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Abstract

This report describes the conceptual steps in reaching the design of the AWAKE experiment currently under construction at CER!
We start with an introduction to plasma wakefield acceleration and the motivation for using proton drivers. We then describe th
self-modulation instability — a key to an early realization of the concept. This is then followed by the historical development
of the experimental design, where the critical issues that arose and their solutions are described. We conclude with the desigr
the experiment as it is being realized at CERN and some words on the future outlook. A summary of the AWAKE design anc

construction status as presented in this conference is given in [1].
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Keywords: Plasma wakefield acceleration, Proton driver, Self-modulation instability

Operated by Fermi Research Alliance, LLC under Contract No. DE-AC02-07CH11359 with the United States Department of Energy



© ® N o a A~ w N

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

1. Introduction s« periodically behind the drive bunch and have/& phase dif-
s ference.

Particle accelerators are the fundamental research tbibls 6 The angular frequenay, of the plasma wave is fixed by the
high energy physics community for studying the basic laash |ocal plasma densityo: wp = Varnoe2/me, wherem is the
govern our Universe. Experiments conducted at the LHC ywillelectron mass anel> 0 is the elementary charge. On the time
give us new insights into the physical world around us. Cgm-scale of a few wave oscillations, the much heavier plasms: ion
plementing this, future lepton—lepton and lepton—hadodiitt ,, can be considered immobile. The plasma wave or wake is tied
ers should reach the TeV scale. Circular electron accelsat to the drive bunch, and its phase velootty is close to that of
are not feasible at these energies; hence future TeV efegtq, the drive bunclv, and to the speed of light Its wavelength is
celerator designs are based on linear colliders. Howeséheg, thereforex Ap = 2n/Ky = 27C/wp. The maximum amplitude
beam energy increases, the scale and cost of conventi@edl ac of the longitudinal electric field in the wave is on the ordér o
erators become very large. For a linear accelerator, tieeasid;;  the wave breaking fiel&y = mecwp/e[8]. The plasma wave is
cost depend on the maximum accelerating gradient in ragigfr most efectively driven by a bunch with a length on the order of
quency (RF) cavities. At present, metallic cavities achi®ax-;, the wave periodop, ~ Ap/ V2 [9].
imum accelerating gradients around 100 MV To reach thg,  Experimental results demonstrating the driving of plasma
TeV scale in a linear accelerator, the length of the mactipe iwakefields by a relativistic electron bunch and the accétera
therefore tens of kilometers. » of a witness bunch were first published in 1988 [10]. In re-

Itis natural to think about how to make future machines mprecent years, PWFA research has been led by the experimental
compact, and plasma acceleration is a possible solution, PArogram at SLAC [11]. Their experiments with single, 42 GeV
plasma is a medium consisting of ions and free electronsethe electron bunches with>2L0'° particles ino, = 20um have
fore, it can sustain very large electric fields GV/m) [2, 3]... demonstrated the energy gain by trailing electrons of 42 GeV
In the last few decades, more than three orders of magnifuda 85cm of plasma [5]. This corresponds to an accelerating
higher acceleration gradients than in RF cavities have heegradient in excess of 50 G¢ivi sustained over a meter-scale
demonstrated with plasmas in the laboratory [4, 5]. Beamdistance. Current experiments at SLAC-FACET aim at demon-
driven plasma wakefield acceleration experiments perfdrabg strating large energy gain (on the order of the incomingipart
SLAC [5] successfully doubled the energies of some of the-ele cles energyy 20 GeV) with a narrow final energy spread by a
trons in the initial 42 GeV beam in less than 1 m of plasma,, separate witness bunch [12, 13].

Generally speaking, a plasma acts as an energy transformer;
it transfers the energy from the driver (laser or particladi)
to the witness bunch that is accelerated. Current protonssyrd- Proton drivers
chrotrons are capable of producing high energy protonshrea
ing up to multi TeVs (the LHC), so that a new accelerator fron- A future linear electron accelerator, such as the ILC [14],
tier would be opened if we couldiiciently transfer the energy Should produce bunches with sevexdl0™® particles each with
in a proton bunch to a witness electron bunch. This paperout: 250 GeV of energy. These bunches carry about 1kJ of energy
lines the evolution of ideas which finally results in AWAKBRgts  €ach, and therefore FACET-like drive bunches carrying abou

experiment that will use proton bunches for the first timer eve 60 J would require staging of many plasma sections to reach th
to drive plasma wakefields. & desired energy. An alternative to this staging approaahisé

s adrive bunch carrying many kilojoules of energy. Such basch

s are routinely produced by the CERN Super Proton Synchrotron
2. Plasma Wakefield Acceleration o (SPS, 450GeV, X 10 protons,~ 20kJ) or Large Hadron

« Collider (LHC, 6.5TeV, 12 x 10! protons,~ 125kJ).

Plasma-based acceleration was recognized in 1979 as & pos-The concept of proton-driven plasma wakefield acceleration

