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Abstract. An overicw 13 presenbed of the design of 2 10 GeV laser plasma accelerator (LPA) that wi!l ke drven by a
PW-clnse laser system and of the BELLA Prgect, which has 29 15 pomary goal to buld and nstall the mquired
T zapphire laser system for the acceleraton capermments  The basic desgn of the 10 G2V slags aims 2l operalion 1 the
ques-lineaT fegime, where the lager casited wales are lamgely simusondal and offer the possitality of aceclarating both
elesteons and posibrong  Soaoulationg g that s 10 l]e‘-.-f elzctran beam can be generated 1moa mater scale plasmz chennal
gwded LPA operating at a density of about 10" e ? and powerzd by laser pulses contaming 30-40 F of energy in a S
200 fs durabon pulse, focused b a spotsize of S0-100 mcron  The lay-cut of the boliy amd laser system wll be
prescried 85 well a3 the progress on bulding the ety
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INTRODUCTION

Laser plasma accelerators (LPA) {l1] have the potenhal to dragtically cut the cost of dommg science with
accelerators doe to thewr wuch redoced 217 compared (o conventional aceelerators of the same enarpy The primary
areas whena state-of-the-art accelerators are utilized are the collider based facilhimes and the accelerstor based Light
sources  Colhders of the fumire place formdable demands on the accelerators that drive them The design of the
[oternational Linear Collider (JLCY, an EF-driven, TeV-scale, slectron-ppsitron machine, calls for a lwminosicy of
10" em?s " with average e-beam power of order 14 MW An LPA-based electron-positron collder could be
envisioned by coupling many scceleration stages together [2,3] The bullding block of such a colhder could be a 10-
GeV meduler stage of which — 100 stages would be required to busld a | TeV hnac Typical light sources genetating
ibense X-ray beamna operake at the 1-15 GeV level, with the hughsr energy ¢lecteon beams being used at the world's
first x-ray free electron laser (FEL) at the LCLS at SLAC, and the lower cnerpy beams typical of synchrotron based
facilities

Io rectnt years, LPAs have tnade sigmificant progress towards producing high quality beams with ever higher
energy [In 2004, three independent groups showed the first demonstration of relatively nartow energy spread
electron beams at the ~ 100 MeV level from mm-scale devices [4-6]  In 2006 the Orst production wasz shown of
GeV electron beams from a3 em [ong plasma channe poded LPA at LBNL [T] In the 2006 expenments, the laser
peak power was of the order of 40 TW and the operating plasma density was a factor of 10 lower but extended
over & ~10 timas longer distance than n the 2004 expenments Monvated by the suceess of these expenments,
designs were developed at LBNL to achieve 10 GeV election beams from meter-scale accelerator structures nsing a
PW-class laser system, winch led to the formal BELLA profect proposal to the Depanment of Evergy, Office of
High Encrpy Physics in 2007 Whle it could be decades before a laser plasma accslerator san match the capahihibics
of somethimg Like the proposed Tnizemanenal Linear Colhder—a 25 miles {40 kilometersy long machime that would
produse ¢lectrons and posirons at extemely hagh eneegies (1000 GeV) -- BELLA repressnts an esseohial step
towards mvestigaing how more powerful accelerators of the firture might be more compact Systeins hke BELLA



hold the promise of making possible 2 table-top accelerator with particle energies in the tens of Ge¥ rangs, which
would be compact and cheap enough for even universities and hospitals to have one.

The project phate of BELLA is comprized of the consituction and commissioning of 2 PW-class laser that will
support the research aimed at the development of 10 GeV LPA modules. Upon successtul completion of BELLA s
project phase, the laser system and facility will be wsed to demonstrate that high quality 10 GeY electron beams can
be generated using a laser powered plasma structure that is about | meter loog.  The research suppartzd by BELLA
will also investigate fundamental laser-plasma interaction physics that aims at optimizing the coupling efficiency of
lager to ¢lectron beam energy, controlliog both the energy apread and smittance of the electron bearns, aod ataging
multiple LPA modules together. The 10 GeV beams could also be used to study beam driven plasma wakefield
acoeleration, as well as positron preduction and subsequent acceleration in plasma based acceleratars.

