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Plasma Source Test and Simulation Results for the
Underdense Plasma Lens Experiment at the UCLA
Neptune Laboratory
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Abstract—The planned plasma lens experiment at the UCLA neutralized because of a rather large skin depth compared to
Neptune Laboratory is described. In the experiment, electron the beam size. Hence, the focusing force is dependent on the
Eﬁggs dl:":gzo‘;”ofeggrgﬁ [?Lll}v?/i d'\t/lhe\Qt ﬁaﬁ‘t‘r??xeim(ﬂcmdf (Egl’HiAr;? a transverse beam density profile. Since transverse beam densi-
are designed to be produced from the 1.625-cell photoinjector ties f"‘re generally nonunlform, the tran_sverse f(.)cus.lng force IS
radio-frequency gun (f = 2.856 GHz) and PWT linac in honlinear. Therefore, spherical aberrations are inevitable in the
the Neptune. The generated beams are passed through a thinoverdense plasma lenses. In the underdense regime (),
underdense argon plasma with a density of low 1@ cm-3 range however, when a beam propagates in a plasma almost all plasma
and a thickness of a few centimeters. For this experiment, a g|actrons are ejected from the electron beam cross-section due
LaBg-based discharge plasma source was developed and tested. Ir}O a strong space-charge force of the beam. Backaround ions
this paper, the overview of the planned plasma lens experiment gsp 8 g o 9 o
and the test results of the plasma source for various conditions a&reé much heavier than electrons, and the ion-plasma oscillation
are presented. In addition, computer simulations with a 2-1/2 period is much longer than the beam pulse duration. In this
dimensional particle-in-cell code (MAGIC) were performed and case, the background ions are almost stationary. As a result, a
the simulation results are shown. nearly uniform ion channel is formed and this ion channel gives

Index Terms—Discharge plasma, electron beam, photoinjector, a radially linear focusing force to the beam. This is one of the
plasma lens. major advantages of underdense plasma lenses over overdense

plasma lenses.

|. INTRODUCTION As mentioned above_, extensive theore_tical and experimental
) _ works have been previously performed in the area of plasma

OCUSING charged particle beams with plasmas has begsing. However, the majority of the previous efforts were
studied extensively both theoretically and experimentallyyncentrated on overdense plasma lenses [10], [11]. Although
Although it has a rather long history [1], [2], new application§,me simulation and conceptual studies [4], [12], [L3]have been
and methods are still developed and studied. In recent yegi§ne in the underdense plasma regime, little experimental work
for example, plasma-based lenses are actively stgdledior R3s been performed. At the Argonne Wakefield Accelerator
tential applications to final focusing of next-generationt-c™ 4y (AWA), experiments in the underdense plasma regime
linear colliders because high-density plasmas can provide @are gone in association with plasma wake-field accelerations

extremely strong focusing force [3]-[5]. In addition, plasmg, 41 At AwA, they observed a nearly equilibrium transport

wake-field acceleration [6]-[9] is studied in connection withy¢ tha peam body over many depths of focy. (For useful

plasma lenses. __plasma lenses, however, the plasma should be thin and strong
Basically, plasma lenses for electron beams can be d'V'dE(Sj as to focus the beam well below its initial size. Another

into tyvo types, depending on relative plasma density to beaé?periment is under way at SLAC (E-150). They use a gas jet
density: overdense and underdense plasma lenses. In amﬂ laser for high-density>(10'¢ cm-3) plasma generation.

overdense regime, t_he plasmq densiy is larger than the,For this experiment, a very high energy beam (30 GeV) is
electron beam density,,. In this case, the beam charge i$qoq.

almost completely neutralized, but the current is partially ¢ the UCLA Neptune Laboratory, we have an ongoing

plasma-lens experiment in thin underdense regime. Beam and
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Fig. 1. Block diagram of the experimental facility.
1.0 T T 7T T T 7 the plasma oscillation period;l. To generate this kind of

