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Abstract
- 2 CHERENKOV RADIATION FROM A
In the plasma beatwave accelerationscheme, the MAGNETIZED PLASMA

ponderomotive force of a two-frequencylaser pulse

resonantly drives a large amplitude {E3 GV/m) First consider a two-frequencyaser pulse exciting a
relativistic electrostatic plasma wave. Thkectro—statlc p|a3ma wave to a |arge amp”tude n anmagnetized
(es) wave doemot couple to the vacuummodesand its plasma. In the dispersion ow() diagramthe excitation
energy is dissipated in the plasma. With a static magneféc represented bthe intersectiorbetween the laser pulse
field BOZ. applled perpendlcularly tothe laser beam line (’J:kvglv wherev |:(1-(L)122/0)p62)1/2C is the laser pu|se
propagation axig, the two-frequencylaser pulse couples group velocity in the plasmandthe es plasmavave

to the L branch of the XO mode of theagnetized plasma eigenmode ofthe cold plasma at w=w,. At this
through Cerenkov radiation. The eleCtrOmagnetl[htersection point the phase Ve|0city of‘})F]e p|as}me
component (em) of the X@odecouples to thevacuum s ¢ but its group velocity is zero. The energy deposited in
mode. The plasmaave isnot affected bythe transverse this mode by the laser pulse does not propagate outside of
magnetic field,and measuring thecharacteristic of the the plasma and is finally dissipated in the form of plasma
emitted radiationthus provides anin-situ diagnostic for heating. The plasmaave is at cut-off inthe plasma and

the beat-wave-excited acceleratirgjructure (amplitude, only a small volume around the plasmafaceabout one
phase, and damping for example). Additionally, the skin depth deep is expected to radiate in vacuum. Note that
mechanism of interest is a possible source for a gigawgie laser pulse line never intersects with the
terahertz radiation source. electromagnetic (em) eigenmode of the plasma

(6= @, 2+K°).
1 INTRODUCTION

In the last decade plasmas have entered two fields
traditionally reserved tovacuum devices:the microwave
sources antdhe electron acceleratorSelf modulated laser
wakefield (SM-LWFA) experiments havelemonstrated
accelerating fields largethan 100 GV/m, resulting in
acceleration of electrons by up tt00 MeV in a
millimeter [1]. Laser driven plasma beative acceleration
(PBWA) experiments have shown accelerating fields up to
3 GV/m, resulting in acceleration of electrons by

30 MeV over alcm length [2]. Usinglaser created, Bo
relativistically-propagating ionization fronts in a plasma Figure 1: Geometry for the Cherenkov radiation in a
frequency up-shifting of microwaves from35 GHz magnetized plasm&[i(x,y)).

continuously to 170 GHzhas beendemonstrated [3].

Direct conversion of the statiglectric field of an array of  Applying a static magnetic fiel8, modifies thenature
alternatively biased capacitousing the same ionization of the "plasma eigenmodes. In particular whep is
front has producedcontinuously tunable short pulses ofperpendicular ) to the laser beam patiB{B,z, see
radiation between €and 93 GHz [4]. Recently a new Fig. 1) andfor kB, (k=kx) and E[B, (E the wave
scheme taking advantage of the large electric field producgﬁgctric field), the dispersion relation is:

in the PBWA experiment has been proposed for generating 22 W W% — b
mega- to gigawatts of THmdiation byapplying a static oK _ 1-—p ke 1)
magnetic field perpendicularly to the laser bgaath. [5] w? w W -af

The radiation is generated bycoupling of the two- \where Q_~eBy/m, is the electron cyclotrorfrequency,
frequency laser pulse to the left branch ofékgaordinary %:(%824.;3@2 2%is the upperhybrid frequency.The
mode of the magnetized plasma throughCherenkov eigenmodes ofhe plasmaare the left () andright (R)
radiation. This scheme can be eithesed as a THz pranch ofthe extraordinary or XO-mode (sdgg. 2) and
radiation source, or as a diagnostic for tRBWA have cut-off frequencies atws =[+ ch+(chZ+4wp92)]l/2
experiment itself. respectively. These two branches have two components to
their electric field; an em componeBt™=E®"y, and an es
componentE®*=E®*X. Their amplitude ratio isobtained
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with the L-XO branch of the magnetized plasma. variation over the boundary an analytic expression for the
Physically theponderomotiveforce of the laser pulses attenuation coefficientcan be derivedThe electric field
pushes the electrons along tkeaxis creatingE®®, they is attenuated by a factef3 by a linear decrease of the
rotate around th&, lines in the X,y) planeand generate plasma density over three plasma wavelengths. In practice
E°™ Note that the dispersion relation of eq. (&mains the attenuation can be minimized by abruptly terminating
valid for anyk in the §,y) plane.Figure 2 shows that the plasma by, for example, using a gas jet, or by
the laser pulse can couple to theXO mode through bringing the magnetic field to zero over the smallest
Cherenkov radiation at any ang.z<90°, where the possible distance. In the forward direction the group
velocity of the disturbance (the laser pulsgyc is larger velocity of the L-XO mode is given by, x=(Q.J/ w,.)°C.