Although its maln purpose is accelerator research, the development of 4 compact 10 GeY accelemtor has several
potenlial applications, BELLA could be used to build a free-elaciron laser (FEL) operating in the soft x-ray window
that produces few femtosecomd radiation pulses that are intrinsically synchronized 1o laser pulses, to TH2 radiation
pulses or directly to the electron besm. Such a device could be an extraordinanly valoable lool for biologists,
chemists, materials scientizts, and biomedical researchers, allowing them 1o observe ultrashort, nanoseale
phenomena.

We pext discuss the basic design considerations for 8 BELLA 10 GeV accelerator stage, foltowed by simulation
resalts fiom particle-in-cell codes that are capable of modeling the detailed laser-plasma interaction and acceleration
procasses, We then present a brisf overview of Lhe Praject slatus,

10 GEV STAGE DESIGN

Basic Design Considerations

Plasma-based aceslerstors can sustain electron plasma waves with eslectric flelds on the order of the non-
relativistic wavebreaking field By = cmtgle, or By Viem] & .96 n'*{em ), where o, = {(4ange?/m,)'? is the electron
plasma frequency, m, and € are the electron mass and charge, respectively, ¢ is the vacwum speed of light and ny 3
the ambiznt slectron density (1) For cxample, np = 10" cm™ gives Ep = 100 GV/m, which is approximately three
arders of magnitude greater than that obtained in conventonal BF linacs, The wevelength of the accelerating
plasma wave (wakefield) is on the order of the plasma wavelangth &, = 2ncim,, of Afum] = 3.3 = 19"(ngfem ™",
e, Ay = 33 um for ng = 16" em™. This is very short by conventional RF linac standards, which consequently
implies that ulra-short {< Ac) eleciron bunches can be generated in plasme-based accelersors. An important
parameter in the discussion of ultta-intense lager-plasma interactions is the laser strength parameler a,, defined as the
peak amplitade of the normalized vector potential of the laser field, a = eA/mc’. The laser strength parameter is
related to the peak intensity [ and power P of a linearly polarized, Gaussian laser palse by ag = 0.85 x 147

Apm])l 'H[WIcmzl, and F[GW] = 2].5{&3&9‘1]2, where 1y i6 the laser spol size at focus, & = 2Znfk is the laser
wavelength, & = ck is the laser frequency, 1 = 2P/as,, and a vecior potential of the form a = 8y exp[—ri.frﬁ coskz -
wil) e, 15 assumed.

We consider two broad repimes of operation: quasi-linear and strongly nonlinear, In both regimes, scelings (1)
indicate that, assuming a guided laser at fixed intensity, the electron enempy gain is limited by dephasing and is
proportional to o™ at a length proportional to o™, where n is the plasma density. The enerey gain in the quasi-linear
regime is giveo by AW [OeV] = I[W.f::mz]fn[cmd], whers it 15 assumed that the acceleralor lsnglh was matched to
the dephasing length Ly = {&™w,’) X, = (/) &, for as = ). Hers n, = 1.74x10°" om”? is the critical plasma density
for a laser operating at 0.8 pm. This repime offers advantages including symmetric acceleration of electrons and
patitrons and shaping of the fields, while the nonlinear regime offers higher gradients and uniform focusing fields,
In the strongly non-linear regime, a, >> L, the laser is sufficiently intense to completely expel all plasma electrons
fiom its path and create a bubble-like accelerating structure [2,%]. Inside the bubble, large sccelerating gradients are
generated with linear transverse focusing forces for elecirons. Positrons, however, can only be accelerated and
focosed over a very narow region.  Furthermors, continuows injection of plasma elecerons from the surrounding
plasma can eccur along the entire lenpth of the accelerator structure, which would result in the gensration of eleciron
beams with significant low energy background, Although the BELLA laser system will be able to access both Lhe
quesi-linear and sirvngly non-inear regime, i this paper we will concentrate on the design of a 10 GeV stage in the
quasi-linear regime.



There are several important basic design considerations for operation in the quasi-linsar regime where the walke
i approximately sinusgidal. Linear theary describes the wake and energy gain as being proportional o intensity.
The aormealized vector potential of the drive laser beam, ag, should be of order unity and the laser pulse lenglh is of
the erder of half the plasma pered. This ensures that the wake remains roughly sinuseidal, that the laser pulse
couples resonsntly to the plasma wave and that the dephasing distanoe (over which L clectron outruma the
accelerating wave) and the pump depletion distance {over which tha laser depletes its eoergy by one e-folding) are
about equal. The lager power must be near or below the threshold for relativistic self-focusing, as otherwise the
laser self-focnses resulting n an intensity inctzase that can enter the non-lincar regime. For ay=1, this requirss a
laser spot not larger than the plasme wavelength 3, {kywi <2x}. On the other hand, guiding of modes with kywy < x
significantly reduces laser group welocity and henee energy gain dus to the relatively short dephasing distance.
Theee Linite on spot size set the power ratige for the laser.