J long pulse electron beams, long laser pulses are used, unlike
0.8 i in other experiments at the Neptune Laboratory. The long
‘ laser pulses can be generated by bypassing the frequency
] 7 chirping optical fiber and the pulse compressing gratings in
0.6 — — the present photocathode drive laser system [18]. In other
words, 1.064sm mode-locked Nd : YAG laser beams&0-ps
FWHM) from Antares are directly injected into the Nd: glass
04+ 7] regenerative amplifier, and then the laser beams are sent to
e - the two frequency-doubling crystals (BBO's) for frequency
quadrupling. In this process, the pulse length is shortened by
the nonlinear crystals because conversion efficiency in the
i crystals is approximately proportional to the square of the input
0.0 —T T T T T T T T3 laser intensity. Hence, the shortened ultraviolet (266 nm) light
0 10 20 30 40 50 60 70 is eventually injected into the copper photocathode RF gun for
photoelectron generation. The electron beams are accelerated to
about 4.5 MeV by the RF gun, and they are further accelerated
to about 16 MeV by the PWT linac. The high energy electron
beams are then injected into the plasma chamber for focusing.
Since pressure in the plasma chamber is in the several mtorr
Il. PLANNED EXPERIMENT FOR ATHIN UNDERDENSEPLASMA  range and the RF gun requires high vacuum, a differential
LENS AND TEST RESULTS OF THEPLASMA SOURCE pumping system is placed between the beamline and plasma
chamber to separate them.
Experimental design parameters for the beam and plasma are
For the underdense plasma lens experiment, the Neptwuenmarized in Table I. As shown in the table, long and high-
beamline [17] and the argon discharge plasma source are uskdrge electron beams with 30-ps duration (FWHM) and 4 nC
Fig. 1 shows a block diagram for the experiment. As shown, thee injected into the argon plasma with a densitppf~ n, /2
experimental facility consists of the photocathode radio-fréunderdense) and a thickness of about 2 cm. In this case, it is
qguency (RF) gun (1.625 cells), PWT linac (7 and 2 half-cellsgstimated that the focal lengfhis about 7 cm and the beam size
Klystron (SLAC XKS5, f = 2.856 GHz), photocathode drive is reduced by a factor of about 0.14. The focal length is larger
laser f = 266 nm), plasma source, diagnostic tools, etc. Ithan the plasma thickness so that this plasma is a thin plasma
this experiment, long pulse electron beams will be used, whitdns. More detailed analysis and comparison with simulation
are defined here as beams such that the beam dursjiim results are presented in Section 1l
longer than the electron-plasma oscillation perigd . Fig. 2 The focused beams are analyzed with diagnostic tools. For
shows the approximate electron beam profile [full-width atking time-integrated beam images, a charge-coupled-device
half-maximum (FWHM) pulse duration=30 ps], which was camera and an undoped YAG slab with a thickness of 0.5 mm are
used in the previous overdense plasma lens experimentusgéd. The YAG slab is installed downstream of the plasma and
UCLA, and a similar beam profile will be used in the newcan move longitudinally along the beam direction. Hence, trans-
underdense plasma lens experiment. In this scheme, the freaitse beam profile measurements at different positions yield in-
part of the beam is used to produce a uniform ion channel, aisdmation about dynamical plasma focusing. In addition to the
the remaining part of the beam (rear part) is focused due YBG slab, a Cherenkov radiator and a streak camera with a few
the ion channel made by the front part of the beam. For thscoseconds resolution are used for time-resolved measurement
purpose, the front part of the beam should last for longer thafthe beams. The Cherenkov radiator is also movable along the

0.2 4 -

Relative Electron Beam Density

Time (ps)

Fig. 2. Longitudinal beam density profile for the experiment.

