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Abstract

A plasma source was developed at UCLA for planned underdense plasma

lens experiments, where the plasma density is less than the electron beam

density. The argon plasma, produced by a discharge between a LaB6 cathode

at 1330 �C and a tantalum anode, is con�ned by a solenoidal magnetic �eld and

ows transversely across the electron beam path. Extensive test of the plasma

source is under way for various conditions before it is assembled with the UCLA

photocathode-based electron linac. In particular, di�erent longitudinal (with

respect to the electron beam) plasma pro�les and e�ective plasma lengths can

be obtained by adjusting the moveable sliding door between the plasma source

and the transverse beamline. Test results of the plasma source are presented.

1 Introduction

Plasma lenses have potential applications to next generation linear colliders

because plasma focusing can be several orders of magnitude stronger than that

of conventional magnets [1, 2]. For this purpose, numerous studies have been

done both in theory and experiment [3, 4, 5, 6, 7]. In the experimental area, the

plasma lens research has been focused on the overdense plasma regime where

the plasma density is larger than the beam density. In the case of overdense

plasma lenses, however, a plasma return current ows inside the beam region

when the beam propagates in the plasma. Hence, overdense plasma lenses lead

to rather large spatial and temporal aberrations. In contrast, in underdense

plasma lenses most of the plasma electrons are radially expelled from the beam
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Figure 1: Block diagram of the plasma source test.

path when the beam propagates in the plasmas. Therefore, a nearly uniform

electron-free ion channel is produced and this ion channel provides a high

quality focusing. In other words, the focusing force is linear in radius and

independent of the longitudinal position so that aberrations are avoided in

underdense plasma lenses. This focusing e�ect was observed in UCLA/ANL

experiments where the plasma was thick, compared to the focal length [8].

For practical underdense plasma lenses, however, the plasma thickness should

be less than the focal length and this kind of thin underdense plasma lenses

have not been explored experimentally so far. Hence, experiments in this

regime are planned at the UCLA Neptune laboratory [9] which is based on

the 1.625-cell photoinjector RF gun and the PWT linac. For this underdense

plasma lens experiment, a discharge plasma source has been developed and

tested at UCLA. In this paper, details of the plasma source and test results

are presented.

2 Description of the Plasma Source

Figure 1 shows a block diagram of the setup for testing the plasma source.

The capacitor bank consists of four 12 mF capacitors connected in parallel.
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Figure 2: Schematic drawing of the plasma source.

It is charged by the DC charging power supply through a 33.5 
 resistor and

the charging RC time constant for this capacitor bank is 1.6 sec. For plasma

generation, the high-current switch box (up to 500A/300V) is switched on

by a trigger signal from the pulse/delay generator and the charged capacitor

bank is discharged. This discharge current is measured with a current monitor

with a sensitivity of 0.01 V/A. At the same time, a voltage sweeper provides a

sawtooth voltage to the Langmuir probe for plasma diagnostics. The sawtooth

voltage signal is adjustable between -120 V and 120 V. Figure 2 shows a

detailed schematic drawing of the plasma source. As shown in the �gure,

the LaB6 cathode with a diameter of 7 cm is indirectly heated by a tungsten

wire heater up to 1330 �C and the discharge pulse from the capacitor bank is

applied between the tantalum hollow anode and the grounded cathode, where

the separation is 6.7 cm. As a result, an electric discharge occurs and a plasma

is generated because the plasma source is �lled with an argon gas in mTorr

range.

Figure 3 shows a typical discharge current pulse (bottom trace) and a saw-
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Figure 3: Typical discharge current pulse (bottom trace) and sawtooth voltage
signal from the voltage sweeper (top trace). The discharge current pulse was
obtained for P=2 mTorr, Vd=90 V and Tc=1280

�C.

tooth voltage (top trace) applied to the Langmuir probe. The current is about

100 A and its duration is 4 ms. For the current measurement, a discharge

voltage of 90 V and a pressure of 2 mTorr were used when the cathode tem-

perature was 1280 �C. Figure 3 also shows that the sawtooth voltage applied to

the Langmuir probe is synchronized with the discharge current and it sweeps

from -120 V to 75 V in 4.5 ms. The generated plasma is guided by a solenoidal

magnetic �eld to ow towards the long diagnostic chamber. As shown in Fig.