The bagic design of the 10 GeV LPA accelerating module is based on the assumption of an extemally injected
beam. Production of the initial electron beam could be accomplished in a preceding LPA of mm-scals (g, a2 jel
besed) or crn-scale (capillary discharpe based} by relying on the highly nop-livear or hubble regime, or use
technigues such down ramp [L0,11] or colliding pulse injection [12,13]. In thiz fwo-slage design, an injection
struciure would be inteprated with the main, meter-scale, acceletator siruchure that i@ designed to operate without
self-trappiog [14]. This so-called dark cument free siruciure provides the best prospect for generating low energy
spread bigh quality beame by avoiding continuous injection along the entire length of the plasma structurs.

A3 8 ouraerical exam?le of a basic LPA design that can achigve AW, [GeV] = 10 GeV in the quasi-Lnear repime,
ie, ag~ Lorl=1.93x50 # W.I'Gm!, we apply the basic scaling laws and consiraints discussed gbove. We find that a ~
44 I lager operating at 0.8 pm wavelength, with a pulse duration of ~240 {5 focused to a spof size of ~ 60 pum and a
0.8 m long plasma at ~ 1.73x10'7 cm™? densiry are requited, where we assumed kyw, = 5.9 and P/P, = 0.9,

These simple scaling laws do not include impotiant effects such as laser self-focusiog and other non-linear
process, and do not model the detzils of laser beam evolution, net the effect of the accelerated bearn on the plasma
wake (i.¢., beam loading). More acourate toodeling usiog two dimensionsl (20) and three dimensional (30
simulations have beer performed. Due to the fact that ID-simulations of 2 meter-scale LPA are computationally
very challenging, a imited number of them have been done to date. Fortunately, simulations thow that, in the linear
regime, 2D simulations reproduce fhe wake with sufficient accuracy, as well as focusing and other properties of 3D
sitaulations. b addition, a breakthrough in simulaling thess meter-scale LPAz o full 3D has been achieved through
the uze of 2 Lorentz boosied frame [15-17]. Thegs simulations will be discus=ed pext.

Particle-in-Cell Simulations of a 14 GeV Stage

To capture laser pulze evolution and particle beam effcets, an extensive st of simulations has been performed.
Several particle-in-cell (PIC) methods have beep applied: (1) direct explicit simufations using moving windows and
sealing of plasma density, (2) reduced simulation model: including envelope simulation: and (3) Lorent: boosied
frame simulations that are capabie of modeling the #ntire 10 GeV stage with only minor Ioss of physics. Detailed
parameter stodies have been published in Ref [15-20].

The primary modeling of LPF Az has been done with explicit PIC simulations using codes such as VORPAL [Z1],
QOSIRIS [22], YLPL [23), WAKE [24] and others. In such simulations, Maxwell's equations are solved by FAnite
difference on 2 computatiopal grid. The forces are then interpolated to the macre-panticles, time is advanced, and
macro-particle curcents are interpolated bacls to the grid for the next fGeld solve. The simulations resolve the laser
wavelength and bunch size {the shortest major scales) and macro-particle kinetics, and were used o model recent
superiments [11,25]. Resolving the laser wavelength over the propagation distance (~10% sieps for em-seale GeV
simulations} and wake volume (~10° cells in 3D drives the computational cost, which is of order 10° hours for ecm-
scale QoY runs. For 10 GeV simulations, the cost would increass roughly proportional to the plazma volume times
the interaction length, With valume ~ A% (resalving a wake period) and length ~ ) (dephasing length), the sotal
sinmlation <ost scales as the 6™ power of the plasma period, or the third power of the electron beam energy and
hence explicit simulatinns would be on the order of a billion processor houts, which is beyond state of the am,