A. Overview of the Experiment and Design Parameters
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TABLE |
DESIGN PARAMETERS FOR THEPLASMA LENS EXPERIMENT

electron beam energy £ = 16 MeV

charge per bunch Q = 4 nC

beam duration (FWHM) T}, = 30 ps

normalized emittance ¢, = 10 mm-mrad

beam radius at the plasma entrance gg = 400 pm (transverse beam densityoc e’ﬁ/z"g)
beam density n, = 2.6x10'2 ecm™?

plasma density n, ~ n,/2

plasma thickness ~ 2 cm

Convectron Gauge  fon Gauge door gap. An electron beam is designed to pass the plasma
Solenoid “" Electron Beam transversely, and a plasma density profile along the beam path
! Solenoid : solenoid 1S Measured with an axially movable Langmuir probe in the
=| J chamber. Plasma density in the interaction chamber depends
1 m = '_ = on various parameters such as cathode temperature, pressure,
LaBg Cathode N rn_d; discharge voltage, magnetic field, and sliding door gap. Hence,
r PlasmaFlow = m m = = = these parameters were adjusted one by one to find the optimum
rmode. O i &S; condition for the experiment.
_['I:'—»AIG“ i X KR Measurements of the discharge curréptversus the dis-
re— ] \ charge voltagé’, for different cathode temperatures and argon
gas pressures are shown in Fig. 4(a) and (b). As shown in the
TMP figures, I, generally incregses ag, and pregs'ureP increase,
Butterfly Valve Sliding Door _but dependence df; on P is weak. Instead, it is _shown thag
is strongly dependent dfi.. For example, a 4% increase’in
P Phosphor Sereen leads to a 50% increase Ip for V; = 100 V and P = 2 mtorr.

LP : Langmuir Probe It means thafl, is dominated byZ... It was also observed that
for a higher cathode temperature and low pressure range, arcing
was noticeably reduced. In the case of arcihgwas large (>
200 A), but a plasma density in the beam—plasma interaction

beam path so that it can provide longitudinal dynamics informahamber was observed very small. Hence, arcing should be

tion. The experimental results will be compared with computaroided.

Fig. 3. Schematic of the plasma source.

simulations for further analysis. Fig. 5 shows the plasma density and temperature measure-
ment result in the beam-plasma interaction chamber. It was
B. Test Results of the Underdense Plasma Source obtained when the cathode temperature was Tg3and the

For experiments on the thin underdense plasma lens, an argb#ing door gap was 2.5 cm. Fig. 5(a) shows that plasma den-
discharge plasma source was developed and tested for varidtisincreases for higher discharge voltages. It also shows that
conditions. Fig. 3 shows a schematic of the plasma source. Thea fixed discharge voltage and magnetic field, a plasma den-
cathode is made of a LgRlisk with a diameter of 7 cm and Sity has a peak around 2 mtorr, and then it decreases as pressure
is heated up to ovef, = 1300 °C. The anode consists of aincreases further. This can be qualitatively explained as follows:
hollow tantalum, and a rectangular pulse voltage of up to 180generated plasma density in the discharge region will be ap-
V is applied between the anode and the cathode for several oximately linear to pressure in a low pressure regime, but it
liseconds. Since the chamber is filled with an argon gas in sé@pidly approaches saturation as the pressure is further increased
eral mtorr range during operation, an electric discharge occig&e Fig. 4). On the other hand, diffusion loss during transport
between the anode and the cathode so that an argon plasnfeor® the discharge region to the measurement region is propor-
generated. This plasma flows through the hollow anode and Bignal to pressure. As a result, the plasma density at the mea-
rives at the beam-plasma interaction chamber with the helpssfrement spot has a peaked curve.

a guiding magnetic field. The guiding magnetic field of 50-70 The plasma density measurement indicates that the plasma is
Gauss is generated by the three solenoids shown in Fig. 3. Tesakly ionized because the fraction of ionization is in the sev-
beam—plasma interaction chamber has a sliding door at the eral percent range (less than 10%). If the fraction of ionization
trance, so the plasma thickness can be adjusted with the slidimgoo low and the effect of neutral particle collisions with the
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Fig. 4. Discharge current versus voltage fora)= 1280 °C and (b)T. = 9.5 Plasmadensity and temperature versus presstif for1330 °C and
1330 °C a sliding door gap of 2.5 cm.

