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Chapter 1
INTRODUCTION

The Quest for Higher Accelerating Gradient

Particle accelerators have been around since 1930 when Cockroft and Walton used a

200-kilovolt (kV) transformer to accelerate protons down a straight discharge tube in order

to �nd a way to penetrate the nucleus. Since then accelerators have been used to search for

the particles and forces that constitute matter, as well as for medical research and industry.

This led to the need for accelerators that can probe not only the nucleus but also the particles

that make up the nucleus. The size of an object that can be probed is proportional to the

wavelength (�) of the probe. The wavelength is inversely proportional to the momentum

(p) of the particle from the relation � = h=p where h is Planck's constant. This means as

smaller and smaller objects are under study, the particle's momentum needs to be greater.

Figure 1.1 is a "Livingston plot" for accelerators from the 1930s to 2005. The dashed

line indicates the exponential growth in accelerator energy vs time. The technology em-

ployed for the growth in accelerator energy has been based on microwave cavities. These

cavities have limitations on the magnitude of the accelerating gradient due to material dam-

age and other issues.

In order to achieve extremely high accelerating gradients, advanced accelerator con-

cepts are currently being explored. One of these is the plasma wake�eld accelerator

(PWFA) [1]. Plasma-based accelerators come in two �avors, particle beam driven and

laser beam driven.
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For the particle-beam-driven PWFA, the Stanford Linear Accelerator Center (SLAC) ob-

served accelerating gradients on the order of 150MV/m [2]. For the laser-driven PWFA,

accelerating gradients of 1:5 GV/m have been observed [3]. Herein we discuss a PWFA

experiment designed for the Fermilab/NICADD Photoinjector Laboratory (FNPL) [4].

Figure 1.1: Livingston plot showing center of mass energy (for a proton on �xed target)
vs year of commissioning. (Reprinted from Bob Siemann, High Energy Physics

Advisory Panel presentation, October 30, 2000.)
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FNPL Beamline

The plasma source is normally installed in the beamline of the FNPL (see Figures

1.2 and 1.3). The FNPL is a linear electron accelerator that can produce high bunch

charge with a small normalized emittance.

The photoinjector is comprised of a photocathode driven by a quadrupled Nd:YLF

laser, followed by a radio frequency (RF) gun, a nine-cell superconducting cavity, and a

magnetic chicane (which compresses the bunch length) consisting of four dipoles. To

measure the beam energy, there is a spectrometer at the end of the beamline. The elec-

trons are accelerated to 4-5 MeV in the gun and 14-18 MeV in the 9-cell cavity.

Figure 1.2: FNPL beamline.

The electrons in the gun are accelerated by a 11
2
-cell cavity at a frequency of 1.3

GHz and with an RF power of 3 MW. A cesium telluride photocathode located in the �rst
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1
2
-cell of the RF gun emits photoelectrons when illuminated by the UV (� = 263 nm)

laser at a 1 Hz repetition rate (rep-rate).

Figure 1.3: Photograph of the FNPL beamline. The plasma chamber is near the
right-hand side.

The superconducting 9-cell cavity sits in a cryostat cooled to 1:8 K: It is operated

at 1.3 GHz with an RF power of 200 kW, which gives an accelerating gradient up to 16

MV/m.

The purpose of the four dipole chicane is to compress the beam in the longitudinal

direction. Using the chicane, an 8 nC beam has been compressed to a root-mean-square

(RMS) bunch length of 0:6 mm [5]. For typical operating conditions the RMS bunch

length is compressed to approximately 1 mm.
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Summary of Plasma Wake�eld Acceleration

In Figure 1.4 the basic principle of wake�eld acceleration is shown. As a drive

beam (bunched beam of electrons) enters the neutral plasma, its space charge displaces

the plasma electrons leaving behind the much heavier positive ions. The plasma ions

exert a restoring force that causes the displaced electrons to rush back in to �ll up the

positive channel that was left behind as the drive beam passed through. This sets up the

plasma "wake" just like the wake behind a boat.