than the phase velocity of the L-XO mode. Note tingg  Once depositedin the plasma by the laser pulse the energy
corresponds to Cherenkov radiatipom photonbunches will convect out of the plasma for a time given by the
rather than from particles. The Cherenkov conditiorminimum between the transit time for the energy through
coBe=1/Byn(ew) Where B,=vy/c, vy=c(1l-w,/w,?)*=c, the plasma of length,: (L,/vy .xo), and the life time of

and n(w)=ck/w is given %)yeq. 1. Since the plasma is the plasma wave. This determines the pulse-length of the
dispersivedifferent frequencies aremitted at different radiation emitted in vacuum.

angles. However, Fig. 2 shows that the group velocity of

the L-XO mode decreasesvith increasingf.; while the 1.2
emittedfrequencyincreasesrom w,, to w,. Cherenkov I
radiation is thus emitted essentially in thérward

direction @.0) atw,. since a significant group velocity 1.15} ]
is necessary for the radiation to exit the plasma. [ ]
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Figure 3: Frequency of the Cherenkov radiation
(normalizedtow,,) as a function of the Cherenkov angle
B in the case wheteis in the &,y ) plane (solid line),
andk is in the g¢,x) plane (dashed line), fdE[ /B, and
Q. Jw,=0.6 andw,=1.17.

All of the analytical results describedabove have been
verified by 2-D particle in cell (PIC) simulations. These
simulations also show that the excitation of the plasma

Figure 2: Dispersion relation for the magnetized plasny4ave by the laser pulse is not degraded over the
with kB, ELB,, andk in the &,y ) plane (see Fig. 1). Unmagnetized case fd, up to values corresponding to
The dashedregion are evanescent regions. The Cherenfay @,.=0.8. For larger values @, the ratio ofE*"/E*
condition is show by the dots at the two angles. becomes smaller than the analytical valu@gf cy,.

Fork in the ¢,x) plane, the dispersion relation can be 3 THE PBWA EXPERIMENT

rewritten as a function of6.; [6], but the major . .
: ; : . In the Neptune laboratory PBWA experiment [7] a high
conclusions remain the same as Kom the &,y ) plane: ower £100J in=100 ps or=1 TW), o-frequency

the Cherenkov radiation is emitted essentially in th%o laser pulse d,, w, corresponding tdh,=10.592 um
2 1y 2 1— .

forward direction @.=0) at w,. Figure 3 shows the ~ : : .
frequency of the Cherenkov emitted as a function of trddA;=10.296 um) s focusedby an off-axis parabola ina
céll containing a static fill of gas ¢Hbr D,) or metallic

Cherenkov angle for the two cadesn the &y ) plane vapor (Li, Na, or Cs). The spot size of the focused “flat-

andk in the ¢,x) plane. " g .
The dispe(?sio)nprelation (eq. 1) indicates thatgge0 [OPPed”beanw, (radiusat 1/e for the fields) at best focus
the index of refraction for the L-X@_,, mode is equal to S 280 um (1.4 times diffractionlimited) with an effective
~xQ {Rayleigh rangez.=27mwy/A,,=2.4 cm where),, is the

one. In the case of a step function boundary between . e
plasma with density, and vacuum, the EM component2Verage ofA, andA,. The laser intensity is large enough
- ' strip each atom of the gas/vapor from its first electron

of the L-XO mode couples to vacuum with a transmissio, . oL .
coefficient equal to 1 (fromm,_.,=1 to n,,.=1) and thus hrough field ionization. The gas/vapor pressure is
E,.°™E" The es component of the L-XO mode icadjusted so 1/Zthat_ the electron p_Iasmea _fsrequency
confined to the plasma. The power density radiated o= (n€egmy)™ (n, is the plasma densityl0° cm”) is
vacuum is thus given by the Poynting vectorexactly equal to the frequency differencebetween the two

S=e(Q.J W) (EYc/2. In the case of a continuous laser frequenciesv,=w,-w,. The ponderomotive force

plasma/vacuum boundary, both, andw, decrease with associated with the beat envelope of the two-frequency

