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Results of numerical simulation of wakefield excitation in the dielectric structure filled with plasma created in
capillary discharge are given. Three different models of dependence of plasma density on radius were investigated:
1) homogeneous, 2) parabolic and 3) the dependence obtained numerically by N.A. Bobrova [9]. The obtained re-
sults have shown that an amplitude of the accelerating field weakly depends on the model of plasma density depend-
ence. At the same time the transverse wakefield force significantly changes in an amplitude: for the model 3) ampli-
tudes of transverse force is twice higher than in the case of homogeneous plasma.

PACS: 41.75.Ht, 41.75.Lx, 41.75.Jv, 96.50.Pw, 533.9

INTRODUCTION

One of shortcomings of the dielectric wakefield ac-
celerators (DWA) limiting the effective length of accel-
eration is susceptibility of the leading bunches to beam
breakup (BBU) instability [1]. With the purpose to sup-
press a development of this instability recently it has
been proposed to fill the drift channel of dielectric struc-
ture with plasma of certain density [2]. The suggested
new accelerating structure has been called plasma-
dielectric wakefield accelerator (PDWA). Analytical
and numerical researches have shown [2-5] that PDWA
keeps the high accelerating gradients which are availa-
ble in DWA and also stabilizes transverse dynamics of
driver and the accelerated bunches. The reason of im-
provement of transverse stability is an excitation of the
plasma wave possessing the focusing properties in the
drift channel.

The researches [2-5] were made for dielectric wake-
field structures with homogeneous plasma filling the
cross-section of the drift channel. Such consideration is
right if plasma comes to the drift channel from external
source. Other, widely way of plasma creation is capil-
lary discharge. This method is used in researches on
laser wakefield acceleration (LWFA) by transmission of
currents through dielectric tube. Plasma is created by
ablation of atoms and ions from inner surface of dielec-
tric tube, or by ionization of atoms and molecules if the
dielectric tube channel is filled with neutral gas [6-10].
In the latter case on big times from the beginning of
discharge (it is more than a half of pulse width of dis-
charge current) steady distribution of plasma density
with inhomogeneous distribution of discharge density
forms [9]. At short distances from the axis this distribu-
tion is well described by parabolic dependence [9, 10]

n(r) = n,[1+0.33(r/a)’], (1)
where a is the inner radius of dielectric tube.

Investigations on excitation of wakefield in PDWA
with and inhomogeneous transverse distribution of
plasma density were not carried out so far. For practical
application of the proposed accelerating structure it is
important to know how the accelerating gradient and
focusing forces of test bunches will change in case
when plasma in the drift channel is created as a result of
the capillary discharge. Results of such researches are
given below.
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It should be noted that on considerable initial time
interval of capillary discharge (40 of 200 ns [9]) there is
quasihomogeneous distribution of plasma density. l.e.
PDWA operating mode with homogeneous distribution
of plasma density is possible also in case when plasma
is created as a result of the capillary discharge.

STATEMENT OF THE PROBLEM

In our researches the dielectric tube with inner radius
a and outer radius b, surrounded with cylindrical met-
al waveguide was used. The channel of dielectric tube
was filled by plasma.

The drive electron bunch passes through the slowing-
down structure and excites wakefield in it. After a certain
delay time t,, , folowing the driver bunch, in system the

witness bunch with charge by 10 times smaller, than the
driver charge is injected and gets under influence of the
drive wakefield. We supposed that the initial sizes of the
drive and witness bunches are identical. The schematic
view of cylindrical dielectric structure is shown in Fig. 1.

Fig. 1. Schematic view of a cylindrical dielectric wave-
guide. Magenta cylinder shows driver electron bunch,
blue cylinder —witness

In Table the parameters of waveguide, driver and
witness bunches used in calculation are given.

Parameters used in calculation

Inner radius of dielectric tube a 0.5mm
Outer radius of dielectric tube b 0.6 mm
Waveguide length L 8 mm
Relative dielectric constant g 3.8 (quartz)
Bunch energy Eq 5 GeV
Total driver bunch charge 3nC

Total witness bunch charge 0.3nC
Bunch axial RMS dimension 2c (Gaussian | 0.1 mm
charge distribution)

Full bunch length used in PIC simulation 0.2 mm
Bunch diameter 2r;, 0.9 mm
Axial plasma density 4.41x10%cm™
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Three different models of dependence of plasma
density on radius were investigated: 1) homogeneous,
2) parabolic with square dependence on radius (1) and

3)the  dependence  obtained numerically by
N.A.Bobrova [9] when modeling capillary discharge
(Fig. 2).
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Fig. 2. Models of dependence of plasma density n, on
radius r
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RESULTS OF 2.5D-PIC CODE SIMULATION

At numerical simulation by means of the 2.5D-PIC
code created by us we examined a structure of wake-
field and dynamics of electron bunches at their motion
in the drift camera for three different models of depend-
ence of plasma density on radius (see above).