Figure 1.4: Basic wake�eld acceleration. This cartoon represents the lab rest frame as
the electron bunch passes by. (Reprinted from C. Joshi, HEPAP Meeting presentation,

February 10, 2004.)

The leading edge of the drive beam loses energy as it traverses the plasma. If

another bunch or "witness beam" is trailing the drive beam, it will feel the strong longi-

tudinal electric (Ez) �eld and be accelerated. Along with the Ez �eld there is a strong

transverse electric �eld that will tend to focus the trailing witness beam. Interestingly,

this focusing ability has been proposed to be used as a "plasma lens", which would be the

�nal focus in a linear collider [6].

FNPL Plasma Source

The FNPL plasma source (Figure 1.5) consists of a tantalum hollow cathode, vac-

uum chamber, and solenoids for plasma con�nement. The plasma source generates argon

plasmas by cathode-anode pulse discharges. The cathode is resistively heated to produce

thermal electron emission, and a voltage pulse is applied between the cathode and anode
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to start the plasma. The con�nement solenoids guide the plasma to form a column of

about 8 cm in length and 1 cm in diameter.

Figure 1.5: FNPL plasma chamber.

Hollow Cathode

The plasma source used in this experiment is a DC hollow cathode arc discharge

(HCA) [7] using 10�4 �! 10�3 torr of argon gas. The cathode shown in Figure 1.6

consists of two concentric tantalum tubes.

Figure 1.6: Hollow cathode assembly.
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The outer tube is resistively heated by a DC power supply running at approximately

1000 A that heats the tube to�2100 �C. The inner tube is heated to the same temperature

by the large amount of thermal radiation. This is different than traditional HCA systems

where the cathode is heated by the plasma itself. The heated HCA has the advantage

of allowing the argon and arc current to be pulsed. Also, the argon is injected into the

annular region between the tubes, which helps isolate the incoming electron beam from

the higher gas pressure.

Chamber

There were some changes that were taken to improve reliability and performance for

installation into the FNPL. Originally the cathode feedthrough was a single rigid piece,

which did not allow for the motion of the outer tube of the cathode during the heating of

the tantalum tubes. The outer tube is heated by a 1000 A DC power supply, whereas the

inner tube is heated by thermal radiation from the outer tube. Since the outer tube was

held rigid, the inner tube would in effect sag and would lead to the inner tube "welding"

to the outer tube. A "hinged" cathode feedthrough shown in Figure 1.7 was designed to

allow the outer and inner tubes to move at the same rate during heating of the cathode,

and thus not weld together.

As a result of the plasma source being installed in the FNPL, a thin foil window

was constructed to isolate the very different vacuum requirements for the beamline and

the plasma source. The beamline has ultrahigh vacuum requirements of between 10�10

and 10�9 torr. During the operation of the plasma source, its vacuum can reach values �

10�3 torr as the argon is injected into each shot. The thin foil acts as both a vacuum break
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and an optical transition radiation (OTR) surface used to tune the accelerator for optimal

beam size and position at the plasma source.

Figure 1.7: Hinged cathode assembly.

The plasma is con�ned by a solenoidal magnetic �eld with the �eld lines parallel

to the axis between the cathode and anode and occupies an 8 cm region. The location of

the coils is such that the �eld lines are roughly parallel to the z axis between the cathode

and anode and the �eld drops off quickly near the cathode.

In order to start the plasma, the anode is pulsed with 170 V at 120 A for about 2 ms:

There is a starter wire that is bolted to the anode and ends up at :09 cm from the end of
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the inner cathode tube. The anode is generally pulsed t :051 s after the argon is injected

as shown in the timeline shown in Figure 1.8.

Figure 1.8: Plasma pulse timeline.

Measurements of Plasma Pro�le

In the quest for higher accelerating gradients through the use of PWFA technology,

plasma density is the name of the game. Theory predicts that the maximum energy

gradient that can be supported by a plasma is on the order of 1GV/m for a plasma number

density of n0 = 1014 cm�3 [8]. This is in contrast to the current limit on state-of-the-art

RF structure gradients of approximately 500 MV/m [9]. However, these high-energy

gradients have not been realized experimentally. This is partially due to drive beam

head erosion as the drive beam encounters the plasma electrons. This erosion causes the

phase of the wake�eld to slip in the beam frame, which contributes to a phase difference

between the trailing witness beam and the accelerating portion of the wake�eld. As a

result the accelerating gradient is reduced.