Due to the fact that direct explicit simulations of 10 GeV siages sre beyond the state of the art for m-scale
plasmas, reduced simulation models have been implemented, including etvelops simulabions. These simulations
decrease the computational cost by resalving the laser envelope but not its fast oscillation. Thiz in tum allows the
nse of reduced resolubion, and quasistatic codes that use the envelope model and farther reduce cast by assuming
slow evolution. Such codes are fester, but usually perform less well 25 the laser depletas, spectrally broadens and



wavelength shifts.  Such broadening requires increased resolution or other adaptations to resolve the laser
oscillation, and reduces the speed advantage. Validation of the assumptions made in these codes for the parameter
regimes of interest is hence needed, but the fact that simulations of the same plasma and laser parameters are
possible with a 100 to 10000 times savings in CPLJ time is & significant advantage.

The primary method that we used to simulate 10 GeV stages for BELLA has relied on scaled simulations [18-
217, Although analytic solutions in the nonlinear, self-consistent, multi-dimensional regime are notl available, the
plasma response scales with density in both the linear and nonlinear regimes. In particular, the following scalings are
obtainad;

Plasma wavelength = wake scale = &, ~ 1/a"?
Self focusing — ag (kyw)® is constant if wy scaled with A, for fixed ag
Energy gain ~ }_Pz ~ (1/n) for constant a, and laser pulse length k L. = constant

Simulations were conducted with direct explicit PIC at 10x (i.e,, 10" em™) and 100x (i.e., 10" cm™) scaled
densities. Figure 1 shows the results of two scaled simulations of a 10 GeV stage at 10" em™ and 10'® em™ density.
Whereas the laser pulse evolution shows subtle differences, the shape of the wake and its amplitude, the dephasing
and depletion distances, as well as the energy gain ail scaled with density as predicted, within 10% accuracy. This
allows designing of 10 GeV stages from short, high ne simulations, One dimensional simulations at 107 cm”
density further verified scaling to the design density [20].

Accelerating field o e B o Vool
— 2 - =] i3 ¥ "
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FIGURE 1, Sealed simulations of a mildly nonlinear 10 GeV stage using 40 J energy at n=10"" em™. (a) Laser envelope for
10" cm™ (top) and 10" em™ (bottom), (b) accelerating field structure for 10™ cm™ (top) and 10" cm™ (bottom). The wake
amplitude, dephasing snd depletion distances as well as energy gain scale with density as Eredic.tad. (e) Plasma density ning
contours on a fixed scale for {hlax:kg WAKE 3D axisymetric quasistatic PIC simulations at 10" cm™ density snd (red) VORPAL
2D slab scaled simulations at 10" cm®. The results are nearly indistinguishable from cach other except for the fast laser
oscillations not modeled in WAKE,

The scaled simulations have been verified by envelope simulations, including simulation of the first 1/3 of a
ke, L=2 stage [19]. The scaled simulations in 2D slab geometry were further benchmarked to quasistatic simulations
in 3D axisymetric geometry (r-x, with x the propagation direction and symmetry assumed in theta so that there are
two resolved dimensions) at the design density of 10" em™ (see Figure 2), The wake, scaled in units of k;, shows
apgreement at the 1% level across the different numerical models, densities, geometries, and codes. Remaimng
differences appear to be due to differences in laser pulse shape specification, not fundamental physics. This shows
that the scaled simulations are highly valid in this regime.

Simulations were conducted to analyze stage performance with respect to beam loaded gradient and efficiency,
by exploring the dependency on the plasma density, the laser amplitude aq, width kwe, and length kL. From linear
scalings (where g is constant), it can be found that, for a Gaussian laser pulse, resonant excitation requires a pulse
length kL = 2. In principle, at fixed laser energy, a pulse length of zero would excite the largest wake, and self-
focusing is also less severe for shorter pulses, To explore the effects of pulse duration, we conducted simulations
with constant energy at kL. = 0.5 -3 (pulse lengths of 29-170 5 at 10'" em™ density). Efficiency and gain were
found to be optimal mear kL = 1, At this length, approximately 1/3 of the laser is depleted into the wake at



dephasing. The accelerating field was enhanced by 35% relative to the k1. =2 case, where only about half as much
of the laser is depleted. Scaling of accelerating field was consistent with linear theory. Shoreer (longer) kL resulted
in depletion before (after) dephasing, both of which reduce efficiency. We are investigatiog tire use of shaped and
clurped pulses fo further increase depletion and efficiency of an acoelerating stape. BELLA will allow studies on
the eptimum value of kL, and we have slready demonstrated use of shaped pulses from a chirped pulse system o
enhance coupling [27] :