In Fig. 3 comparative snapshots of the Lorentz force
components affecting on test electron in dielectric
waveguide with plasma filling for the time t =26.69 ps

from the beginning of injection of driver bunch for dif-
ferent dependences of plasma density on radius are
shown: a) homogeneous, b) parabolic(1) and c) the de-
pendence obtained by N.A. Bobrova [9].

A possible locations of accelerated bunches com-

bined with dependences of longitudinal F,(z) and

transverse forces F (z) at r=0.45mm for the same

time as in Fig. 3 for different dependences of density of
plasma on radius are shown in Fig. 4.
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Fig. 3. Color maps and level lines for transverse F, (r, z) (at the left) and longitudinal F, (r, z) (on the right)
components of Lorentz force, affecting on test electron for time point t = 26.69 ps from the beginning of injection of

drive bunch for different dependences of plasma density on radius: a —homogeneous, b —parabolic, ¢ —the depend-
ence obtained by N.A. Bobrova et al. [9]

The magenta rectangle near output end on the configu-
ration space of Fig. 4 shows the position of drive bunch.
Cyan vertical segments have noted the possible place-
ments of the witness bunch providing not only its accel-
eration in a local maximum of the longitudinal force F,,
but also the transverse focusing caused by negative value
of transverse force F, in these locations.

As appears from Fig. 4 amplitude (to 200 MeV/m)
and frequency (372.2 GHz) characteristics of the longi-
tudinal (accelerating) wakefield component weakly
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depend on what model of dependence of density of
plasma on radius is used in calculations. At the same
time the transverse (focusing) wakefield component
significantly changes both amplitude, and frequency
characteristics. Thus for model proposed by
N.A. Bobrova (see Fig. 4,c) amplitudes of transverse
field is approximately twice more, and the frequency by
1.4 times higher, than at homogeneous distribution (see
Fig. 4,a). It should be taken into account at elaborating
the two-beam plasma-dielectric wakefield accelera-
tor [2-5].
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Fig. 4 Longitudinal F,(z) and transverse forces F,(z)
at r=0.45mm for the same time as in Fig. 3: a —ho-

mogeneous plasma, b —parabolic plasma density (1),
¢ —the plasma density dependence obtained by
N.A. Bobrova. Cyan rectangles show possible locations of
accelerated bunch and magenta rectangle is location of
drive bunch

To provide the required shift of the witness bunch
relative to driver it is necessary to carry out the injection
of the accelerated bunch with certain delay t,,, .

Let's consider case of homogeneous plasma. Then to
provide the required placements of the witness bunch
shown on Fig. 4,a, delay of injection of the witness

bunch must be t, =1.651ps, t, =7.273ps or
t =13.114 ps.
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coordinate combined with dependence of longitudinal
force F,(z); d, e, f —the configuration space displaying
the position of peripheral electrons of bunches combined
with dependences of longitudinal F,(z) (red curve) and

transverse forces F, (z) (blue curve). By magenta color
the points relating to drive bunch, cyan —to witness are
shown. a,d — t,, =1.651 ps, t=26.69 ps;b, e -
ty =7.273 ps, t=32.312 ps;c, f—t, =13.114 ps,
t =38.153 ps. The plasma is homogeneous
To make sure that at the chosen delays the witness
bunch will be accelerated and at the same time will be
focused, let’s pay attention to Fig. 5. The upper set of

patterns shows the phase planes energy — longitudinal
coordinate, combined with dependence of longitudinal

force F,(z) for the delays stated above. In the lower

series the configuration space displaying the position of
peripheral electrons of bunches combined with depend-

ences of longitudinal F,(z) and transverse forces F, (z)
for the same delays is shown. To show the witness
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bunch at the identical longitudinal position we have
chosen the following times: Snapshots in Fig. 5,a,d
correspond to time t=26.69 ps when the driver bunch

is near output end of structure. Snapshots in Fig.5,b, e
correspond to time t=32.312ps, and Fig. 5,c,f — to

time t=238.153 ps. At that the driver bunch has left the

structure and therefore is not shown in snapshots.