The purpose of this thesis is to contribute to an experiment that would accelerate a

witness beam. This was done by characterizing the plasma column of the FNPL PWFA

and to �nd a possible cure for phase slip. This was done by �rst �nding the optimal set
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points for the con�nement solenoids, the argon gas trigger pulse width, and the anode

voltage, along with characterizing the plasma column radial pro�le. Next was to deter-

mine an anode geometry that would provide an "ideal" longitudinal density pro�le that

would reduce the phase slip (which will be described in detail in Chapter 4) of the drive

beam.

The plasma source creates a plasma column that is 8 cm long with a radius of

approximately 1 cm. Both transverse and longitudinal plasma density measurements

were made.

The transverse measurements were made with a Langmuir probe located in the ra-

dial center of the plasma column as shown in Figure 1.9. The measurements were used

to assess the amount of uncertainty associated with the probe (discussed in detail in the

data analysis section of Chapter 2), along with �nding optimal set points for the plasma

chamber equipment.

Figure 1.9: Plasma column and location of Langmuir probes.
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To make the longitudinal measurements, the probe was inserted from the upstream

end of the chamber as shown in Figure 1.9 to a distance of approximately 8 cm. The

measurements were then used to address the issue of phase slip by comparing the density

pro�les of three different anode geometries. The measured pro�les were then used in

numerical simulations and compared to an "ideal" density pro�le to see which anode

would better control phase slip.



Chapter 2
PLASMA DIAGNOSTICS: LANGMUIR PROBE

Langmuir Probe Design

The Langmuir probe, which is a contact method of measuring plasma density, was

conceived by Irving Langmuir in the 1920s [10]. The operating principle is relatively

simple. The voltage on the probe is varied with respect to the plasma potential, and the

current-voltage (I-V) "characteristic" is measured. A probe theory connects the measured

probe currents and voltages to the properties of the undisturbed plasma. The Langmuir

probe design that was used to make the measurements in this thesis is based on previous

experience along with a probe box that was designed and built by UCLA [11] for use with

an on-line probe.

Past experience in measuring densities led to the use of a large capacitance to keep

the voltage on the probe constant during the plasma pulse at the 1 Hz rep-rate. In the past,

a 1300 �F capacitor and a 4 
 dropping resistor were used. Since the current on the probe

can either be positive or negative (depending on whether the current is �owing into or out

of the probe), the voltage on the probe may need to be reversed. The probe polarity was

manually switched to accommodate the direction of current �ow.

In the UCLA design, relays are used to switch the polarity of the probe voltage, and

the voltage drop across the resistor is read by a sample-and-hold circuit. The sample-and-

hold circuit allows the current on the probe to be read back remotely via the accelerator

control system, which has the advantage of enabling plasma density measurements while
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the chamber is installed in the beamline.

Typical Single Probe

A typical single Langmuir probe is shown in Figure 2.1. The probe is given a

voltage V with respect to ground and is swept through several values from a negative

potential to a near-zero potential and the current is measured at each point along the way.

The values of voltage and current are then plotted on an I-V curve to obtain information

about the state of the plasma as explained in the next section.

Figure 2.1: Typical single Langmuir probe design.

The probe used to make the density measurements is made out of a tungsten wire

enclosed in a ceramic insulating tube. The high-purity alumina insulating tube has a

melting point of 1700 �C and the tungsten wire has a melting point of t 2600 �C: Both

the transverse and longitudinal probes are designed as shown in Figure 2.2. They consist

of a bellows in order to allow motion without breaking the vacuum. The transverse probe

has an air actuator that allows it to be inserted and retracted remotely while the chamber

is installed in the FNPL beamline.
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Figure 2.2: Langmuir probe that was used.