sible high-gradient alternative to conventional radiegiency: made its appearance in 2009 after proof-of-principle simul
acceleration [6]. The authors considered high-intensigek: tion papers [15, 16]. In these simulations, an incoming 19 Ge
pulses to drive the plasma wakefield. Soon after it was sealelectron bunch gained 650 GeV in 400 m of plasma driven by
ized that charged particle bunches could also drive largesama 100um-long, 1 TeV proton bunch. It was also realized that a
plitude wakefields in a scheme known as the plasma wakefieldigh energy transferfciency between the driver and the wit-
accelerator (PWFA) [7]. In the PWFA, the mostly transvesseness was possible for proton energies above 1 TeV [16].
space charge field of the relativistic particle bunch dicpts The extremely short driver length required fdfigent exci-
the plasma electrons. In the case of a negatively chargedh paation of the plasma wave presents a serious obstacle to a re-
ticle bunch, the plasma electrons are expelled from thelauncalization of the concept. The CERN proton bunches available
volume. They are then attracted back towards the axis hy thiemday are approximately 10 centimeters long (the root-mean
net positive charge left behind the bunch head, overshabt:arsquare lengthr,,) and are inffective at driving large wakefield
sustain the plasma oscillations. The excited wakefieldallysa amplitudes. From conservation of the longitudinal phade vo
have accelerating (decelerating) longitudinal compananids ume we can derive that a factor offl®ngitudinal compression
transverse focusing (defocusing) components with confyl@asa of the 6.5 TeV LHC bunch (energy spread 0.01%) would result
amplitudes. In the linear wakefield regime, these fields waryn a 100um bunch with a 10% energy spread, that is 650 GeV
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Electrons first appear at= 4, m and the laser pulse is the linezatct = 0. The
laser pulse quickly creates the plasma and thus seeds thdoBhiie proton
bunch. The case of side injected electrons is shown.

Figure 1: Example of a self-modulated proton bunch resdpdnting plasma
wakefields sustained by the plasma density perturbationlRI3Ssimula-
tions [34]). Beam parameters are optimized for visibilifythe efect.

“h beam charge and makes optimal use of accelerated ptotons

. . .. 1
for this bunch energy. A compressor capable of dehve”"@f\slelThe plasma fiers another method that relies on a beam—plasma

huge energy spread to the proton bunch would be prohibyt instability. The instability is caused by mutual amplificat

expensive and maybe as complicated as the ILC itself. éljsmudf the rippling of the beam radius and the resulting plasma

lations [16] also show that state-of-the-art proton busdteve wave, which selectively focuses or defocuseedéent slices

. . . . ., (146
no safety margin in the transverse emittance, so the chdlgﬁlﬁﬂ of the beam. Under proper conditions, the instability sglite

phase volume cannot be much reduced by blowing up the 2NBeam into microbunches spaced by exactly one plasma wave-

14
verse phasg volume. E"‘?” for lower energy proton bunﬁz]e?éngth (Fig. 1). Beam particles initially located betweke mi-
the longitudinal compression to sub-millimeter scalesinexg .
crobunches are defocused by the plasma wave and form a wide

a long R system to provide the necessary energy chirp éjoqgalo around the bunch train (Fig.2). Although plasma-based

the bunch [17-20]. 12 _bunching is energy irfecient (as a major fraction of the proton

An alternative to extreme bunch compression is multi-bunchyeam energy is lost in the halo), it is relatively cheap argyea
wave excitation. In this scheme the plasma wave is resgnantky it is jgeally suited for first proof-of-principle experémts on
driven by a train of short microbunches spaced one Wak%‘;'elﬂroton driven wakefield acceleration.

period apart. Itis exactly this scheme that was first proose g instability of interest is the self-modulation instéti

156

as the plasma wakefield accelerator in [7]. The mu'“'WQ”{SMI), which belongs to the large family of beam—plasma in-

excitation was demonstrated experimentally by severalpg;;scg stabilities (see review [35]). The SMI can be viewed as the

[21-25] and studied in several theoretical and simulatiypeps axisymmetric mode of the transverse two-stream (TTS) insta

[26-33]. To estimate the required compression rate we assunyyjiy 136 37). The latter is characterized by a low beamsign

the wave is driven bl microbunches in the plasma of the S8M€n, < no, radial beam non-uniformity, and high relativistic fac-

; _ 5 A3 ; ; 1oL
densityny = 10°cm® as was used in [16]. The train Iength62|s tor of the beam. The SMI is a convective instability that gsow

thenNAp, * Nmm. Each microbunch must fit roughly4 o = both along the bunch and along the plasma
the wakefield period to be focused and decelerated simultane It was noticed in simulations [38] that thé SMI initiated b
ously. The longitudinal space occupied by the driver thus ha y

to be reduced from 20 to N,/4. Correspondingly, the 3 a small seed perturbation transforms a long particle be&m in

) . a bunch train. The seed perturbation is needed to give prefer
ergy spread must increase-8/(NA1,) times. For the 6.5 TeV/ . ; .
LHC bunch ancN = 10, the final energy spread is about 0’8oy, ENCE to a single unstable mode. Otherwise a competitivetgrow

or ~ 30 GeV, which is still large but will not make the machifie of several modes would inevitably destroy the beam evergn th

prohibitively expensive. If the bunch is not compresseénth
N ~ 2075/, > 100.

fully axisymmetric setup [30, 39]. If an externally seedealda

dominates, it suppresses growth of other modes and produces

w train of well-separated microbunches. Three-dimensisina

2 Ulations [40] confirmed that non-axisymmetric modes of the

s TTS instability (hosing modes [36, 37]) are also suppresised

4. The self-modulation instability s the seed perturbation is strong enough. The formed bunches
s propagate stably during very long distances, providedttiat