high-energy electron beams is significant, it will be roblemt-ranSport' In addition to plasma density, plasma temperature
9 gy g ' P was also measured. An example for a discharge voltage of 100

atic, However, a mean _free Path in typical experimental Co?ﬂis shown in Fig. 5(b). As shown, the temperature is in the
ditions presented here is estimated to be much larger than the

. o steraI eV range and decreases as pressure increases.
plasma size along the beam path. Therefore, collisional effeC o . ; .
ongitudinal plasma density profile was measured by moving

of high-energy electron beams with neutral particles are neq‘i{e Langmuir probe along the electron beam path. Two cases

gible. L . .
. . are shown in Fig. 6(a) and (b). Fig. 6(a) was obtained when

Plasma tra_nsp(_)rt from the dlscharge_ region to the M&fe sliding door gap was 1.5 cm and the discharge voltage was
surement region is affected by the confining magnetic fiel 00 V. The density profile has a peak of 16108 cm3. To
Slmcte argog.ﬁmn.s ha\f/e a Euch Igrggr Larmorl rad|us- thﬁﬁve a thinner plasma, the door gap was reduced to 1 cm and
clec ro?s, f 'ldus.'or:j 0 .W(tead yb lonize S‘.;?OF‘ P asmf:? N fhe plasma density was measured again. The result is shown
magnetic Tield 1S dominated by lons. DIfiusion coe 'C'e.n$n Fig. 6(b). As shown, the plasma thickness is smaller than in
of a plasma across a m?gnetlc ;'eld IS app_roxm_ately glvq._r?g. 6(a), and the peak plasma density (£.10'2 cm3) is also
by [flf_9]_ DtL i D(rL/Am) t'O(f'BId 5 wEereD_lstz;\] d|[fu5|on reduced even though the discharge voltage is increased from 100
code_ Icien d\;\v en ?hmagne '(; 1€ Istha _I_Sr?ﬁb f's € | armorl to 110 V. Here, it is needed to define an effective plasma length.
radius, andi,, 1S the mean free path. heretore, plasma fo I(?asma focusing force in the underdense regime is proportional

a

'Cl'in be greztly Sugpées§ed Lry mcrzasm% the magnetic tﬁ% rPlasma density so that it is appropriate to define the effective
is was observed during plasma density measurements. I thicknesé, by

other words, a plasma density in the measurement region vf?as
shown to increase significantly as a magnetic field is increased.
However, the magnetic field strength has an upper limit to use /”p(z)

the Langmuir probe for plasma diagnostics, irg,,should be by = o @
larger than the Langmuir probe tip size. Furthermore, if the P

magnetic field is too strong, it will give too much transversahere:

momentum to the incoming high energy electron beam, whichn,(z)  density profile function along the longitudinal di-
leads to a significant beam path deflection. Hence, the magnetic rection;

field was adjusted within these requirements for best plasman,, o peak plasma density.
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® 1.2F+12 .: E,;j ﬁgo\lf —] Fig. 7. Electron beam trajectory along the axial distance. In this simulation,
g ’ ] 1 the plasma slab and beam are assumed to have the parameters given by (2) and
L 9 OE+11 — _| Tablel.
z 7 . i
7]
g 6.0E+11 ~ =] Close investigation indicates that the plasma lens has a focus
3.0B+11 _' _| aroundz = 11.5 cm, i.e., the focal lengtff is about 9.0 cm
‘ i 1 inthis case. Beyond the focal point, the beam starts expanding
0.0E+0 o R e e L a E mainly because of the diverging emittance effect.