Buns where ag or wy were jncrsased and PP, was sigmificantly above 1 exhibited self-focusing and did nel
tnaintain a quasilingar behavior: for kL =2, ap cannot be increased much above | without decreasing kywy, and,
conversely, kywy =3.3 is near the maximum that can be used for ag=1. Runs at kywo < 2 showed reduced group
velocity and alzo reduced efficiency doe to the Fact that an incressed faction of the feld energy was stored in
transverse fields, At ke ~1, approximately half of the energy was depleted to transverse fields, and a steep
charmel densgity pradient was required to guide the lazer spot. This again reduces group veloeity and msults in
undesitable corvamre of the wake fromts thet affects posiron focusing. By design, BELLA will be able to study
stages with k. from ~ | to 6 or more, and with variable ay, providing valuahle information o the dosign of
optimized stages.

Beam loading studies were conducted in rwo and three dimensions for a range of beam lengths and widths and
showed that appreximately 140 pC can be loaded in small radivs beams (ko <1), and 2-300 pC in beams with kyo,
of 1-2, where o, iz the tos electron beam size. The latter correeponds o 10% energy transfer from Lhe lager to the
particle beamn. Reialed simulaiions have shown that greater efficiencies (up 1o more than 25%) are available by
using triangular longitudinal bunch prefiles {28.29]. Sirmulations of self-tapped LPAs iodicaie that such bunches
may be nahrally produced in the self-trapping process, snd studies are oogoing of coupling these bunches Lo
subsequent accelerator stages and gther techniques described below to further increage beam loading efficiency.

An example of input parameters and results of scaled siomlationa are shown in Table 1. Simulations were done
for the high density cases {10x and 100x} and then scaled to the BELLA 10 GeV case. The key parameters fag, kL,
k,wy} were optimized while keeping the constraints, discussed above, in mind. The density was set simply by the
tequiremsnt o the enorgy gain of the LFA. For comparizon, linear dephaziong and pump depletion distances are
provided, A: can be geen, mildly non-linear effects result in stages that ere slightly shorter than predicted from
lingar theory.

TABLFE 1. Example of ¢ design of a Quasilinear 1# GeV BELLA stage and the scaled parameters wsed for

scaled simulatiens.
Lazer & Plasma Parameters BELLA 10 GeV 10x density 1MH)x demxity
Laner Enetgy [1] 40} (K] 0.04
ap 14 14 14
Ap [pm] 107.5 34 (0.8
KoLimer I 1 I
Liasae [£2] 57 18 5.7
we [ma) 914 28.9 9.1
P[TW] 554 L1 5.5
legwo 53 53 53
PiP, 1.7 17 17
Liosar Dephasging lenpth [m) 097 0.0 0,001
Pump deplstion lenpth fm) 193 0.06 0.002
Stage lemgth m simulation[m] G 00019 00006
Enetpy gain in simulation 10 [ 0.1

Techniques i increase the efficiency from laser energy 1o particle beam energy, and o improve the phase space
properties are being developed. Use of density tapering along (he propagation length can enhance snergy gain and
reduce energy spread by allowing phase control in the structurs. The difference between laser grovp velocity in e
plasma and elegiran beam velocity ordinarily results in slippage or dephasing between the eleciron bgam and wake,
limiting soergy gain and reducing bunch quality because the bunch is subject to fields that very over propagation,
An increasing density gradient canses the plasma wavelenpth to shorten, and this can be balanced to offset group
velocity dephesing, and can be fwther adjusted to control phase in the weke. Tapered stage desighs have been



simulated and indicate that beam energy can be enhanced significantly (3x for a linear taper and ~5x for an
optimized taper) and that 10% or greater afficiency with percent energy spread is achievable [18,30].