2, a sliding door is located at the entrance of the long diagnostic chamber and

the plasma thickness traversed by the electron beam can be controlled by ad-

justing the sliding door gap. The gap can be changed from 0 to 7.5 cm. Hence,

di�erent longitudinal plasma pro�les can be obtained in the long diagnostic

chamber, as will be shown below. In the beam-plasma interaction region, a

Langmuir probe, which consists of a ceramic tube and a tungsten wire with

a 1.43 mm2 surface area, is installed to measure the plasma density and the
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electron temperature. The Langmuir probe is moveable in the direction of the

high energy electron beam path so that it can be used to measure longitudinal

plasma density pro�les for various conditions. When a high energy electron

beam passes through the plasma lens, it is focused downstream and the focal

point is located outside the plasma in the case of a thin lens. To get infor-

mation about time-resolved beam dynamics a Cherenkov radiator is installed

in the long diagnostic chamber. In addition, a YAG crystal is located in the

chamber to measure the beam size.

3 Test Results

The plasma source has been tested for various conditions. As expected,

the plasma density and its longitudinal pro�le in the diagnostic chamber are

determined by many experimental parameters, such as gas pressure, discharge

current/voltage, cathode temperature, magnetic �elds of the solenoids, and

sliding door gap. These variables were changed consecutively to �nd an opti-

mum condition for plasma lens experiments.

First, the magnetic �elds of the three solenoids were changed up to 70 G

to study the e�ect of magnetic �elds. It was found that the main solenoid

in cathode-anode region, denoted by Solenoid 1 in Fig. 2, does not make a

signi�cant di�erence in discharge current and plasma density, while the mag-

netic �eld by the two small solenoids, denoted by Solenoid 2 and Solenoid 3

in Fig. 2, signi�cantly a�ects the plasma density. However, the magnetic �eld

strength in the long diagnostic chamber can not be increased too much because

it bends the electron beam path transversely when the beam propagates in the

magnetic �eld region. Hence, there is a certain limit in magnetic �eld strength.

For this reason, the magnetic �eld in the plasma lens region was set between

50 to 70 G. In this magnetic �eld region, the plasma density turned out to be

large enough for plasma lens experiments. For a �xed magnetic �eld at the

location of the plasma lens, the magnetic �eld of Solenoid 1 was adjusted to

obtain a maximum plasma density in the plasma lens region. It was observed

that a maximum plasma density is achieved when the magnetic �eld is almost

uniform from the cathode-anode region to the plasma lens region.

To investigate the dependence of the discharge current on the discharge volt-

age, pressure and cathode temperature, these parameters were varied. Figure

4(a) shows the discharge current vs. discharge voltage in the pressure range

of 0.5 to 8 mTorr when the cathode temperature Tc and the magnetic �eld are

1280 �C and 53 G, respectively. The discharge current increases as the voltage

5



50 60 70 80 90 100 110 120

Discharge Voltage (V)

0

40

80

120

160

200

D
is

ch
a

rg
e

 C
u

rr
e

n
t 

(A
)

(a ) Tc =  1280   Co

0.5  m Torr
1 m Torr
2 m Torr
4 m Torr
6 m Torr8 m Torr

50 60 70 80 90 100 110 120

Discharge Voltage (V)

0

20

40

60

80

100

120

140

160

180

200

D
is

ch
ar

ge
 C

ur
re

nt
 (

A
)

(b ) T c =  1330    Co

0.5  m Torr

1  m Torr

2  m Torr
4  m Torr
6  m Torr
8  m Torr

Figure 4: Discharge current vs. discharge voltage for di�erent pressures and
di�erent cathode temperatures. (a) Tc=1280

�C, (b) Tc=1330
�C.

6



increases for each pressure, and the discharge current also increases when the

pressure is increased. However, it should be noted that the e�ect of pressure

on the discharge current is small, compared to that of the discharge voltage.