More detailed information on energy transmission
from the driver bunch to the witness is given by Fig. 6
in which distribution functions on energy of electrons of
driver and witness for the different delay of witness
bunch injection are given. Distribution functions evalua-
tion was carried out at the times corresponding to snhap-
shots in Fig. 5.
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Fig. 6. Distribution functions on energy of electrons of
the driver and witness bunches for different delay of
injection of the witness bunch. The time moments are the
same in Fig. 5, E, =5 GeV . The plasma density across
radius is constant

As appears from Figs. 5, 6, for all chosen values of
delay it is observed both acceleration of the witness
bunch, and its focusing. At that the driver bunch effec-
tively transfers energy, exciting wakefield in the studied
system. The greatest acceleration of the witness bunch
will be at t,, =13.114ps, and its best focusing at

t =1.651ps.

Let's pass to research of the bunch dynamics in plas-
ma with the parabolic law of changing of plasma densi-
ty on radius (1). In this case to provide the required po-
sitions of the witness bunch shown on Fig. 4,b, delay of
injection of the witness bunch must be t,, =1.651ps or

ty = 7.006 ps . In Fig. 7 the phase planes energy — longi-

tudinal coordinate, the configuration space displaying the
positions of peripheral electrons of bunches, and also

dependences of longitudinal F,(z) and transverse

F.(z) forces are represented.
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Fig. 7. The same, as in Fig. 5 for parabolic dependence
of plasma density on radius (1), a, ¢ — t,, =1.651 ps,

t=26.69 ps; b, d —t, =7.006 ps, t=32.045 ps
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Energy distribution functions of electrons of the driv-
er and witness bunches for the specified values of delay
of injection of the witness bunch are given in Fig. 8.
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Fig. 8. The same, as in Fig. 6 for the parabolic depend-
ence of plasma density on radius

As well as in the previous case for the chosen values
of delay it is observed both acceleration of the witness
bunch, and its focusing. The greatest acceleration of the
witness bunch will be at t,, =7.006 ps, and its best
focusing at t,, =1.651ps.
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Fig. 9. The same, as in Fig. 5 for dependence of plasma
density on radius obtained by N.A. Bobrova, a, d —
t, =1.651 ps, t=26.69 ps; b, e —t,, =9.607 ps,
t=34.646 ps;c, f-t, =14.962 ps, t=40.001 ps

And let's finally turn to research the dynamics of
bunches in plasma with the law of density change on
radius obtained in numerical simulation by
N.A. Bobrova et al. [9]. Then for ensuring the required
positions of the witness bunch shown on Fig. 4,c, delay
of injection of witness bunch must be t,, =1.651ps,

ty =9.607 ps or t,, =14.962ps. In Fig. 9 the phase

planes energy-longitudinal coordinate, the configuration
space displaying the positions of peripheral electrons of

bunches, and also dependences of longitudinal F,(z)

and transverse F,(z) forces for the examined case are
represented.
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Fig. 10. The same, as in Fig. 6 for dependence of plasma
density on radius obtained by N.A. Bobrova et al. [9]

Distribution functions of electrons of the driver and
witness bunches on energy for the specified sizes of de-
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lay of injection of the witness bunch are given in
Fig. 10.

As appears from Figs. 9 and 10, effective acceleration
of the witness bunch together with its focusing in the
case under consideration of dependence of plasma den-
sity on radius is observed only at delay t,, =1.651ps.
At delay t,, =9.607 ps only the small part of electrons
of the witness bunch is accelerated, though good focus-
ing of bunch is observed. If to choose delay
ty =14.962 ps we will receive both bad acceleration,
and poor focusing of the witness bunch.

As at delay t,, =1.651ps it is observed both acceler-
ation, and focusing of the witness bunch for all studied
dependences of plasma density on radius, comparison of
these parameters is of interest. The phase planes energy
— longitudinal coordinate and the positions of peripheral
electrons combined with dependences of longitudinal
F,(z) and transverse F (z) forces for different de-
pendences of plasma density on radius are given in
Fig. 11: a) homogeneous, b) square, ¢) the dependence
obtained by N.A. Bobrova et al. [9].
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Fig. 11. a, b, ¢ —the phase plane energy — longitudinal
coordinate combined with dependence of longitudinal
force F,(z);d, e, f —the configuration space displaying
the positions of peripheral electrons of bunches combined
with dependences longitudinal F,(z) (red curve) and

transverse forces F (z) (blue curve) for different de-

pendences of plasma density on radius: a, ¢ —homogene-
ous; b, e —square; c, f —the dependence obtained by
N.A. Bobrova et al. [9]. The delay is t,, =1.651 ps

In Fig. 12 distribution functions of electrons of the
driver and witness bunches on energy for different de-
pendences of plasma density on radius at delay
t,, =1.651ps are shown.
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Fig. 12. Distribution functions of electrons of the driver
and witness bunches on energy for different dependences
of plasma density on radius: a) homogeneous, b)
parabpolic (1), c) the dependence obtained by
N.A. Bobrovaetal. [9], E, =5GeV. The delay is

ty =1.651 ps
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Comparing Figs. 11 and 12 it is possible to conclude
that the greatest acceleration and focusing of test bunch
are observed for the dependence of plasma density ob-
tained numerically by N.A. Bobrova et al.[9].