The Langmuir Curve

The typical Langmuir probe characteristic I-V curve shown in Figure 2.3 consists

of three distinct parts. Different plasma properties such as number density and electron

temperature can be determined from different regions of the curve.

Figure 2.3: Typical Langmuir probe I-V characteristic. (Reprinted from Figure 49 in
reference [12]. )
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The region of the curve in Figure 2.3 labeled I corresponds to probe voltage much

less then 0; V � 0. In this case the electrons in the neutral plasma do not have enough

energy to overcome the probe potential and the positive ions are attracted to the probe.

The resulting current of positive ions �owing into the probe is considered negative when

plotted on the I-V curve. As a result of the nearly constant ion current, this initial part

of the curve represents the ion saturation current. The simplest form of the equation that

governs the I-V characteristic [13] is:

Isat = 0:61n0ed

r
kTe
m
, (2.1)

where n0 is the number density in cm�3, Isat is the saturation current in amps, d is the

probe tip area in cm2, e is the electron charge in Coulombs,m is the mass of argon in kg,

and kTe is Boltzman's constant k times the electron temperature Te in electron volts (eV).

By rearranging Equation (2.1) and plugging in the appropriate units, we can deter-

mine the number density n0 in cm�3 by:

n0 = 6:72x1013
Isat

d
p
kTe

. (2.2)

The probe will remain in ion saturation as long as the probe potential is much less than the

kinetic energy of the electrons, i.e., V � kTe=e: Equation (2.2) will be used extensively

in Chapters 2 through 4 to calculate the plasma density.

The region Figure 2.3 labeled II corresponds to a probe voltage approaching the

point where electrons �nally have enough potential energy to reach the probe tip, and

their kinetic energy is on the order of kTe: As the voltage is increased even further, the

number of electrons reaching the probe tip begins to increase exponentially. The slope

of this part of the curve can be used to calculate the electron temperature Te. The general
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expression for the probe current in this region is given by [12]:

I = Ii + I0 exp

�
�eU
kTe

�
, (2.3)

where I is the total current on the probe, I0 is the electron current, Ii is the ion current,

and V is the probe potential. It is convenient to interpret the probe measurement by

plotting the logarithm of the electron current verses the probe potential such as in Figure

2.4, which is a graph of :

ln Ie = ln I0 �
eU

kTe
. (2.4)

The slope of the graph is e/kTe from which the electron temperature Te can be calculated.

Figure 2.4: Langmuir characteristic log scale plot of region II. (Reprinted from Figure 50
in reference [12] .)

The region labeled III in Figure 2.3 represents the electron saturation current. In

this region, the positive ions no longer have enough potential energy to reach the probe tip

and the electrons are rushing in. The electron number density can be found from [14]:

ne = Ie
1

de

�
2�me

kTe

�1=2
, (2.5)



17

where me is the electron rest mass. The current on the probe can reach several amps

when operating in this region.

Electronics Design

Since the voltage on the capacitor can either be positive or negative, depending on

whether electrons are �owing into or out of the probe, the capacitor needs to be either

nonpolarized or it needs to use a remote polarity-switching scheme.

A nonpolarized 50 �F capacitor was chosen to match the UCLA probe box design.

The original probe that was used to measure the plasma density was a 1300 �F capacitor

along with a 4 
 resistor. In order to determine whether a 50 �F capacitor would work,

previous data taken with the 1300 �F capacitor was used. Using the capacitor voltage,

I/R drop, and the current data that was taken with the 1300 �F capacitor, the value for Q

was found using:

Q =
di

dt
, (2.6)

for a dt = 100�s (which is the duration of the plasma pulse). Then the voltage drop for

each capacitor value was found by:

V =
Q

C
. (2.7)

Using Q from Equation (2.6) the voltage on each capacitor was determined. Also the

initial capacitor voltage minus the calculated voltage drop during the plasma pulse was

used to calculate the true voltage on the probe. An approximate value of the plasma

density for both capacitors was found by �tting the data to:

y = m1

�
�1 + 179 exp(m0 �m2

m3

)

�
, (2.8)
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which is a form of the equation of the total current drawn from the probe [15] (with argon

as the operating gas), where m1 is the ion saturation current in amps, m0 � m2 is the

voltage on the probe in eV, andm3 is kTe in eV.

