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Abstract luminosity andcan be used taninimize beamstrahlung.
o ) ] ) The Li plasma sources combine the ease of ionization and

A lithium (Li) plasma source is described titain beused yniformity of the Li vapor (ionization potenti&l.3 eV),

for plasmaacceleration aswell as for electronbeam with the flexibility of a 1-photon laser induced ionization.

focu015|5ng (plasma .Iens).dThedL[ vapr(])r with a denS|tyT|R thLe;

2x10™” cm” range is produced in a heat-pipe oven. The Li

is ionized to Li through single uv photon absorption. For 2 LI PLASMA SOURCE FOR

the plasma wake field acceleration experiment, the plasma ELECTRON ACCELERATION

density n,=2-4x10" cm® is made uniform over the Optical ] Optical

1-meter Ipong plasma [1]. A shorter length of uniformyindow Heater Wick Window

plasma density can hesed as an underdernsi@sma lens,

or the plasma densitgan betaperedfor an underdense

tapered plasma lens. o rmmEmmmmASAm

i
1 INTRODUCTION He %%?:Il'(g% Insulation %%%Il'(g% Pump
Plasmascan sustainvery large amplitude electriields
and arethus very suitable for particleacceleration ° Boundary Layers
(longitudinal field) and/or particle focusing (transverse 5 - ———
field). In a recently proposed experiment knowrEaks7 2 |he Li He
[2], the 30 GeVelectron beam of thé&tanford Linear a {
Accelerator Center (SLAC) Final Focus TesBeam 0 -
(FFTB) is sent in a plasma with an electron densityin 0 z
the 2-410“cm?® range. Numericalsimulations show Figure 1: Schematic of the Li vapor/plasma source
that that the electron bunch excitesvake (longitudinal (not to scale).

plasmawave) with a maximum amplitude of GV/m,

making it possible for the first time to acceleratectrons Lithium is chosen for the plasmiecause ithas a low
by 1 GeV over 1 meter. The electrons of the bulk of thenization potential (5.3 eV) and can thusibeized over
electron beamdrive the wake and loose about a largevolume through a single uv photon absorption
200 MeV/m, while the trailing electrons of theame processA<242 nm). Li also has a relatively low atomic
bunch experience the acceleration and gain about number Z=3) which minimizes theadditional plasma
1 GeV/m. In previous self-modulated laser wakéeld density that igoroducedthrough impact ionization by the
acceleration (SM-LWFA) experiments fields in excess dflectrons of the beam to be accelerated. A neutrabpor
100 GV/m where excited but only over a few millimeterslensity in the 18 to 10*° cm® range can be obtained by
[3]. In plasma beatwave acceleration (PBWA) heating the Li toaround750°C. The Li vapor column is
experiments dield of 3 GV/m has beenexcited over produced in aheat-pipe oven [5](Fig. 1). The hot Li
1cm [4]. the resulting electron energygains were vapor is confined to the heated central part ofttbat-pipe
=100 MeV and 30 MeV respectively. The E-157 by the room temperature He buffer dasated atthe ends
experiment operates in the “blow-out” regimend the of the heat-pipe. The vapor temperature is such that the Li
focusingforce exerted bythe ion column onto théeam vapor pressure isqual tothe Hepressurgin absence of
electrons corresponds tofacusing strength irexcess of significant flow). The Li density is thus determined by the
6x10° G/cm. A shorter section of plasma=@5 cm) can adjustable He pressure. The length of the Li columis

be used as an effectivenderdensethick-plasmalens. approximately equal to the length of theatedsection of
Alternatively, the ionizing laser beaoan be focusethto the pipe, and can bearied aroundhat value by changing
the plasma to produce a tapered plasma density suitabletfoe heatingpower delivered tothe oven. A vapodensity

an underdensplasma lenses. Plasma lenssed at the n,=2x10" cm® was producedover L=25 cm in ashort
final focus may significantly improve the beam oven at a temperature ®750°C [6]. Theproductn,L was
measuredising the hookmethod [7],and by uv and by
white light absorptionwhereasthe column length was

" Work supported US DoE under Grants No. DE-FG03-92ER40727 aeleduced from  longitudinal temperature  profiles
No. DE-FG03-92ER40745, and by tiNSF under Grants NoECS- measurements.