CONCLUSIONS

The results of numerical researches of excitation of
wakefields and dynamics of the charged particles in the
plasma-dielectric wakefield accelerator with transversal-
ly inhomogeneous are presented.

The analytical researches carried out earlier in linear
approach for homogeneous plasma have shown that
PDWA allows to accelerate the test bunch and at the
same time to focus it. The results of numerical simula-
tion by "particle in cell" method, given above, testify
that inhomogeneity of plasma in transverse cross-
section is noncritical and PDWA advantages with ho-
mogeneous plasma remain. l.e. even if plasma in
PDWA is created by capillary discharge [9], opportunity
to accelerate and focus test bunch remains. Moreover,
the greatest acceleration and the best focusing of test
bunch are observed for the dependence obtained numer-
ically in work [9].

It should be note that the witness bunch is focused
both in homogeneous, and in inhomogeneous plasma.
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YUCJIEHHOE MOJIEJIMPOBAHUE BO3BYKJIEHUS KMJIbBATEPHBIX ITOJIEN
B JUDJIEKTPHYECKOM CTPYKTYPE, 3AIIOJTHEHHOM HEOJJTHOPOIHOM IJIA3MOM

IIL.U. Mapkos, H.H. Onuwenxo, I.B. Comnukos

ITpuBeneHsI pe3ynbTaThl YUCICHHOTO MOJCITHPOBAHNS BO30YXKICHUS KMIBBATEPHBIX MOJICH B TUIIEKTPUIECKOM
CTPYKTYpE, 3allOJIHEHHON NIa3MOH, CO34aBaeMOH B KalMIUIIPHOM paspsje. bbumu mccienoBaHsl TPU pasMYHbIX
MOJIETIM 3aBUCHMOCTH IUIOTHOCTH TIJIa3MBI OT pajuyca: 1) oqHopoaHas, 2) KBaapaTHas U 3) 3aBUCUMOCTb, ITOJy4eH-
Has unciaeHHo H.A. Bo6posoii [9]. [lonydeHHbIe pe3ynbTaThl MOKA3aH, YTO aMIUTUTYa YCKOPSIOIIETOCs MOoJIs CJia-
00 3aBHCHUT OT MOJEIN 3aBUCUMOCTH IUIOTHOCTH IUIa3Mbl OT paguyca. OJHOBpPEMEHHO ITOTepevHasl KHibBaTepHas
CHUJIa 3HAYUTEIBHO U3MEHSAETCS 10 aMIUIUTYJE: JUIs MOJeNu 3, aMIUTUTY/Aa IONEepEevHOM CUIIbI BJIBOE BBILIE, YEM B
cllydae OJJHOPOAHOI ma3mMel (Mozens 1).

YUCEJIbHE MOJIEJTIOBAHHS 35Y/KEHHS KIJIBBATEPHUX IOJIB Y JIEJEKTPAYHIN
CTPYKTYPI, IKA 3AITOBHEHA HEOJAHOPIITHOIO IIJIA3MOIO

IL1. Mapxos, .M. Oniwenxo, I.B. Comnixos

HaBezeHi pe3ynpTaTy 4UCENFHOTO MOJETIOBAHHS 30y/UKEHHS KUTbBaTEPHUX TONIB y JieNEKTPHUHIN CTPYKTYDi,
3aMI0BHEHOT TUIa3MOI0, CTBOPEHOIO Y KaIApHOMY po3psifi. Bymu mociimkeni Tpu pizHI MOJIEN 3aJIeKHOCTI HIUTBHO-
CTi ra3mu Bif pajiyca: 1) ogHOpigHa, 2) KBagpaTHyHa i 3) 3anexHicTs, oTpuMana gncensHo H.A. Bo6posoro [9].
OTpuMaHi pe3yinbTaTH MOKa3aJi, M0 aMIUITYyAa MPUCKOPIOBAHOTO TIOJS CIIA0KO 3aJeKUTh BiJl MOJENI 3aJICKHOCTI
IIUTBHOCTI TIa3MU Bif paaiyca. OJJHOYACHO MOTepeyHa KiTbBaTepHA CHIIA 3HAYHO 3MIHIOETHCS 32 aMILTITYIO0: IS
MOJIeNi 3 aMILTiTy/1a OMIePEYHOI CHIIH BJIBIYi BHUIIE, YUM Y BHMAJKY OJHOPIAHOT u1a3mu (Moaensb 1).
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