, L e nonlinear regime is avoided [41]. This result has opened the
The conventional method of beam bunching involves energy

chirping along the beam and subsequent longitudinal médist
bution of the _beam charge in a region with nonzero Momen- 15 completely new proton accelerator capable of producind ascelerat-
tum compaction factor [17, 20]. This method conserves theng short bunches of protons would be even better.
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Figure 3: The maximum wakefield amplitude versus the prapayaistance
for the stepped—up and unifor_m plgsmas for a simulation_ aithHC bun_chz17 for the stepped plasma profile is shown in Fig. 3 in compari-
;P;ilseti@”i'g #'.6% [47]. The inset llustrates the change in the plasemsity 1 \vith the uniform plasma case for the LHC beam. With the
219 density step, the wakefield is preserved for a long distahae a
20 large fraction of the maximum amplitude. It is particulargy
path to experimental verification of proton driven plasm&eva. markable that long acceleration distances are possibleuiit
field acceleration. 22 additional focusing of the proton beam by external quadiego
The parasitic instabilities could originate from shot mgis these were an essential part of the initial concept [15, T6g
which is very low for long beams [42], so the seed wakefieldaddition of the plasma density step is thus considered & like
does not have to be very strong either. A short electron bunchpgrade of the AWAKE experiment.
[42], a powerful laser pulse [43], a sharp cut in the bunch
current p.rofile_[4_0, 44], or a relativistic ionization fronb- _ 5. Early outline of the experiment
propagating within the drive bunch can seed the SMI quite
well. Analytical and numerical calculations, however, &av  Two beams of dferent energies were analyzed as possible
shown that bunches with long rise times (longer than or akoutandidates for the first experiment on proton driven plasma
the plasma wavelength) do not produce stable bunch #rainsakefield acceleration: a 24 GeV beam in the Proton Syn-
[30, 38, 39]. A quantitative theory which would determine:th chrotron (PS) and 450 GeV beam in the SPS. At low ener-
minimum acceptable seed strength is still missing. Avdélab gies (24 GeV), the excited fields turn out to be much lower be-
theoretical studies are mainly focused on the linear stdge aause of the quick emittance-driven blowup of the beam gadiu
the instabilities in the case of narrow beams with a constand7, 50]. Therefore the SPS proton beam was chosen. The
emittance [41, 45, 46]. However, this problem is not of alvita ten meter long plasma envisaged for the first experimentis to
importance now, since a fiicient seeding method was chosen short to produce a reliably measurable energy change of the
for the first experimental realization, which is a co-proptitggss proton beam [51, 52] (Fig.4). Therefore, injection of exter
ionization front created by a short laser pulse (Fig. 2).his.# nally produced electrons becomes a must for probing the ex-
method, the forward part of the proton bunch freely propegsat cited wakefields. With the addition of the electron beam, the
in the neutral gas and does not contribute to wakefield fagmabroad outlines of the experiment were settled, and the groje
tion. The plasma interacts with the rear part only (defined asvas proposed for realization at CERN in the Letter of Intent
the part of the proton bunch coming after the laser pulse}anfb3], which was submitted to the SPS Committee in May 2011.
this is identical in practice to a sharply cut bunch. Thisimeli.. The experimentwas recommended for further review, inclgdi
has an additional advantage of solving the problem of plasmpreparation of a Design Report.
creation as well. 244 The first version of the experimental layout is shown in
As a long-term prospect, acceleration of electrons in.«thd=ig. 5. The proton beam delivered from the SPS ring propa-
wake of a self-modulating 7 TeV LHC beam was also stud-gates through the10 m long plasma cell, excites the wakefield,
ied [47]. A test electron bunch was accelerated to 6 TeV,.thuand becomes modulated by this wakefield. The short laseg puls
proving the capability of the self-modulation scheme tackea propagates collinearly with the proton beam and servesuak d
a multi-TeV energy scale with state-of-the-art proton bgasm function of creating the plasma and seeding the SMI. The elec
The high energy gain is only possible in a longitudinally aen tron bunch collinear with the proton beam is accelerated by
uniform plasma with a small density step in the region ofin-the wakefield and characterized with a magnetic spectromete
stability growth [48]. The density step modifies the beam-evo The proposed location for the experiment was the/TT5 hall
lution in such a way that the beam shape stops changingat tl{in the so called West Area) into which the 450 GeV beam is
moment of full microbunching [49]. Otherwise the beam self-transported through the TT61 tunnel. Studies underlyimng th
organization will not stop at microbunching and will prodee early stage of the project are documented in papers [47 r&#1] a
to destroy the microbunches soon after the maximum field isonference proceedings [51, 52, 55-58]. The main beam and
reached. The reason lies in the slow motion of the defegusgplasma parameters for the earliest vision of the experiraent
ing field regions with respect to the bunch. The field evolutio given in the first data column of Table 1.
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Figure 5: First layout of the experimental installatioro(fr [53]).

Table 1: Evolution of baseline parameters for the AWAKE eipent.

Parameter Letter of Intent Design Report  Current State
(2011) (2013) (2015)

Plasma species Li, Cs, or Ar Rb Rb

Plasma densityjeo 7x10%cm?  7x10%cm3  7x10%cm™

Plasma source not decided gas cell & laser gas cell & laser

Proton bunch populatiom, 1.15x 10 3x 10" 3x 104

Proton bunch lengthy,, 12cm 12cm 12cm

Proton bunch radiug;, 200um 200um 200um

Proton energy\, 450 GeV 400 GeV 400 GeV

Proton bunch normalized emittaneg, 3.5um 3.5um 3.5um

Electron injection method not decided side oblique

Electron bunch radius. - 200um 250um

Electron energyV, - 16 MeV 16 MeV

6. Plasma uniformity challenge electrons. If the density increases with respect to thegdesi

valueng, the plasma wavelength shortens, and the defocusing

For the baseline plasma density, the plasma wavelength 5,56 of the wave catches up to the electrons and scatters the
rather shortl, ~ 1.26 mm, so the number of micro-bunches transversely [Fig. 6(a)]. If the density reduces, the wength

is large,N ~ho-zb//l|p ~ I100f rI:ielc_is offthis numbefr olf bunches ;o5 jonger, and the electrons fall into the deceleratirasgh
can add coherently only if the eigenfrequency of plasma-0SCi ot ye \wave [Fig. 6(c)]. Theseffects are less serious for the