This is because the discharge current is dominated by seed thermal electrons

emitted from the cathode. When the discharge voltage was increased beyond

110 V, an arc began to occur and it was more easily produced in the higher

pressure range. During arcing, the discharge current increased a lot, but the

plasma density in the long diagnostic chamber was observed to remain very

low. In order to investigate the e�ect of the cathode temperature, it was raised

to 1330 �C. The result for this case is shown in Fig. 4(b). It shows that the

discharge current increases signi�cantly, compared to Fig. 4(a). For 2 mTorr

and 100 V, for example, the discharge current increases from 105 A to 158 A as

the cathode temperature is raised (i.e., a 50 % current increase was observed).

Furthermore, arcing was suppressed noticeably when the cathode temperature

was higher.

Plasma densities were measured along diagnostic chamber for di�erent dis-

charge voltages and pressures. Figure 5(a) shows the density measurement

when the cathode temperature and the sliding door gap were 1330 �C and

2.5 cm, respectively. The �gure shows that the plasma density increases for

higher discharge voltages, as expected. It also shows that the three density

curves have a maximum around 2 mTorr. This is due to a larger di�usion

rate for a higher pressure, i.e., a di�usion rate is proportional to the pressure

during transport from the cathode-anode region to the diagnostic chamber,

while a plasma production is not proportional to the pressure for a given dis-

charge voltage, as shown in Fig. 4(b). Therefore, the density will decrease

beyond a certain pressure. Electron temperature was also measured for di�er-

ent discharge voltages and pressures. Figure 5(b) shows a graph of the electron

temperature vs. pressure in the case of Vd=100 V. The �gure shows that the

electron temperature decreases from 7.1 eV to 3.5 eV as the pressure increases.

Plasma density pro�les along the beam direction were measured for di�er-

ent conditions to �nd an optimum condition for the plasma lens experiment.

Two cases are shown in Fig. 6(a) and Fig. 6(b). In Fig. 6(a), the sliding

door gap is 1.5 cm and the discharge voltage is 100 V. In this case, the peak

plasma density and the plasma thickness are too large for underdense plasma

lens experiments, as shown in the next section. Hence, the gap was changed

to 1 cm to reduce the peak plasma density and the plasma thickness. In this

case, however, the peak density was observed to decrease too much so that the

discharge voltage was increased to 110 V to compensate the density decrease.
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Figure 5: (a)Plasma density vs. pressure for di�erent discharge voltages. The
plasma density is measured at the long diagnostic chamber. (b) Electron
temperature vs. pressure for Vd=100 V.

8



-4 -3 -2 -1 0 1 2 3 4

Distance (cm )

0.0E +0

3.0E +11

6.0E +11

9.0E +11

1.2E +12

1.5E +12

1.8E +12

D
e

n
si

ty
 (

cm
   

  
)

(b ) gap =  1  cm
     Tc =  1330    C
     P  =  2  m Torr 
     V d  =  110 V

- 
3

o

-4 -3 -2 -1 0 1 2 3 4

Distance (cm )

0.0E +0

3.0E +11

6.0E +11

9.0E +11

1.2E +12

1.5E +12

1.8E +12

D
en

si
ty

 (
cm

   
 )

(a ) gap  =  1 .5  cm
     T c =  1330   C
     P  =  2  m T orr   
     V d  =  100  V  

- 
3

o

Figure 6: Plasma density pro�les along the beam direction. (a) gap=1.5 cm,
Vd=100 V, (b) gap=1 cm, Vd=110 V.

9



Fig. 6(b) shows this case. The graph shows that the peak plasma density np

is about 1.1�1012 cm�3 and the e�ective length of the plasma lens, which is

de�ned by Lp =
R
f(z)dz=np, is about 2.9 cm. Here, f(z) is the density pro�le

function. For these plasma parameters all requirements for underdense plasma

lens experiments are satis�ed, as shown in the next section.