Figure 2.5 shows what the data would look like if a 50 �F capacitor was used. The

plasma density can be calculated from Equation (2.2) in the following form:

n0 = 6:72x1013
�

m1

:054
p
m3

�
, (2.9)

wherem1 andm3 are found from �tting Equation (2.8) to the data in Figure 2.5, and .054

is the probe tip area in cm2.
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Figure 2.5: Comparison of 1300�F /50�F capacitor data.

Based on the data from Figure 2.5, the derived density values are:

n0(1300�F ) = 6:72x1013
:25171

:054
p
6:4388

= 1:234x1014cm�3 (2.10)
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and

n0(50�F ) = 6:72x1013
:25065

:054
p
6:3302

= 1:239x1014cm�3. (2.11)

Since the derived density values are within a few thousandths, the 50 �F nonpolarized

capacitor was used.

In order to ensure that the probe voltage would have a large-enough range (�50V ),

it was decided to use a high-voltage operational ampli�er (op-amp). The PA-03 op-amp

[16] was chosen because it is capable of handling up to �100 V and they are abundant at

Fermi National Accelerator Laboratory (FNAL). The Internet Rack Monitor (IRM) [17]

has bipolar output channels that have a range of �10 V, so a gain of 10 was needed for

the op-amp. Appropriate values for R1 and R2 were chosen using the relationship for the

noninverting op-amp:

Vout =
R1 +R2
R1

Vin. (2.12)

Sample-and-hold integrated circuits (AD 781) [18] are used to supply the IRM with the

current readback from the 4 
 resistor. The current readback sample delay time is ad-

justable in order to take the transverse density measurement at a time when the electron

bunch would arrive in the plasma. Even though this option was not used for the measure-

ments obtained in this thesis, the functionality was tested and would be used if the PWFA

were inserted into the FNPL beamline for a witness beam experiment.

The �nal design of the probe box electronics is shown in Figure 2.6. The density

measurements were made with the oscilloscope connected to the "To Scope" output.

In order for the plasma density measurements to accurately represent the conditions

of the PWFA experiment, the scope trigger was delayed as shown in Figure 2.7, close to
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the end of the plasma pulse since that is the time that the beam would arrive if the system

were installed in the FNPL beamline.

Figure 2.6: Langmuir probe electronics box schematic.

Figure 2.7: Scope trigger.

Data Analysis
How the Data Was Taken

The data was taken using a HP54512B oscilloscope connected to the output of the

probe box. The scope was set to average the output signal, which was in the mV range.

Each data point was an average of 10 pulses. After the mean (average) was taken for a

speci�c probe voltage, the voltage was then increased and the next average was taken.

Each individual density measurement is comprised of 20 data points. The probe voltages
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used ranged from �50 V to �1 V. As a result, the reduced data presented in Chapters 3

and 4 are the culmination of 200 measurements for each data point.

Uncertainties

The uncertainties associated with the density measurements are the sum of both

random and systematic uncertainties. The emphasis of this thesis is relative changes in

plasma density and not absolute values. Since the systematic uncertainties would amount

to an offset in the density measurement, the error bars on all of the plots are representative

of random uncertainties.

Random Uncertainties

To determine the amount of random uncertainty in the plasma density measure-

ments, four individual transverse measurements were made. Table 2.1 shows the values

that were measured: n0 is the density measured at the radial center of the plasma column

with the transverse probe; the deviation di is the measured density noi minus the average

of the four measurements n0.

Table 2.1
Random uncertainties

Measurement density(cm�3) deviation(cm�3) deviation2(cm�3)
i n0 di = n0i � n0 d2i
1 6:06x1013 :13x1013 1:69x1024
2 5:96x1013 :03x1013 9:00x1022
3 5:91x1013 �:02x1013 4:00x1022
4 5:79x1013 �:14x1013 1:96x1024
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Using the data from Table 2.1, the standard deviation was then calculated using:

�x =

r
1

N � 1
X

d2i . (2.13)

This gives the result �x = 1:122x1012 cm�3 and the standard deviation of the mean is

�x = �x=
p
N = 5:61x1011 cm�3. This gives the random part of the uncertainty in the

density measurements, which is on the order of 1%. As will be seen in the next section,

this amount of uncertainty is insigni�cant when compared to the systematic uncertainties.