It?tlons IS kepltdcon_stant arl10ng the plﬁsma, fotrr:erv:nse thmbgﬁa rotons because of their large longitudinal momentum. &hes
unches would arrive at the wrong phase of the plasma 0scllla; e arguments lead to a simple engineering formula forma

tion. Computer simulations of perturbed density plasma$ [5 imum acceptable density perturbation
show that the instability is less sensitive to plasma dgmsin- ’

uniformities than the linear theory [60] or simple estinsadag- 5ne/Neo = 0.25/N, 1)
gest. The accelerated electrons, however, are sensitideha

reason is illustrated in Fig. 6. As the electrons enter aoregi which is also confirmed by simulations [59].

of detuned plasma density, the plasma wavelength changes, a The required density uniformity is thus in the order of 0.25%
does the phasing of the plasma wave with respect to acostierat This unprecedentedly small number limits the choice ofipkas
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Figure 6: Relative phasing of the accelerated electron tbamdl the wave in  12ble 1), although here also serve to illustrate tfieat in general.

plasmas of the increased density (a), proper density (lo),reduced density
(©.

. . . L . 24 10 the axis at this location is ficult to realize without produc-
source to a single option —instant ionization of a highlyfemn, ., 5 honuniform region of the plasma. Because of this, thie on
rubidium vapor by a co-propagating laser pulse [61, 62]., Th,tion seen in the early design of the experiment was side in-
choice of rubidium is determined by the low ionization pelen jaction at some small angle with respect to the drive beas axi
tial and heavy atomic mass which was shown necessary 0, avold 5 ction of the electrons reaches the beam axis, dephases,
deleterious ffects associated with background plasma ion, Mo, jates at the peak accelerating wakefield and forms short
tion [63, 64], which could suppress transverse and longiald, 1 hes in several consecutive accelerating buckets. [Ebe e
wakefields leading to early saturation of the self-modofain- | 4ng are then accelerated to high energies with a narrow en-
stability and stop the acceleration of witness electrorches , o4 spread (in the order of several percent). The side-injec
[63, 64]. In the plasma source, the rubidium vapor is kept ijon scheme relaxes the timing tolerances for injection sl
thermodynamic equilibrium with a constant-temperatuosed, 5 ,aticle trappingféiciency up to 50%. The optimum injection
volume. s energy found from simulation is 16 MeV. This is exactly the en
w6 ergy for which the initial electron velocity equals the whé&l
a7 phase velocity at the self-modulation stage. The minimum in
w8 jection anglexyi, depends on the relativistic factor of electrons

min ~ 0.5y52 [67]. Simulations indicate that the angle pro-

Since the drive beam shape changes in the plasma thesogh%ﬁe:
n Vel shape changes | plasma, the p 8ing the highest accelerated charge is an order of madmitu
velocity of the excited wakefield is not equal to the protoarhe higher 5 mrad)

velocity. The diference is especially large for the first 4 me-
ters. As the SMI grows, theflective wakefield phase velocity =~ The design of the electron beam injection to the plasma
is slower than that of the drive bunch [49, 65, 66] as sees irevolved as attendantfects came to be better understood. To
Fig. 7. The slow wave is problematic for accelerated pasicl preserve the density uniformity, it is advantageous to lket-e
for the same reason as for the plasma non-uniformity: the-def trons in by the same entrance valve, but with an additionial ho
cusing phase of the wave can scatter particles while wastszre [Fig. 8(a)]. Also, this scheme allows freedom in adjustihg t
travel back along the beam. Defocusing of protons does.ngilace and angle of injection. However, the low energy elec-
have such a detrimentaffect, as this is how the instability de- tron beam may be disrupted by the electric fields induced by
velops. To avoid the phase velocity problem, it was propasethe proton bunch which are especially strong near the ecgran
to inject electrons into the plasma wave at the stage of tidly, valve. Screening of the electron beam thus becomes neces-
veloped self-modulation [65]. Tapering the plasma densiig.:. sary [Fig. 8(b)]. Another deleterioudfect is electron scatter-
also discussed in this context [60, 66]. s2 ing on the rubidium gas, which roughly doubles the electron
The self-modulation fully develops and the wakefield phkasdeam radius at the focus point. The solution free from all of
velocity approaches the speed of lighzat 4 m (Fig. 7). This. the above problems was to transport the electron beam throug
would be the optimal place to inject electrons if we intentied a narrow vacuum tube separated from the gas volume by a thin
use only the speed-of-light stage of the wakefield. A vaceunioil [Fig.8(c)]. This solution was considered as the baeeli
gap in the plasma which could allow electron delivery diseet variant until the discovery of better injection methods.

6

7. Phase velocity issues
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Pulsedvalve BllEE (a) s rameter scans were made with LCODE, as it is quasi-static and

| magnet
D, = fast. The simulations of beam—plasma interactions predent
- v = in this paper were produced with kinetic LCODE unless stated
D, . 'B'O’ = Otherwise.
L[ asma R S . . . . .
—— e To get confidence in simulation results_, two spema}l testewe
formulated that bear on two key physicdtexts of interest.

- Test 1 is the long term evolution of a small amplitude plasma
wave. In this test, the proton beam density is

Pulsed valve Dipole (b)
D— magnet §
2 2 v/
- Np=05nee" /27 |1+ cos( \/j—)] ¢l < o, V21, (2)
D* Metal screen " Electrons 20,
- PSSR 8 e -— 0 and zero otherwise. Hewe = z—-ct, oy = 0, = ¢/wp and
Nettrallgas Protons + Laser w0 Npp = 0.1ne; the proton beam is assumed to be unchangeable,
1 and plasmaions are immobile. We follow the excited wakefield

2 U to the distance 30w, behind the driver and give atten-
Dipole ¢ = tion to the average wave period and conservation of the wake-
magnet

I . s field amplitude. The wakefield amplitude must stay constant
ol s at approximately @725y. The average wave period must be
Electrons

Figure 8: Various designs of electron beam side injection.