4 Experimental Parameters

Experiments on the underdense plasma lens will be conducted at the UCLA

Neptune laboratory. The basic parameters for the planned plasma lens exper-

iment are summarized in Table 1, where the plasma parameters are based on

the data shown in Fig. 6(b).

Table 1 : Experimental parameters.

==================================

Electron beam energy E = 16 MeV

Charge per bunch Q = 5 nC

Normalized beam emittance �n = 20 mm-mrad

Beam duration �t = 25 ps

Beam radius (rms) at plasma entrance �i = 400 �m

Beam density nb= 3.2�1012 cm�3

Peak plasma density np = 1.1�1012 cm�3

E�ective plasma lens length Lp = 2.9 cm

====================================

As shown in the table, the beam density nb is larger than the peak density

of the plasma lens, i.e., the plasma is underdense. Furthermore, the quantity

kp�z

q
nb=np [9], where kp is given by kp =

p
4�renp, is calculated to be 2.5 so

that the electron bunch length �z is long enough to expel plasma electrons from

the beam path. Here, the parameter re is the classical radius of an electron.

The focal length f of this plasma lens can be calculated by f = 2c2=Lp!
2

p if

the thin lens approximation, i.e., Lp < f , is satis�ed [10]. In this equation,

 is the Lorentz factor and c is the velocity of light. For the parameters of

Table 1, the focal length f is calculated as 5.7 cm and is larger than the

e�ective plasma length. Hence, the thin lens approximation is satis�ed. For a

plasma lens to be useful, its length should be less than ��=4, where �� is the

betatron wavelength given by (2�=renp)
1=2. Otherwise, the beam emittance
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will increase signi�cantly. In the case of Table 1, ��=4 is calculated as 6.4 cm

and this is larger than Lp. Hence, the requirement of Lp < ��=4 is satis�ed.

The beam radius at the focal point, �f , can be estimated for the parameters

given in this section. The �-function at the entrance of the plasma lens, �0, is

calculated as 25.1 cm, and �2

0
turns out to be much larger than f 2. In this case,

the beam radius at the focal point is approximately given by �f ' f�n=�i

[10], where �i is the initial beam radius at the entrance of the plasma lens,

and �f is calculated to be 91 �m. Therefore, the beam size will be reduced by

a factor of 4.4, as a result of plasma focusing. The beam size and the time-

resolved beam pro�le will be measured at di�erent positions along the beam

path by using the YAG crystal, the Cherenkov radiator, and a psec-resolution

streak camera.

In this plasma lens experiment, there is one potential problem related with

bending of the electron beam path. When the beam propagates in the plasma

lens region, its path will be bent because of the transverse magnetic �eld from

the solenoids. To investigate this issue, the transverse magnetic �eld was mea-

sured along the beam path and this result was used to calculate the beam

trajectory. In Fig. 7, the measured magnetic �eld at di�erent positions is

represented by the round dots and a Gaussian pro�le is used for best �tting.

The resulting Gaussian function was used for calculation of the beam trajec-

tory. According to this calculation, the beam is deected in the magnetic �eld

region, as represented by the dotted line in the �gure. The calculation shows

that the beam is deected by 1.3 mm at the position of the focal point (f=5.7

cm) and deected by 4 mm at a position of 20 cm downstream the plasma

lens. This will be a problem for Cherenkov radiation measurements. Hence,

a couple of methods, such as adding a special iron structure to recon�gure

the magnetic �eld shape, using a small Helmholtz coil to compensate for the

magnetic �eld, etc., will be investigated to solve this problem.

5 Summary

A LaB6-based discharge plasma source was developed for thin underdense

plasma lens experiments at UCLA and it was tested extensively for various

experimental conditions. The results show that the plasma source can provide

satisfactory plasma parameters for thin underdense plasma-lens experiments,

i.e., plasma densities in low 1012 cm�3 range and an e�ective length of a few cm.

The plasma source is expected to be assembled with the Neptune Laboratory

beamline by the end of this year, after beam characterizations of the new
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Figure 7: Measured magnetic �eld pro�le along the beam direction (round
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1.625-cell photoinjector gun.
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