Systematic Uncertainties

Along with equipment tolerances, there are several assumptions that go into the

formula for the I-V characteristic. These assumptions are based on certain properties of

both the plasma and the probe. Some of the assumptions are:

1) The plasma is a stationary Maxwellian distribution, which means that collisions

are not important.

2) The probe tip area is small compared to the Debye length �D, which means that

the probe will not disturb the plasma.

3) Secondary emission from the cathode is not important.

These assumptions can be responsible for systematic uncertainties on the order of

10 to 20%, depending on how well the plasma is understood. Uncertainties associated

with the probe electronics are:

1) The HP oscilloscope and Techtronics volt meter (DVM) both have tolerances of

approximately �0 :3%:

2) Even though the amount of voltage drop across the capacitor during the 100�s

plasma pulse was up to 33%, the overall effect on the density measurements was on the

order of 0:4%.
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3) Length of the probe tip was measured as 0:254� :00762 cm, which could amount

to �3% uncertainties in density.

These uncertainties are relatively small compared to the assumptions that were

made about the plasma properties. Since the density measurements are compared rel-

ative to one another, the systematic uncertainties are not a concern for the conclusions

that are drawn.

Error Bars

The uncertainty may be thought of as a signal-to-noise problem in which the signal

is the mean plasma density derived from Table 2.1 and the noise is the �x from the same

table. To �nd the uncertainty of any data point one can take �x(mean density / density of

the data point). This provides a scaling for the error bars that allows for larger uncertainty

at smaller plasma density. Since the plasma density scales as the current on the Langmuir

probe, and small currents are harder to interpret, smaller densities are more prone to

uncertainty. As a result, the error bars for all data presented are scaled as:

Uncertainty = 1:122x1012cm�3
�
5:93x1013cm�3

density (cm�3)

�
(2.14)

and represent the random part of the uncertainty only.



Chapter 3
PLASMA DENSITY PROFILE DATA

Introduction

The plasma density can be varied by adjusting the con�nement solenoid current, the

arc current, and the argon gas �ow. These parameters were varied while the transverse

probe was at the radial center of the plasma column at the location shown in Figure 1.9. The

point of the measurements was to �nd optimal set points for the plasma source electronics

and to measure the radial density pro�le.

Transverse Pro�le
Transverse Langmuir Probe

The transverse probe used is similar to the Langmuir probe shown in Figures 2.1 and

2.2. Figure 3.1 is a view of the probe from above. The plasma source is located on the

lefthand side and the air actuator used to insert and retract the probe is on the righthand

side.

Figure 3.1: Photo showing the transverse probe.



25

The probe was left inserted into the radial center of the plasma column shown in

Figure 1.9 for the duration of each measurement. Also, each set of data was taken during

one run so that all of the chamber parameters remained the same. The transverse density

measurements were made by adjusting only one parameter at a time. All others were left

at their nominal values.

Con�nement Solenoid Current

Because of the collisions between the plasma particles, the plasma will tend to

expand to the point were it occupies the available space. The con�nement solenoids

shown in Figure 3.2 provide a magnetic �eld along which the plasma can �ow. With

the solenoid arrangement used, the magnetic �eld lines are roughly parallel between the

cathode and anode and diverge rapidly near the upstream side of the cathode.

Figure 3.2: Photograph of con�nement solenoids (green coils).
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Density measurements were made at discrete con�nement solenoid current settings.