5O s Cclose to 100054;; it must exceedl, because of nonlinear ef-
Eiasma ‘“m 7 fects [74]. The driver (2) excites a wave of approximately th
BEEIEED s Same amplitude as the hard cut edge of the proton beam does.
w0 The distance 3006/ wp is 5o, for the baseline plasma density.
Pulsed Valve s The test shows how well the initial seed perturbation isaepr
an duced by the code. Figure 9(a—c) illustrates that the ldneti
sz LCODE passes the test when set to high resolution and fails at
l sz lower resolutions. Figure 9(d,e) shows agreement betwaieh fl
s LCODE and QuickPIC in reproducing the spatial profile of the
s Wwave at a large distance behind the driver.
Test 2 concerns the growth of the seeded self-modulation in-
8. Supporting simulations stability. The beam parameters are those from the first ddta c
umn of Table 1. At the entrance to the plasmazat 0) the
From the very beginning, the development of proton driverbeam density is
plasma wakefield acceleration has been guided by computer
simulations. However, self-modulation of a long protontbea = 0.5n,,e"/2h |1 + cos( \/Ei)]
in the real geometry turned out to be dhdiult task for sim- 202
ulation codes. Parameters of the experiment fall far beyond —opV2r<£<0, (3)
the area for which most codes were originally developed and .
tuned. The smallest scales that must be resolved in siranati and zero otherwise. Here
are those of the plasma wa\Leg1 for time andc/wy for length. Nbo = L (4)
If compared with the plasma wavelength, beams and interacti (27)3207F ap
distances are very long. In AWAKE, proton bunches of lengthine peam energy spreadsidh, = 135 MeV, the transverse emit-
up to 300Q/wp must propagate S00@wp in the plasma. The  tance isg, = 8um mrad, and plasma ions are immobile. We
energy depletion length for this beam is aboutc}@,. In[47]..,, ook at the maximum wakefield amplitude excited at varipus
electrons propagate2x 10°c/wp to gain 6 TeV. For compati; (Fig. 10), irrespective of the position of the maximum inarel
son, the electron beam used in the SLAC experiments [S]Wagon to the beam head. There is no analytical predictioner t
shorter than 16/wp and propagated up to 85000y, = wakefield amplitude, so the resultis characterized by ageee
Because of the complexity of the problem, several wellyith high resolution runs and between the codes. Although th
benchmarked codes were used in AWAKE related studieg;, kigependencies produced witHfdirent codes do not coincide ex-
netic LCODE [68-70], fluid LCODE [28], OSIRIS [34], Quick: actly, the agreement in Fig. 10 is considered to be good,eas th
PIC [71], and VLPL [72, 73]. Diferent plasma models im:- process is very sensitive to simulation accuracy becautieeof
plemented in these codes made it possible to choose the ogzponential growth of perturbations. Compliance with teist
timum simulation tool for each task. The interplay of fhe js necessary for reliable simulations of the seeded initabi
SMI and non-axisymmetric (hosing) perturbations was stud-
ied with three-dimensional particle-in-cell codes VLPLdan 9. Hiah charge driver
OSIRIS. Axisymmetric beam perturbations in the axisymmet- g 9
ric plasma wave were mainly simulated with two-dimensional The proton bunch populatiad, = 1.15 x 10'* discussed in
LCODE and OSIRIS and cross-checked with QuickPIC. Paearly studies is typical for multi-bunch operation of theSSP
7
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Figure 10: Results of the test 2 for several codes in (a) nbamé (b) semi-

logarithmic scales.

but can be increased. In the single-bunch operation regime,
bunches with up tdN, = 3 x 10" protons can be stably pro-
duced at the same bunch length, and this value becani® t

appeared at these higher densities in simulations: limitat
on the wakefield amplitude caused by nonlinear wavelength
elongation [74, 75], motion of rubidium ions [63, 64], break
ing of the plasma wave, and positive plasma charging afeer th
wave breaks [76]. This new regime of beam-plasma interac-
tions turned out to be morefticult for computer simulations,

as the breaking wakefield is always accompanied by numeri-
cal noise in available codes. Because of this, the wakefield i
most theoretical papers is characterized by a scaled whkefie
potential

/c
D(r,é,2) = wp f E,(r,z 7) dr, (5)

H\g]ich behaves more smoothly than the electric field (Fig. 11)

baseline choice in 2013. The denser driver not only prodtices Both the potential (5) and the electric fielid oscillate with

a stronger wakefield (Fig. 11), but also brings the beam+~yd&'s

interaction into a qualitatively new regime. Severdigets havé?

Z,max
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Figure 11: Calculated maximum amplitudes of the acceleydield Ezymaxand406

of the wakefield potentialbmax excited along the bunch plotted as functions

of position along the plasma for proton bunch populatidas= 1.15 x 1011477

(lower curves) and\p = 3 x 10 (upper curves). The curves overlap for4he

low population.

