-motive fore, and the eletrons are then trapped by thepulse. However, wake osillations an still be exited,but they are muh weaker than those in the optimumase.As the laser intensity grows, the optimum pulsewidth beomes smaller and a muh stronger harge�eld separation is reated. In fat, the wake osilla-tions an be of an amplitude higher than that of thelaser and beome highly nonlinear. For intense laser�elds, the plasma eletrons an aquire relativisti ve-loities. Consequently, a nonlinear urrent is produedthat gives rise to a modi�ation of the linear dispersionrelation. Owing to this and other nonlinear e�ets, thewave an propagate through an overdense region be-ause its frequeny ! beomes larger than !p.

If the wave pulse is irularly polarized, the normal-ized vetor potential a = eAme2an be written in the forma = a (x̂ os�+ ŷ sin�) ; (10)where � = kp(z � vgt);with vg � v� and kp = 2�=�p. For a Gaussian pulse,a2 is given by a2 = a20 exp � �2k2pL2! ; (11)with L = d=2. In pratial units, a0 = 0:85 � 10�9�pI ,where I is the intensity of the laser in W/m2 and � isthe wavelength of the laser light in mirons [16℄.Normalizing all the physial quantities, writingthem as funtions of the variable � (plane waves),and onsidering that the longitudinal plasma waves arepropagating along the z-diretion, we obtain the set of�nal equations from Eqs. (1)�(11) ashẑ �Pe � ��p1 + P 2e i dPed� ==p1 + P 2e �d	d� ẑ � �� dad��++ (ẑ �Pe)� dad� + ��!p
�Pe; (12)and d2	d�2 = �2� " �ep1 + P 2eẑ �Pe � ��p1 + P 2e � 1# ; (13)where �e = ẑ �Pe0 � ��p1 + P 2e0p1 + P 2e0is a onstant that depends on the initial value of thenormalized eletron momentumPe = peme :Here, 	 = e�me2is the normalized salar potential,�� = v�59
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 = eB0meis the vetor assoiated with the eletron gyrofre-queny, ! = eB0me :Equations (12) and (13) form a set of nonlinearequations for studying the generation of plasma wavesduring the laser�plasma interation for di�erent laserintensities (a0), pulse widths (d), and diretions of theexternal magneti �eld (
). We note that Eq. (13)is a generalized Poisson equation written in a movingframe. Thus, the normalized eletron plasma densityin this frame is given byNeN0 = �ep1 + P 2eẑ �Pe � ��p1 + P 2e : (14)3. PAIR PRODUCTIONAssuming that eah eletron aelerated in thewake�eld and sattered on the ions produes a pair, wean determine the eletron�positron pair onentrationnp produed via the Bhabha trident proess from thefration of sattered eletrons, i.e., [10℄dnpdt = �TNiNeve; (15)where Ne and Ni are the eletron and ion onentra-tions, ve is the eletron speed, and �T is the total rosssetion for the trident pair prodution proess [17℄. Be-ause we assume that eah sattered eletron produesa pair, we onsider these partiles to be aelerated torelativisti energies (high e values) and to reah thepair prodution threshold 2me2. For large values ofthe Lorentz fator, the ross setion �T an be writtenas [10, 12, 17℄�T = 2827� �Zr0137�2 (ln e)3; (16)where r0 = 2:8 �10�13 m is the lassial eletron radiusand Z is the ion nulear harge. We note that expres-sion (16) for the ross setion has been derived in theabsene of an external magneti �eld; however, it doesremain approximately valid for a magnetized plasma aslong as ~! � 2me2:

To determine pair onentrations, we rewriteEq. (15) in the moving frame asdnpd� = v�!p�1� 1e2�1=2�1� 1�2��1=2N0Ne�T ; (17)where we used the de�nition of e. Here� = 1=s1� v2�2 ;Ne is given by Eq. (14), and Ni = N0, beause the ionsare at rest. 4. NUMERICAL RESULTSEquations (12), (13), and (17) are solved numer-ially and the results analyzed for di�erent laser in-tensities (a0), pulse widths (d), and diretions of theexternal magneti �eld (
). In all ases, we assume� � 1, 	 = d	d� = 0at in�nity, and that the plasma is initially at rest.For small values of a0 (nonrelativisti regime), theoptimum pulse width for wake generation is about halfthe plasma wavelength, as expeted [14℄. In this ase ofrelatively weak laser intensity, the laser pulse induessinusoidal wake osillations typial of linear waves. Asa0 inreases, the harge separation �eld and the wakepotential also inrease. However, to optimize the pro-ess, it is neessary to shorten the pulse width beausethe intensity of the ponderomotive fore a�ets theharge separation �eld.As the laser intensity inreases, the eletri �eld ofthe exited plasma wave slowly grows and soon reahesthe relativisti wave-breaking �eld for the given plasmadensity, EWB � 1:36 [(� � 1)N0℄1=2 V/m;(see [18℄). Wave-breaking ours at very large plasmawave amplitudes, when the wave motion beomes sononlinear that the wave energy is onverted diretlyinto the partile kineti energy [19℄. The nonlinearity ofthe strong wake�eld auses the steepening of the waveand the formation of loalized maxima in the eletrondensity, viz. the �spikes� [20℄. This is harateristiof the wave-breaking regime, where the eletrons areaelerated to speeds lose to v� (e ! �) [21℄. A-ording to Eq. (1), whih is given in a moving frame in(14), the eletron density is given byNe = N0v�v� � ve60
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Fig. 1. The normalized potential 	 for B0 = 0 andN0 = 1010 m�3, a0 = 30 and d = 0:01�p (solid line),0:03�p (dashed line) and 8�p (dot-dashed line)for ve0 = 0. Beause the eletron veloity ve an varyfrom �v� to v�, the eletron density varies from theminimal value N0=2 to in�nity (integrable).For B0 = 0, our results are in agreement with thatfound by Yu et al. [15℄ and by Krasovitskii et al. [22℄.In this ase, the perpendiular eletron momentum isonserved, Pe? = Pex +Pey = a;and the plasma eletrons an aquire relativisti velo-ities as the laser intensity inreases. For N0 = 10�4m�3, a0 = 2, d = 0:35�p (the optimum pulse widthfor this laser intensity) and d = 0:05�p, the resultsagree with that found in Ref. [15℄. The ase d = 0:05�porresponds to diret eletron aeleration by the laser,and the eletron momentum and density beome nearlysynhronized with the pulse (however, weak wake os-illations are still exited). We found similar resultsfor d = 5�p: in both ases, the laser pulse traps theeletrons and arries them as a soliton-like system, a-elerating them in the perpendiular diretion. For allthese parameters, the number of produed pairs is in-signi�ant.As the laser intensity inreases, the exited wake-�eld grows and reahes the wave-breaking limit, butthe number of produed pairs remains extremelysmall. Figure 1 displays the normalized potential	 for a0 = 30 (orresponding to the laser intensity1021 W/m2 for � = 1�m), N0 = 1010 m�3, andthree di�erent values of d = 0:01�p, 0:03�p, and 8�p.For d = 0:01�p and 0:03�p, the eletrons are aeler-ated by the generated wake�eld in the z-diretion, butfor d = 8�p, the eletrons are trapped and arried by
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Fig. 2. The eletron�positron pair onentration np(in unities of 109) for B0 = 0 and N0 = 1019 m�3,a0 = 30 and d = 0:01�p (solid line), 0:03�p (dashedline) and 8�p (dot-dashed line)the pulse. As the plasma density N0 is inreased, weobserve that this parameter has small impat on thewake�eld, but has an important e�et on the pair on-entration, as we see in Fig. 2. The values obtainedfor np agree with that in Ref. [10℄, and the �jumps�are here explained by a rapid inrease in the eletrondensity and energy at the points where the eletri �eldis steeper and the potential is minimum in the wake-�eld [10℄. We observe that for d = 8�p, the number ofprodued pairs saturates; in this ase, the eletrons areaelerated by the ponderomotive fore of the laser andthen produe pairs by sattering on the nulei of theions. For d = 0:03�p, near the optimum pulse width,the pair prodution reahes its maximum value, but itan be higher if the plasma is initially moving.When the external magneti �eld B0 is parallel tothe diretion of the pulse propagation, viz. 
 = !ẑ,none of the eletron momentum omponents is on-served. In this ase, we observe that for short pulses(d near or smaller than the optimum pulse width), theamplitudes of the normalized potential (and the paironentration) grow as the strength of B0 inreases upto a ritial value. This limit value dereases as a0beomes lower. For larger values of d, the observed be-havior is ompletely di�erent: the inrease of the mag-neti �eld strength inhibits the partile aeleration bythe wake�eld and by the pulse, and onsequently np di-minishes as the parameter !=!p inreases. Figures 3and 4 exhibit 	 and np for the same parameters as inFigs. 2 and 3 for !=!p = 10.For B0 = B0x̂ (i.e. 
 = !x̂), the omponent of61
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Fig. 3. The normalized potential 	 for B0 = B0ẑand !=!p = 10, N0 = 1019 m�3, a0 = 30 andd = 0:01�p (solid line), 0:03�p (dashed line) and 8�p(dot-dashed line)

60

χ

−60 0 20 40−40 −20
0

1

2

3

4

5

6

7

np

Fig. 4. The eletron�positron pair onentration np(in unities of 109) for B0 = B0ẑ and !=!p = 10,N0 = 1019 m�3, a0 = 30 and d = 0:01�p (solid line),0:03�p (dashed line) and 8�p (dot-dashed line)eletron momentum parallel to the external magneti�eld is onserved, Pe = ax, as ould be expeted be-ause the movement in this diretion is not a�eted bythe external magneti �eld. We observe that for anyvalues of a0, d, and N0, the wake�eld grows up to aritial point and then dereases as the strength of themagneti �eld inreases. For widths near the laser op-timum width, this ritial point is very lose to theresonane, when ! = !p; for others values of d, theritial point ours for a higher parameter !=!p. InFig. 5, we see the inrease of the wake�eld for largevalues of d (dot-dashed urve). In this ase, the wake
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Fig. 5. The normalized potential 	 for B0 = B0x̂ and!=!p = 1, N0 = 1019 m�3, a0 = 30 and d = 0:01�p(solid line), 0:03�p (dashed line) and 8�p (dot-dashedline)
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Fig. 6. The eletron�positron pair onentration np(in unities of 109) for B0 = B0x̂ and !=!p = 1,N0 = 1019 m�3, a0 = 30 and d = 0:01�p (solid line),0:03�p (dashed line) and 8�p (dot-dashed line)�eld is more e�ient in aelerating partiles than thelaser pulse, and then the jumps in pair onentrationappear one more (see Fig. 6).5. SUMMARY AND CONCLUSIONSIn this paper, we have studied eletron�positronpair reation via the trident proess, where the primaryeletrons are aelerated during laser�plasma intera-tions in the presene of an external magneti �eld. Wehave worked at the wave-breaking regime, whih hasa harateristi of the formation of spikes in the ele-62
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