9632735 and No. ECS-9617089. The vapor wasonized bysingle photon absorption of a
i E-mail: muggli@ee.ucla.edu 20 ns, F,=145 mJ/cm (maximum) ArF uv laser pulse
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(A=193 nm). The line integrated plasma densify. was density is increased by more than 50448x10" cm®) by
measured by uabsorption,and by CQ andvisible laser double passing the oven. Alternatively the plasiaasity
interferometry. The plasmavaried linearly with Fg gradient can beninimized by focusing the ionizinkaser
(Fig. 2) and reached amaximum of 2.96x10" cm* beam. In a short plasmaorL<<1) the uv photons
(limited by F,) corresponding to al5% fractional absorption is linear withdistance E=F exp(-on,L)=F(1-
ionization. The time for the plasma densitydecrease by onyL) and can be exactly compensated for bgylandrical
a factor of two from its maximum value wag ps. The focusing.

plasmasourcehasreachedall the required parameters for

the E-157 experiment (Table 1). Table 2: Etlﬁﬁttron beam parameters at the interaction
27 ] Number of Electrons N, 3.5-4.0x<10"
~ Initial Energy E, 30 GeV
15¢ : Bunch Length g 0.6 mm
‘E Bunch Size (@ 210°¢€) | g, =75 um
L o1l g, =75 um
X Emittance VE 60 mm-mrad
= VE, 15 mm-mrad
0.5
i 3 BEAM FOCUSING, UNDERDENSE
O PR B I S SR B S SR | Ll

e UNIFORM PLASMA LENS
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Average Incident UV Fluence (mJ/@m The leading electrons of dong electron bunch

Figure 2: Plasma density versmgident uv fluenceR,), (o>c/w,) expel the plasma electrons in radius of

as measured by GQaser interferometry (triangles), and=c/w,. In the case wherghe beam density, is larger
by uv absorption (circles). The two linese the best than the plasma densitp,en, /2, the underdens@lasma
linear fits to the two measurements. lens case),the core ofthe electron beangexperiences a
. focusing force originating from the plasma ion column

Table 1: Plasmaparametersrequired for the E-157 (npi:npf The forgce car? be calcultftedrom Poison’s

experiment. equationand varies Iinearll)é with radius. Its strength is

Plasma Density n 2.4 x10 cm® W=en,/2g,c~ 3n[cm®)/10"° MG/cm. For comparison,
= — the maximum strength of a typical magnedueadrupole
Plasma Length L =1 m lenses is=10 kG/cm. The plasma acts on thelectron
Density Uniformity An,/n,, | <25% beam as a strongdeal lens. The lens modifies the
lonization Eraction Ny >15% minimum SB-function of the incoming beam according to:
Radius r >400 um B _ 1 )

B 0 1+ K@ 0 _.B L)B 0

For that experiment however, the length of the plasmyghere 3, and f° arethe minimum S-functions for the
has to be of therder of one meter for the electrons tobeam without and with the plasma lens respectiv&lys
gain 1 GeV. More importantly, the produttL has to be theS-function at the lens entrancandK=We/ymc. The
matched to an integer number of betatron wavelengths &function of the beam at the lens efitis given by:

the electron beam envelope in the plasma. Fhanction 0 0

B, of electron beam isiot matched tothe plasmag,,,: B. =&+i, H& _— - HCOS(ZRL)
from (Table 2) B,=0°/£=5.6 m > B,{(n,~4x10" cn)= 2 2KB, 2 2KB, @)
(2y)"’clw,=0.09 m, wherey is the relativisticfactor of 25,

the electron beamand w,.~(n,£&7e,m,)"* is the plasma -—— sin(Z«/K L)

frequency.The beam envelopthus experiences betatron VKB,

oscillations with a wavelength of,/2=29 cm, where wheres=(85, (3,-5))"? is the distance betweethe lens
A=21/(2y)°w,, is the betatron wavelength. Theam entranceandthe beam focus imbsence othe lens. The
emerges from the plasma collimatedly if L=mA/2, new beam focus is locateddestances=(3 (3 —3))"? away

m=1,2,... The beam size at the pinch idrom the lens exit.

0, =2y o 3)"?0,=1.73 um 0,=4x10" cm?®), The Li plasmasourcedescribed inthe previous section
indicating that a shorter plasnauld be used as an could be used to producel® cm long plasma with a
effective plasma lens. uniform density of n,.=2x10" cm?® corresponding to