409

8

the plasma frequency. Envelopes of on-axis potential lascil
tions (atr = 0) are shown in Fig.12 for two beam popula-
tions. The horizontal direction in Fig. 12 is the distancenal

the beam, the vertical direction is the distance along thsmpé,

and color is the wakefield amplitude. Figure 12 gives an idea
of how the wakefield evolves in space and time and also shows
the qualitative diference between the two baseline cases. The
higher amplitude wave in Fig. 12(b) quickly decays aftechea

ing the maximum along the beam, while the lower amplitude
wave [Fig. 12(a)] persists long after the beam passage. tn bo
cases the wakefield decays at the plasma end because of bunch
train destruction [48, 49]. Figure 12(c) in comparison with
Fig. 12(b) shows theffect of ion motion. As the initially uni-
form ion background is perturbed by the wave|éag> 25 cm),

the wave almost fully disappears, as Ref. [64] predicts. How
ever, this is not the only reason for the high amplitude wave t
disappear: the wave amplitude can quickly go down even with
immobile ions, because of wave nonlinearity [74]4at 3 m in

Fig. 12(c)).
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24 ergy [75], and the length of the high field region is roughly
s proportional to the square root of the driver energy. Theesf
s reduction of the proton energy from 450 GeV to 400 GeV is of
' ' ' ! ' ' 27 No significance.

€], cm a28 The gforts to develop the AWAKE project are summarized
a0 in the Design Report (DR) [78] and its numerous supplements.
a0 The background physics is also presented in papers [61079, 8
1 and conference proceedings [69, 81-85]; Refs. [86—89]are e
. lier status papers describing evolution of the project inggal.
s On the basis of Design Report, the AWAKE experiment was
«  approved in August 2013 and now is under construction. The
s main parameters of the experiment, as they appear in the De-
«s  Sign Report, are given in the second data column of Table 1.
a7 The status of the AWAKE experiment has been presented at
. this conference [1].

=
w
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—_
w
33
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|®| , GV/m

(©) s 11, On-axis injection of electrons

Figure 12: Maps of the wakefield amplitude for (a) low beamuation, Np =40 Side injection of electrons is technically challenging ][90
1.15x 10, (b) high beam population, = 3 x 10, and (c) high bea), and has a serious disadvantage in that the parameter window
population with immobile fons. «2 in which both trapping and acceleration are good is rather na

w3 row. Figure 14 shows how the final energy spectrum of elec-
10. From conceptual design to technical design «a  trons changes if injection parameters deviate from thencadti

s values. For the Design Report, the following parametereslu

The AWAKE experiment came closer to reality as a merewere used: injection angle for electron beagn= 9 mrad, elec-

suitable site for it was found in the CNGS (CERN Neutrinos totron beam energW, = 16 MeV, injection delay with respect to
Gran Sasso) beam line. The CNGS deep-underground area [7Tle ionizing laser puls& = 13.6 cm, electron beam trajectory
is designed for running an experiment with high proton beanintersects the axis @ = 3.9m. These parameters were ob-
energy, just like AWAKE, without any significant radiatiosséo tained from computer simulations. It is expected that thealc
sue. The facility has a 750m long proton beam line designedptimum injection parameters will fier from these so that ex-
for a fast extracted beam at 400 GeV. Installing the AWAKE perimental flexibility is required, which is ficult to achieve
experiment upstream of the CNGS target (Fig. 13) was deteiin the side-injection scheme. Therefore, the possibilitysing
mined to be possible with only minor modifications to the #ndon-axis injection in search of a good operation regime fet fir
of the proton beam line; these include changes to the fina foexperiments was investigated.
cusing system and the integration of the laser and electramb The term “on-axis injection” refers to propagation of both
with the proton beam. At energies above 75 GeV, the maximunelectron and proton beams along the same line starting from
field generated in the plasma weakly depends on the drivet efthe entrance to the plasma. This injection method was lilyitia

9
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Figure 14: Final electron energy spectra for the baselide isijection variant ~ Figure 16: Simulation of plasma edge smearing after inatatus opening the
and for several variants with slightly detuned injectiongpaeters (indicated ~ valve with a Direct Simulation Monte Carlo (DSMC) code [102]
near the curves).

800 - =6 mrad w3 fact is of particular value, as the electron beam size in some
> N « regimes may be blown up due to interaction with the proton
3 600 1 s beaminthe common beamline upstream of the plasma cell [93].
Q o ags In the first stages of the experiment, it has been decided to in
2, 0,=3 mrad . ; .

S 4001 7 jectlong bunches of electrons so that the exact phasingthgth
2 we  proton bunch modulation is not an issue. The electron busiche
5 s Will be in the order of 10 ps long and will thus cover several
@) 5 DR . .

00 1 ~ s modulation cycles. Once the SMI is better understood and op-

. baseline k n , p
UL on-axis 1 timal parameters are found, it is planned to inject shorteda
0

«2 bunches at the desired phase. The details on the electroresou
w3 and injection system are given in [94, 95].

a0 The on-axis scenario became the baseline injection option f
Figure 15: Final energy spectra for the optimized on-axjsciion into thé™ A_WAKE n Aprl| 2014, and the facility .SUbSyStemS were de-
sharp-boundary plasma (thick line) and for three optimizants of side ifee  Signed for this scheme. Elements of this work are documented

jection: DR parametersyo = 3mrad,We = 20MeV, & = 12cm,zp = 2myer  iN conference proceedings [93—-100].
andag = 6 mrad,We = 10 MeV, & = 10cm,zp = 1.7 m.

00 05 10 15 20
Energy, GeV

«s 12. Density transitions at the plasma cell ends
considered infective because of wakefield phase velocity is-

sues, and early computer simulations confirmed this assggsm The entrance region in which the plasma density gradually
[54, 65, 67, 81]. However, a parameter window for high tkap-increases from zero to the nominal value is potentially éang
ping rate and ficient acceleration was found [91, 92]. TFhe ous for the axially propagating electron beam. Thie@ is sim-
better performance is possible because of a supraluminegva ilar to the plasma lensfiect [101]. There is a radial force from
wave that appears at the stage of developed self-modukation the magnetic field of the proton beam which is partially neu-
a certain delay behind the ionizing laser pulse. If the viglee tralized by the plasma. This force always focuses protods an
of the injected electrons is close to or greater than the gghaglefocuses the electrons. The electric force can overcome th
velocity of the wave at the driver self-modulation stagesnia  defocusing, but only in a slowly-varying density plasmah-Ot
the electrons are trapped by the wakefield and kept in the perwise, the radial electric force acting on an electronliages
tential wells until the driver beam is fully bunched. Aftéiat;: as the electron moves to regions dfdrent plasma density, and
the electrons are continuously accelerated with the raitedéies it average becomes negligibly weak. For the parametehsof t
pends on the distance between the electron bunch and the se®/AKE experiment, a transition region of length about 10 cm
laser pulse. su IS suficient to defocus the electrons [92].