As can be seen in Figure 3.3, the plasma density fell off linearly as the current in the

con�nement solenoid was reduced. This is expected because of the linear dependence of

the magnetic �eld B = �0nI (hence, B _ I) of a solenoidal magnet. As the solenoid

current approaches 35 Amps, the same number of plasma particles are occupying a much

larger volume. As the density approaches 3x1013 cm�3, the probe current is hard to

interpret, hence the uncertainty in the measurement is greater, as described in Chapter 2.
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Figure 3.3: Density vs con�nement solenoid coil current.

The optimal solenoid power supply setting is 55 A, which is the maximum that

the solenoid coils and power supply can handle. This setting gives a magnetic �eld of

B� 117 Gauss at the midpoint between the coils and provides the maximum con�nement

of the plasma as con�rmed by the maximum density in Figure 3.3.
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Argon Pulse Width

The argon pulse width is de�ned as the duration of time during which the gas is

injected into the annular region of the cathode. The gas �ows just prior to the arc that

starts the plasma as shown in Figure 1.8. As can be seen in Figure 3.4, the pulse width

had an indiscernible effect on plasma density (on the order of 0:5x1013cm�3). Previously

the Ar pulse width was operated at 0:900 ms, which is slightly less than ideal.
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Figure 3.4: Density vs argon pulse width.

Anode Power Supply Voltage

For this measurement the anode power supply voltage was adjusted from 140 VDC

to 170 VDC. In Figure 3.5 one can see that the anode power supply setting has about 1/3

of the effect on density as does the con�nement coil current. From Figure 3.5 it can be



28

seen that for the largest plasma density, the anode power supply voltage needs to be set at

170 V, which is the maximum that the anode power supply can produce.

5 1013

5.5 1013

6 1013

6.5 1013

7 1013

135 140 145 150 155 160 165 170 175

Density vs anode power supply voltage

D
en

si
ty

 n
0/c

m
3

EMS Voltage (VDC)

Figure 3.5: Density vs anode power supply voltage.

Characterizing Density vs Radius

This density measurement was made bymoving the transverse probe into the plasma

column and taking a density measurement. In Figure 3.6, the value of 0 corresponds to

the center. The larger the value of the transverse distance (radius), the farther away from

the center of the cathode the probe is. The data is consistent with a Gaussian distribution

of density in radius that would be expected [19].
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Figure 3.6: Density vs radius, the curve �t is to guide the eye.

Longitudinal Density Pro�le

Introduction

The main motivation for the longitudinal density measurements was to explore dif-

ferent anode geometries that would better control phase slip (discussed in detail in Chap-

ter 5), which is essential for an experiment that would accelerate a witness beam. The

measurements were all made with �xed settings of the plasma system.

Longitudinal Probe

The longitudinal probe in Figure 3.7 is a Langmuir probe that used the same elec-

tronics box and similar materials as the transverse probe. The main difference is that the

longitudinal probe is much longer and is able to easily be inserted by hand from the up-

stream end of the plasma chamber as shown in Figure 3.2. The support was designed

so that the probe could be positioned precisely during the measurements, which allowed

detailed longitudinal scans to be performed.
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Figure 3.7: Photograph of longitudinal Langmuir probe.

Anode Geometry

Three different anode geometries were used to explore the possibility of shaping

the longitudinal density pro�le in the hopes of �nding a more suitable pro�le that would

minimize the phase slip (mentioned in the Introduction and discussed in detail in Chapter

4). The anode that is used in the FNAL PWFA is shown in Figure 3.8. In order to change

the longitudinal density pro�le, three different anodes with inside diameters (ID) of 1.90

cm, 1.27 cm, and 0.953 cm were used. Each anode was installed in the con�guration

shown in Figure 1.5 and the longitudinal probe was inserted in steps of 0.4 cm from the

upstream end of the chamber (considered 0 on all graphs) to a value of 7.2 cm.
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Figure 3.8: Typical anode geometry.