Methods for controlling and minimizing emittance are also being smdied for application in the BELLA 10 GeV
stage design, Extemnally injected bunches loaded into the LPA stage with & radius that is matched to the focusing
forces in the stage were shown to be accelerated without significant growth in emittance or bunch size using PIC
code simulations, and patticle tracking simulations in preseribed fields using the code GPT [31]. These simulations
were cartied out for parameters based on the analytic design for the [0 GeV stage and used Gaussian transverse laser
modes, Although simplest in its implementation, one significant drawback of using Gaussian transverse laser
modes, combined with the requirement that, ultimately, the stage must preserve collider-relevant emittances, is the
fact that small emittance-matched bunch radii (kyo, < 0.1) are required. This in turmm impacts beam loading
performance and stage efficiency. High order transverse modes to shape the accelerating/focusing structure are
being explored in order to allow the use of large transverse spols by mixving a zeroth and first order Laguerre-
(anssian mode. Imitial simulations show that use of higher order laser modes can decrease focusing forces several
fold, allowing use of larger spots and increasing efficiency from [aser to accelerated beam while maintaining
emittance matching [21,32].

Although density scaled simulations have the advantage over envelope/quasistatic models that they can
accurately resolve the wavelength shifting and broadening that occurs as the laser depletes, certain paramsters do not
scale: the ratio of diffraction range to dephasing, and the electron beam betatron peried will differ.  Whereas
simulating a meter-scale laser-plasma accelerator is not computationally feasible on present machines running direct
explicit PIC, a novel techmique relying on the use of a Lorentz boosted computational frame has been implemented
in WARP3ID that allows, for the first time, a full simulation of the BELLA parameters. By recasting the simulation
in a frame moving near the speed of light, the technique uses the properties of space-time contraction and dilation
offered by special relativity to bridge the disparate space and time scales that exist in the propagation of a micron
scale laser wavelength in a meter scale plasma in the laboratory frame [15-17, 20, 33-36]. For a 10 GeV class stage,
the maximum attainable speedup is over x10,000 and this was achieved recently for external injection, thanks to
advances in the numerical implementation of the technique [36].

Figure 2 ghows the density wake excited in the Lorentz boosted frame moving at y = 10 by an intense laser pulse
and the externally injectad electron beam accelerated by the walke, A 40 1 laser pulse with a pulse duration of 67 5
{k,L = 1), was focused to a Gaussian transverse spot size wy = 89 pm at the plasma channel entrance. The plasma
channel had an on-axis density ny = 10" em? a length of 0.65 m with a parabolic channel (factor=0.6) and a
longitudinal taper of the form n(xFng(1.32 x+1). Electrons were externally mnjected with an initial energy of 100
MeV and an intial emittance of 63 mm-mrad. The large Input emittince was chosen to maximize the beam radios
for efficient beam loading and for emittance matching to the wake's focusing fields [18].

FIGURE 2. Simulation result of a 10 GeV LPA stape from the code WARP3ID, using a Lorentz hoosted frame. The image
shows an externally injected electron bunch (rainbow color) niding a density wake (light blue) excited by-an intense laser pulse
{red), propagating in a 0.65 m long plasma channel, The laser pulse (40 J i ~67 fs), focused to ~%0 pm spot size at the entrance
of the channel, has reached the end of the plasma channel. The electron bunch energy has reached up to ~10 GeV,



At the exit of the structure, electrons with energy of up to 9.2 GeV were observed. The color coding indicates
the energy reached by the electrons. The depression in the density walke is due to self-consistent beam loading of the
injected electron bunch. The time projected energy spread and normalized emittance when exiting the plasma
channel were 15% and 537 mm-mrad, respectively. The slice energy spread and emiftance of a slice at 9 GeV were
1% and 54 mm-mrad. Whereas this energy spread and emittance is larger than acceptable for collider and light
source applications, it has been shown that lower emittance bunches can be accelerated by using high order laser
modes to excite the wake and control the transverse focusing forces [32]. Future simulations will aim at optimizing
the phase space properties of the bunches including optimization of the taper and the use of higher order laser modes
to minimize the emittance.

Although not discussed here, simulations have also been conducted in the nonlingar regime, and show that 10
GeV gain for electrons 13 also possible using 30-40 T laser pulses, in agreement with published scaling laws [9]. In
conclusion, both theoretical modeling and simulations support the fact that 10 GeV electron beams can be produged
with a =30 J laser using a pulse length of 50-120 fs and a spot size ranging from 40-100 micron, The acquisition,
installation and commissioning of the laser and fecility to support the research forms the main scope of the BELLA
Project.