The focal length obtained from the simulation can be com-

4 3 2 40 12 3 pared with the analytical formula for a thin plasma lens, based

Distance (cm) on the impulse focusing approximation [4]
Fig. 6. Longitudinal plasma density profiles along the beam pati¥foe= _ 2 2
1330 °C andP = 2 mtorr. (a) Sliding door gap = 1.5 criv; = 100 V and (b) f=2c /prp (2)

sliding door gap =1 cmy,; = 110 V.
where
v Lorentz energy factor;
light speed;
plasma thickness.
be noted that the plasma thicknégss not equal to the
effective plasma thickneds, which was defined by (1). Since
it takes a finite plasma response time of abogtl until the
plasma acts as a focusing lens, it will be more accurate to define
To predict experimental results, the 2-1/2 dimensional pahe plasma thickness, by
ticle-in-cell code MAGIC was used for simulations. For the sim-
ulations, beam parameters in Table | and Fig. 2 are used, and the L,=1¢,—- cwgl. 3)
plasma is assumed to have the longitudinal density profile of
np(z) = np,0e= /27, wheren,, o, z1, ando,, are given In this simulation case,, is calculated to be/27o,,, which is
by 1.1 x 10*2 cmr3, 2.5 cm, and 0.9 cm, respectively. In thi2.25 cm, and:w;l is 0.51 cm. Hence, the plasma thicknéss
simulation, an electron beam is generated from the cathoddasat.74 cm, and substitution of this into (2) leadsfte- 9.2 cm,
the position of 0 cm and propagates through the plasma. Thkich is close to the simulation result. Therefore, the plasma
temporal beam profile in Fig. 2 indicates that it takes about 2dns can be callethin in the sense that its thickness is less than
ps to reach the maximum, which is longer th@:nl. Therefore, the focal lengthf. For the given beam and plasma parameters,
plasma electrons will be almost adiabatically expelled from thke plasma is thin enough to avoid a beam emittance growth due
beam path. Fig. 7 shows the dynamical focusing process of thebeam-plasma collisions because the plasma thickness is sig-
beam electrons in this case. When the beam propagates throwifibantly smaller thark s /4. Here A is the betatron oscillation
the plasma, the plasma takes a finite response timgbf: 17 wavelength given by; = (277/r.n,)'/?, wherer, is the clas-
ps. Therefore, the head part of the beam is not focused and,dizal electron radius.
stead, the head part expands gradually because of beam emifs mentioned above, the plasma focusing force changes dy-
tance. This phenomenon is observed in Fig. 7. After a whileamically as time goes on. To investigate this phenomenon, the
(~ 2wp), however, plasma electrons are ejected from the begtasma focusing force at the center of the plasma slab 2.5

path and the beam starts being focused, as shown in the figwma) is obtained from the simulations fer= w;l, 2w;1, and

According to this definition, the effective plasma thickness in
Fig. 6(b) is 2.9 cm. Hence, the plasma parameters in Fig. 6(b)L
are more or less close to the design parameters for experimeﬁtssn%uld

I1l. SIMULATION RESULTS AND DISCUSSIONS
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Fig.8. Netfocusing force versus radius atthe plasma center?.5cm). The  Fig. 9. Current density profiles near the cathode and at the focus.
solid line represents a focusing force for an electron-free pure ion channel, and
dotted lines denote focusing forcesat w, ', 2w, *, and3w,*, respectively. . . o .
is almost linear toward the beam axis. This kind of density pro-

file deformation is believed to be caused by the highly dynam-
3w, *, respectively. Herer is defined byr = £ — z/v,. The re- ical and nonlinear plasma focusing, which persists watjf .
sult is shown in Fig. 8. In the figure, the solid line indicates the/hen the plasma gives a focusing force to the beam, the beam
pure ion channel focusing given i, = n,, oer/2¢0, where:  particles oscillate transversely at the beam plasma oscillation