; ser pulse resonantly drives a large amplitude es plasma
the plasma density, and the forward wave at the bu'l@ave or beat waven/n=0.3, wheredn, is the plasma
5%1

plasma frequenay,. has to cross the evanescent regio . ) .
shown on Fig. 2. For the case of a linear plasma dend§nSity perturbation, which correspondsg=3 GV/m.
7 MeV electron bunch from a rf-photo-injector with a
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radius 0,=0,=30-50 um isinjectedinto the plasmavave Alignment

and is accelerated #100 MeV and dispersed in energy by cameras THz radiation

a double-focusing electron magnetic spectrometer. Thgiz radiation ) f collection optic
plasma wave characteristicstime, spacejfrequency, and \‘fv‘lf:fwh S | _
wavenumberare measured byrhomson scattering of a — e /ri‘:eng:g?:f;
532 nm laser pulse. In the upcoming experiment, the H ; 9

gas fill is bereplaced by a Na or Cseat-pipeoven. An _ Green probe beam
open oven geometry [8] is chosen to allow dgcess to Collective |

the plasma from the side for tldéfferent diagnostics. The scatiorng for | Plasma and plasma wave
Na and Cs vapor require a lower lasgensity to befield plasma wave \“

ionize becauseheir ionization potential (5.and 3.9 eV diagnostics it

respectively) is lowerthan that of H (13.6 eV). This I

allows for ionizationand excitation of the plasmavave m

over a longer lengttand increases the electrorenergy ﬂ — =
gained.Calculations show that thenergy gain increases S i

from 55 MeV over about ong; in H to about85 MeV ?

over about Z in Li [9]. Their ion mass is larger than that ___ .~ . . 4

of H which renders the plasma more robust to rivstion pa,ago,oid CO2 laser
and instabilities. A dipole magngenerateshe transverse Electromagnetic
static magnetidield andhas an strength afround6 kG Beatwave

(Q.<< w,). Thefield B, can be applied either over the N
whole length of the plasma when the electrans not
injected, oronly over the lasb mm when theelectrons
are injected inthe plasma, so that the plasmave
diagnostic and the electron acceleratiwaobtained at the
same time. The plasmiiequency is=1 THz, and the Figure 4: Experimental arrangement for th@herenkov
wavelength of the radiationr=800 um) is abouequal to experiment in the Neptune Laboratory. The Tiddiation
the plasmadiameter. The radiation will thus strongly propagates in théorward directionand is reflectedowers
diffract from the plasma volume. It isollected by a the diagnostics, through a silicon window.
parabolic mirror and sent out of the vacuum box through a
silicon window (seeFig. 4). The temporal shape of the 5 REFERENCES
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The signal amplitude as a function of time is proporponﬂrj D. Gordonet al., Phys. Rev. 80, 2133 (1998), C.I. Mooret al.,
to the relative plasma wave amplitude as a function Phys. Rev. Lett. 79, 3909 (1997).
time (Q.<<w,), while its absolute amplitude is [2]C.E. Claytoretal, Phys. Rev. Lett. 70, 37 (1993).
proportional the accelerating field. [3] R.L. Savageet al, Phys. Rev. Lett. 68, 946 (1992). .
The outputpower expected atl THz is 1 MW for [4] %rl;l Lai et al, Phys.Rev. Lett. 77, 4764 (1996f. Muggliet al,
_ . ys. Plasmas, 5), 2112 (1998).
B,=6 kG (for a step plasma/vacuum boundaryJhis (5] voshiiet al, Phys. Rev. Lett. 79, 4194 (1997).
scheme canthus beused to producepowerful THz [6] H. Bremmer, in TerrestriaRadio Waves, ElsiviePublishing NY,
radiation for remote sensing or feeeding of arFEL. In (1949). _
the Neptune Laboratory experiment neither the plasnhd C(i%g%aym”et al. Nucl. Instr. and Meth ifPhys.Res. A 410, 378
boundary, nor the magnetield are expected thave a [g]Mm.A. Cappeeliiet al, Rev Sci. Instr. 56, 2030 (1985).
sharp boundary. Consequently th@wer produced in the [9] P. Muggli, LASERS’98 Conference Proceedings (1998).
plasma by Cherenkov radiation igxpected to be
considerably attenuated athe boundary. However,
detecting the emitted radiatiowill be diagnostically
extremely important for the acceleration experiment itself.

4 SUMMARY

A static magnetidield is applied transversely to the
laser beam path in the PBWA experiment. The laser pulse
emits Cherenkowadiation through coupling to the L
branch ofthe XO mode ofthe magnetizedplasma. The
radiation is emitted essentially in tf@ward direction, at
the plasmdrequency £1 THz). Theradiation parameters
will be used as aliagnostic for the PBWA experiment.
Method to allow for the high power THz radiation
generated inthe plasma to be transmitted through the
plasma/vacuum boundary will also be investigated.
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