The parameter window for good on-axis injection is alsospar- In its early versions, the AWAKE baseline design had fast
row, but unlike side injection it depends on a single paramet valves located at the ends of the vapor column. With the galve
— injection delayé. — that is easily controlled by timing. Al: closed, the temperature uniformity ensured the vapor tensi
though the simulated final electron energy spectrum foras-a uniformity along the gas cell. Fluid simulations of the rdilim
injection is not as narrow as for the best side injectionarats:s vapor flow showed that the opening time ( 10 ms) of state-of-
(Fig. 15), there are enough electrons to characterize thel-ac the-art fast valves (developed for AWAKE with VAT, Switzer-
erating ability of the wakefield. Simulations [92] also iodie:s land) cannot ensure a short enough density ramp. With this
that electrons injected at radii up to 0.4 mm are still trappg:.s opening time, the density ramp is about 1 m long (Fig. 16).
the wave, so the requirements on electron beam focusing are To shorten the transition area, the solution with a continu-
somewhat relaxed for the first stages of the experiment.s.Thisusly leaking flow through orifices at each end of the vapdr cel

10
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140

was proposed (Fig. 17). The rubidium sources should be glace
as close as possible to the orifices to minimize the dengitpra
length. Thus there is a continuous flow of rubidium from the
sources to the plasma cell and afterwards from the plasrha cel

defocusing force
on electrons

to the expansion volumes through the orifices. The wallsef th

Figure 19: The radial force exerted on an axially movingtiéltic electron in

expansion volumes should be cold enough to condense all r're plasma of the densityd102cm 3. The laser pulse is at= 0. The vertical
bidium atoms. The residual pressure in the expansion vadumenxis is inverted for better visibility of the surface.
decreases with the temperature decrease. From the ptactica

point of view, it is desirable to keep the walls below @9 the
melting temperature of rubidium.

Simulations with an in-house DSMC code and COM%QOLdensity gas in the expansion volume is ionized by the laser

Multiphysics (a Finite Element Method based software) con
firmed that the density transition area in the case of contisSAL{
flow is as short as several centimeters (Fig. 18). The onws’g
density in the expansion volume near the orifice is [103]

543

44

D 5.
Mo il 6).n

2" Jezpy+025)

whereD = 10 mm is the orifice diameter, awd is the distance
to the orifice. The plasma density follows the same densiy4pr
file.

No =

549

550

13. Oblique injection

551

pulse in the same manner as in the plasma cell. The proton

beam excites the seed wakefield in this low-density plasnth, a
this wakefield is defocusing for electrons (Fig. 19). The &kmp
tude of the defocusing force is approximately constant indew
(almost four orders of magnitude) interval of plasma désit
from ~ 2 x 10''cm to the nominal value of % 10%cm 3.
According to formula (6), the defocusing region is 15cm long
This distance is diicient to deliver the radial momentum of
about 0.5 MeYc to electrons thus preventing their trapping by
the plasma wave.

Fortunately, the defocusing region does not extend beyond
the radial plasma boundary (Fig.19). The electrons that pas

The continuous gas flow through the orifices reduces-théhe upstream expansion volume outside the ionized area prop
length scale of the density transition area, but does noteonfgate almost freely and some of them can even receive a small

pletely dispose of the problem of electron defocusing. Dhest
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Figure 18: Simulated rubidium pressure in the vicinity o tifice. The insét°
shows the gas density distribution along the axis: the théck(grey) line ist
DSMC simulations and the thin black line is the approximai(6). 572

11

focusing push of several mrad. The loss of electrons at the de
sity transition region thus can be avoided with the oblique i
jection (Fig. 20). In this scenario, the electrons appraoieh
axis in the region of constant plasma density and therefete g
trapped into the established plasma wave. The required-inje
tion anglee; and radial éfset of the electron beam at the orifice
are small enough, so the oblique injection does not requiye a
changes in the facility design, as compared to the on-axis in
jection. The optimum values found in simulations are: etect
delayé. = 11.5c¢cm, injection angle; = 2.8 mrad, and focusing
pointz; = 140cm.

The region of good trapping is quite large in the space of
injection parameters, as compared to the electron beamajiort
(Fig. 21), so no sharp tuning of the injection angle or foaisp
is required for the best performance. Figure 21 was obtdored
a realistic density profile with the transition area deslibby
formula (6) and foe = 11.5cm. It also shows that electrons
that propagate along the axis of the proton beam have no ehanc
to be trapped.
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Figure 21: Wakefield acceptance map. The color shows théeaatel fraction 0.98 1.00 1.02 1.04 1.06 1.08 1.10
of the electron charge that enters the expansion volumenpléatz = —40 cm) Relative density increase at the end of the plasma cell

at certain angle’ and radial &setr. The shaded area shows the electron beam

at the optimum injection conditions. Figure 22: Dependence of the maximum electron energy origleeisess of the

density gradient. To produce this graph, many test 16 Mewtrles injected
) with different delay,, anglea;, and radial &setr were followed up to the end
14. Ramped density of the plasma section.