np,0 Plasma density; frequency ofw, = (n,e?/v3meg)/2. In the above example,
e electron charge; the beam plasma oscillation waveleng®r{/w,) is calculated
- radial distance: to be much longer than the focal lengftso that the beam does

not reach a thermal equilibrium until it propagates over the focal
length f. In this kind of external-focusing-dominated situation,
The figure implies that plasma electrons are dynamicaltite density deformation will be directly affected by the non-
removed from inner radius to outer radius as time goes dimear plasma focusing. However, it should be noted that the
Roughly speaking, the majority of the plasma electrons amenlinear focusing in this simulation is caused by the relatively
ejected from the beam path by = 2wp_1 because 85% of short beams (beam pulse duration is approximately only a few
the plasma electrons within = oo (0.4 mm) are removed wp—l), which are available for the experiment. Hence, the non-
by that time, and the focusing force is relatively linear up tiinearity in plasma focusing can be reduced if longer beams are
r = 200. After 7 = 3w; 1, 93% of the plasma electrons withinused. Another way for reducing the nonlinearity is to increase
r = og are ejected, and the focusing force approaches the pthe plasma density so that the plasma response time is reduced.
ion channel focusing more closely. Eventually almost all dh this case, the beam density should also be increased to main-
the plasma electrons are expelled out far away from the be&ain the underdense condition.
path because the conditido, > 1 is satisfied. Here, the  When an electron beam bunch propagates in the plasma, it
parametets, is defined byk, = w,/c. At other longitudinal will excite a longitudinal plasma wake field. Fig. 10 shows a
positions in the plasma (i.ez, 2.5 cm), however, the plasma graph of the longitudinal momentuR versus axial distance. In
density is lower tham,, o so that it will take a longer time for the figure, a longitudinal wake-field effect is evidently observed,
plasma electron ejection. i.e., during propagation in the plasma the electrons in the tall
Nonlinear transverse focusing in Fig. 8 will change a currepart of the beam bunch are accelerated and the electrons in the
density profile downstream. To check this question, beam cuwentral part of the beam bunch are decelerated. The energy gain
rent densities were obtained at the focus position from the siof-the tail electrons i\ £, / E;, = 0.2% and energy loss of the
ulations. Fig. 9 shows electron beam current densities near teatral part electrons A E,_/E;, = 0.4%. Here, £, AE,.,
cathode £ = 2 mm) and at the focus:(= 11.5 cm) for compar- andAF,  are the initial beam energy (16 MeV), gained energy
ison. Itis observed that at the focus the beam size (FWHM) is r&f-the tail part, and lost energy of the central part, respectively.
duced by a factor of 0.38 and 0.21 fore= 2%—1 andr = 3w]jl, Acceleration gradient of the wake field can be obtained from
respectively. As assumed initially, the current density near thige figure, and it is approximately given iy, ~ 1 MeV/m in
cathode is very close to Gaussian, while at the focus the densftg plasma. In addition, the transformer ratio of the wake field
profile evolves to a non-Gaussian profile, i.e., the density proficceleration, defined bjg = AFE,./F,, is calculated as 0.5

€g  permittivity of free space.
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Fig. 10. Electron beam momentum versus axial distance. Here, the momentulh3]
is defined byP, = ~uv..
(14]

within the beam bunch. However, it should be pointed out that
the wake-field effect is quite small and negligible because thétdl
energy gain of the tail particles is only 0.2%.

IV. SUMMARY [16]

The thin underdense plasma lens experimentat UCLA was in-
troduced. For the experiment an argon discharge plasma sourge)
was developed and tested for various conditions. The test results
show that the plasma source can produce appropriate plasma
parameters for the designed experiment, i.e., a density of loygs;
1012 cm-3 and a thickness of a few centimeters. To predict ex-
perimental results, simulations with the MAGIC code were perilg
formed. For the given parameters, the simulation results show
that the beams are dynamically focused with a focal length of
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