A 1-meter long source=gA,/2) is presently built for the c/w,=375 um. The FETB pulsstretched too,=1.0 mm
E-157 experiment, in collaboration with theaurence (n,=4.5x10" cm®>n,J2 with N=4x10" electrons per
Berkeley Laboratory [1], while a 1.5-meter soureBX/2) bunch) would focus ta@,=2.5 pum (reduction by a factor
is beingdeveloped atUCLA for further experiments. In =30) 4.0 cm away from the lens exit.
the 1-meter plasma thgradient inn, resulting from the

uv photon absorptiosan be compensated for mpuble 4 BEAM FOCUSING, UNDERDENSE

passing the laser pulse through the Li column. For
example then . variation is about 30% ovdr=1 m for TAPERED PLASMA LENS

ne=2x10" cm® with an average plasma density of In the uniform plasma lens exampliescribed in the
=2.9x10" cm® in the single passase ( incidenfluence previous section, the plasma ismderdense athe lens
F,=100 mJ/crf) and isreduced to=8% while the plasma entranceand becomes morend more underdense as the
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electron beam focuses. In order to increthgestrength of 80
the plasma lensand reducahe final beam spotsize, the
plasma density can kacreasedalong theelectronbeam I
path while keeping the plasma underdense for the focusing e0
beam.[8]With the plasmasourcedescribed inSection 2 —
this can beachieved bysending a de-focusingpnizing
laser beam in the opposite direction to that ofafeetron § 4]
beam. In this case, the plasma dendigreasesalong the
laser beam patffi.e., increasesalong theelectronbeam
path), because othe depletion of the uv photons and
because othe decrease in uvluenceresulting from the
beam de-focusing. The uv photoa® absorbetbllowing
N(z)=Nyexp{-ony(L-z)} for O<z<L, whereN=Eyhv, E, is
the incident uv energy, atnb the energy pephoton The
plasma densitycreated by ionization is given by
Ned2)=(IA)(-ONIdz) =(any/hv)(NJ/A(z))exp{eny(L-2)}
where A isthe laser beamspot size For a thin plasma
(ongL<<1), and a beam expanding from an initiadliusr,
to a final radius in the plasma ofrg+4r according to
r(z)=ry(1+Ar(L-z)/L), the plasma density is thus:

(Wwo,,0Tx) U

20|

z (cm)
Figure 3: Evolution of the beam enveloggcontinuous
lines) when traversing am,=2x10"cm™, L=10cm
(dashed lines) underdense plasma lens with (thick lines)
and without (thin lines) continuous plasma boundaries.
The total number of chargesin the plasma is the same in
on, E, (1-ony(L -2)) ) both cases. The initiar is 75 pm, and the minimuno

Ne(2) = is 2.5 um in both cases, 10 respectively 13 cm away

from the lens exit.
The laser fluence incident upon the Li vapolFisE 80

hv ¢ (1-ar(L-2)/ L)

12
whererry’ is the laser spotsize when entering the plasma. ]
The envelope equation for the beam spot gize 110
£ 60 ]
0"(z)+K(s)o(z) = —— 4 :
() ()() 0.3(5) () r f8 E:
can be solved numerically for a plasma density profil& ] X
given by eq. 4. Figure 3shows the beamenvelope <= 40| 16 =
evolution for thecasedescribed inthe previous section ° ! ] S
(n,e=2x10" cm® over L=10cm, sharp boundaries). — | 14 5
Figure 4 shows the beam envelope evolution tDam 20 - Pid I ]
long plasma with a plasma densitgperedfrom 2 to I f" | 12
10x10™ cm® by defocusinsg the ionizing laser. The initial L L7 I ]
vapor density isn,=2x10" cm?, andthe initial fluence 00“ - '5 BT '1‘5‘ 0 e ao 395

F,=286 mJ/cth The tapered plasma lens remains
underdense over its entire length, and the final spot sizelg_s ) _ .

reduced from 2.5 um (in the constantn,, case) to Flgure 4: Evolution of the beam enveloggcontinuous
1.24 pm. The focalpoint is nowlocated5.0 cm away lines) when traversing an plasma with a densifyapered
from the plasma exit. Also shown on these figures tHEOM 2 to 1610* cm™~ overL=10 cm (dashdihes) with
same calculations for a plasma density includimye (thick lines) and without (thin lines) continuous plasma
realistic continuous vacuum/plasma boundaries.this Poundaries. The plasma remains underdense along the
case the lens focusing strength is kept approximately t}§S. The initial o is 75 um, and the minimunu is
same as in the sharp boundary case by keeping the numbéft M 5 respectively 2.5 cm away from the lens exit.

of particles in the plasma the same in the sharp and

continuous boundaries cases. Note thatnumerical 6 REFERENCES

simulations are required to confirm and optimize the
examples presented here.
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plasma density case, and frafB um to 1.25 um in the

case of the plasma density tapered along the elebtam

path (2to 10x10™ cm?®). The plasma density taper is

obtained by defocusing the ionizing laser pulse.
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