The new plasma cell desigrffers the opportunity of cre- L .
ating plasma density profiles with a constant density gridie . The begtelgctron.energy sp_ectrun_wfoundm S|mulz_;1t|onsrso fa
along the plasma cell. This gradient naturally appearséf‘th |s_shown in Fig. 24 in comparison with earlier basellne ressul
continuous flow of rubidium vapor through the entrance®nd 19Ner electron energies (Fig. 22) are also possible aetarg
exit orifices is unbalanced. The gradient could have a valiie ¢ but at the expense of reduced trappirfgceency. These

several percent over 10m. Unlike shorter scale perturhgtio ggz%rsziztnzgﬁ?('g;;Bglttr‘]d:nt;: gﬁg%ﬁg ||i?f§§:|3meniof ¢
he gradient has no dir rimen n th 2 ) ' o
[59], the gradient has no direct detrimentéket on the accesos plasma density by 1% over 10m. About 40% of injected elec-

erated electrons, and the limitation (1) is not applicabledn- . L
uniformities of this long scale. The reason is that the claaﬁangf[rons are trapped and accelerated. This current baseliseets
in the last column of Table 1.

of the plasma wavelength is so slow that the proton beafh it-
self has enough time to respond to this change. The resulting

change of the wakefield structure is favorable for electrof,a 15. Longer term perspectives

celeration if the gradient is positive (Fig. 22), as it coldrthe

phase of the plasma wave [104]. ThiSeet is illustrated bys The optimal proton-driven plasma wakefield accelerator
Fig. 23 with the case of strong gradients. The amplitude @f.th would use single short proton bunches to drive the plasmawav
electric field is approximately the same in both cases. Hewev An accelerator capable of producing high-energy bunches of
electrons gain energy only in case of positive density gratdi:  protons with about 10@m length does not exist yet and the
A negative density gradient results in a gradual increashent technology for realizing such an accelerator is not cutyent
plasma wavelength and continuous drift of the wakefield ghashand. We therefore plan to push the modulation approachr as fa
towards the tail of the bunch. A positive density gradienkesas as possible to understand what is feasible.

the phase velocity of the plasma wake equal to or slightefas  As discussed in this report, it is advantageous to sepdrate t
than the speed of light (at some specific defaybehind the: modulation of the bunch from the acceleration stage. A later
laser pulse). This makes it possible for the electrons tpista phase of the AWAKE experiment would therefore likely have
phase with the wakefield and gain energy continuously uraist separate plasma cells — the first allowing for seeding andldev
end of the plasma section. «20 opmentof the SMI (likely still the rubidium cell) and the sed
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Figure 23: (top) Longitudinal motion of test electrons ie ttase of negative (-10%, left) and positivelQ%, right) plasma density gradients (black lines); the
color map shows the amplitude of the longitudinal electetdfion the axis. (bottom) The energy of these electrons.

160 s0 external helical antennas are used, the heating power can be
140 «o  Spatially distributed, allowing for arbitrary plasma l¢hg. He-
120 «1 licon sources usually operate at lower plasma densitiesttiz
2 w2 required for AWAKE, so the recent demonstration of plasma
9 100 _ «: densities as high asx710cm3 [108] was an important mile-
= 80 side s« Stone towards suitability of this approach.
go 60 645 The third concept relies on the so-called Resonance En-
(i:j 40 «s hanced Multi-Photon lonization scheme [109]. It is a three-
” «7 photon process which requires significantly lower laser grow
. «s than the non-resonant barrier suppression ionizatiorentlyr

0 0.5 1.0 1.5 2.0 25 eo  USed for rubidium ionization.

Energy, GeV 650 In addition to staging the acceleration process, the use of

1 More than one plasma cell will also allow us to implement the
Figure 24: Final energy spectra of electrons in cases of sideaxis, angl, ~density step required to freeze in the high gradient acatder
obllque'lnjec_tlon methods. The parameters for_ thg obllqum_:tlon case are required to reach very high energies.
those given in Table 1 (last column). Beam loading is takém @ecount. L .
64 It is important to study the properties of the electron bunch

s after acceleration in a plasma cell, since this will eveliyua

for acceleration of externally injected electrons [L055[LThe= lIMit attainable luminosities with a plasma based accétera
latter may need to be 10-100m long or more, and can be ﬁhséjmulatlon_ studp_s are ongoing with the ob_Ject_|ve of estab-
on other ionization techniques than laser ionization sirdees® SNiNg optimal injection parameters for applications, veal|

not require seeding of the SMI. Three other concepts hawgBedS establishing the best technology for a future electrigtin

therefore explored that would allow scaling plasma soutg®s tOf [106]. For example, how to best preserve electron beam

hundreds of meters. s quality during the acceleration process must be studieain d
s tail. The continued developments of theoretical and simula
a,Pr9on eforts, together with experimental results, will pave the

duced in a glass tube by a microsecond pulsed electric cuf-

rent [105]. With this source, stable creation of 6 meter l%‘hg way for the proposal of a high energy accelerator projectdas

almost 100% ionized plasmas of the density up (°ae->"" on proton beams and the SMI. First ideas on an energy fron-

has already been demonstrated, and the work continuesdﬁ?/avartler. elec_tron-proton collider based on our scheme has been d
. . . . . 7 . Sscribed in [110, 111].
measuring and reducing the density nonuniformity to the sub

percent level.

In the helicon source [107, 108], the magnetized plasma i46. Acknowledgements
created and heated by a right-hand circularly polarized low
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gating along magnetic field lines in a frequency regime betwwe ported by The Russian Science Foundation, grant No. 14-12-
the lower hybrid and the electron cyclotron frequency. &inc 00043. LCODE computer simulations are mostly made at
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