BELLA PROJECT

The scope of the BELLA project includes the design and construction of the conventional facilities required to
house and safely operate the BELLA laser (see Figure 3}, the acquisition of the BELLA laser systemy itself, design
and construction of ancillary systems to support the laser operations, site and system integration, and performance
verification of the BELLA laser system. As shown in Figure 3, the primary elements of the facility include a laser
bay which houses the laser system in a temperature and humidity contrelled elean room environment (Class 10,000
and local Class 1,000 areas); a power supply and utility room located on top of the roof; a shielded experimental
cave; and 2 control room.

Control anning Room BELLA LHE&I’

Compressor

L

High power diagnostic

Plasma source Off-axis parabola

FIGURE 3, Lay-outof the BELLA Faeility, which is under construction at LBNL.

The BELLA laser 15 unider construction by a commercial vendor (THALES) [37] and will be installed and
commissioned at LBNL. The laser system will be capable of delivering >40 Joules of infrared laser encrgy (al a
wavelength ~ 0.8 um) per pulse in <30 5 (L.e, providing =1.3 PW peak oplical power in sach pulse) for experiments



at a repedtion rate of 1 Hz, Based on the desipn studies for the 10 GeV stape, lager polsez with pulse durations
ranging from the minimum polse durabion of 30 & to seversl 140 f5 long pulses will be provided to the experiment
by En adjustable final pulse compressor eystems. To control the transverse mode profile of the laser beam, a
deifonmable mimer aod techhiques to produce higher order modes will be implemented.

The laser system will have an elaborate contimuous monitoring end disgnestic system, built-in by the vendor,
providing vital information on the pulse energiss, spectral propecties and pointing of the main laser beam at varions
stages of the Jaser chain, as well as informatien oo the pump laser boams (homogeoeity, amplitude, poinbog,
timing). A pilot laser beam inserted immediately after the final amplifier will also be part of the system, and will be
nsed for aiming the main lager beam for fubure experiments,

As part of the BELLA Project phage, there are thres subsystems that wiil control andfor characterize the laser
baarn aftet it [eaves the laser system. These subsystems are: Compressor to Pinal Focus Disgooestic system, the Final
Focusing and Beam Tranaport system, and lhe Final Focus Disgnosiic {Low Power). The purpose af the
"“Compressor b Final Foens Diagnostic’ system sitlwated after the compressor is to meagure the key properties of the
leser beam prior to pending the pulses onto the final focusing optics. This disgnostic system is being built by
THALES and has the capability of monitoring crucial laser parameters of every shot that is sent to the tarpel atea, at
& I He repetinen rate. The purpose of the ‘Finai Focns and Beam Transport’ eysiem is o focus the beam to a spot
size of prder 50- 100 pm with an achromatic, all-reflecove off-axis paraboloidal mimor (QAP), The “Final Focus
Diagnostic {Low Power)” system will be used o verify the laser focal spor quality and its position at a plane where,
following completion of the BELLA Project, the plasma based targets will be located during experiments with the
BELLA laser.

The BELLA facility has beeo [ully designed to achieve all key pecformancs paratneters of the laser system and
future experimental systems. This includes clean-room (class 14,008 and 1,000) areas for the lager and experimental
argas, with gowning area, assembly area and tightly controlled envizonmental conditions to mininize temperaturs
and humidity effects as well aa low vibrahon levels; & separate utility coom that will house all power supplies and
ather heat producing squipment; & radiation shielded target area for all high power laser-plasma intéraction
experiments, mcluding 8 beam dump to stop and absorly L) GeV class elechron beams; B control toom equipped with
computer hardwars to allow remaote operation of the laser system, equipment and personnel safety systerns 2z well ag
experiments. Facility construction is expected ta occur during 2010-2011.

Ln parallel with the facility constraction, work is going on for the design and construction of 8 ‘Final Focus
Diapnostic (High Power),' a meter-scale plasma strocture, snd electron beam disgnostics. The ‘Final Focus
Diagnoatic {High Power)’ system will be capable of measuring the beam properties of the lager at all power levels
up k¢ Byl power, at the enitence and exit {1 meter downstream) locations of the plasma target The folrance of the
plasma target will be the vacoum focus location of the BELL A |aser beam. The diagnostic includes an all-reflective,
achromatic bearn atienuabion and imaging syslem, as well a diagnostic suite similar o the post-compressor
diagnosiic system. Defails on the meter-scale stucture and elsetron diagnostic will be discussed in later
publications,
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