Longitudinal Density Measurements

The longitudinal density was measured for all three anode diameters using the same

plasma conditions. In Figure 3.9, 0 corresponds to the location of the OTR foil window

and increasing distance z is moving from the OTR surface to the upstream end of the

cathode. The density drops off near the cathode because the magnetic �eld of the con-

�nement solenoids diverges sharply near the upstream end of the cathode ( & 5 cm in

Figure 3.9).
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Figure 3.9: Density vs z for all three anodes.
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From Figure 3.9 it can be seen that highest peak plasma density and therefore the

highest accelerating gradient was for the 1.90 cm ID anode. This is in fact true for the

drive beam and, hence, this anode was actually used for the FNPL PWFA experiment

involving a single drive bunch [20]. However, what is true for a drive beam is not nec-

essarily true for a trailing witness beam due to the phase lag between the two. As is

elaborated in the next chapter, the 1.90 cm ID anode is not the best choice for a witness-

bunch acceleration experiment. We now turn to that topic, which is the central topic of

this thesis.



Chapter 4
INTERPRETATION OF DATA: WITNESS BEAM

ACCELERATION AND MINIMIZING PHASE SLIPPAGE

Introduction and Motivations

As the beam of electrons enters the plasma, the head of the bunch encounters the very

mobile plasma electrons. As a result there is a rapid expulsion of the plasma electrons

leaving behind a channel of much heavier positive ions as described in Chapter 1.

The generation of the wake�eld is dependent on the matching of the drive beam to

the plasma ion channel. Matching the body of the drive beam to the focusing gradient

of the ion channel leaves the beam head in an unmatched state. This leads to the rapid

expansion of the beam head, which is similar to large emittance-driven erosion [21]. Since

the density of the beam head diminishes with time, the wave number for the radial expulsion

of electrons changes as well (since k2 _ no). As the beam head erodes it has much less

effect on the plasma, and the effective center of the drive beam moves backwards in the

beam frame [22].

A "witness beam" or electron bunch that is to be accelerated is injected into the

rare�ed positive ion channel. The ideal location for the witness beam to be injected would

be near the trailing edge of the positive ion channel as shown in Figure 4.1. The relative

spacing between the drive beam and witness bunch is constant throughout the length of the

plasma column.
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Figure 4.1: Wake�eld acceleration of witness beam. Note that the origin is on the
righthand side and the particles are traveling to the left.

Since the bunched beam has some �nite size, it would need to be injected at a loca-

tion that ends up near 80% of maximum longitudinal electric �eld, Ez. This is indicated

in Figure 4.2 as z80max and is also the nomenclature used in the numerical simulations

described in the NOVO simulations section of this chapter. The typical wake�eld pro-

duced has dimensions on the order of z=0.10 to 0.20 cm and is largely dependent on the

ratio of the beam density to the plasma density.

Figure 4.2: Plasma wake�eld.
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The motivation for the longitudinal density scans with the three different anodes

presented in this chapter was to �nd an anode with a plasma density pro�le that would

compensate for the erosion of the drive beam head as it traverses the plasma column. The

ideal pro�le would be one that has increasing density in the direction of travel of the drive

beam, as will be seen in the measured longitudinal results section of this chapter.

In a conventional linear accelerator that uses RF structures for accelerating, the

longitudinal electric �eld, Ez, is sinusoidal. This is not the case for a PWFA operating

in the "blowout" (ion channel is completely rare�ed of plasma electrons) regime. As can

be seen in Figure 4.2, the Ez �eld abruptly falls to zero at the end of the wake. With that

change of sign and the strong defocusing force at the same point, a witness beam needs

to reside within the region of the accelerating �eld that lies between zcross and z80max

in Figure 4.2.

Convolution Integral

One of the major topics concerning plasma wake�eld acceleration is how much

energy can be transferred to the witness beam. As the drive beam traverses the plasma

it excites a wake behind the beam body. The longitudinal electric �eld in this wake has

a maximum accelerating component, E+(max), and maximum decelerating component,

E�(max).

If we consider a line bunch of �nite length within the framework of linear theory,

the electric �eld produced can be described by the convolution integral [23]:

Ez(z) = 4�

Z
�(z0) cos [kp(z � z0)] dz0, (4.1)
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where kp � !p=�p (!p is the plasma frequency and �b is the speed of the drive beam). If

we assume that the drive beam is Gaussian, then the density is:

�(z) = en(r)
h
1=(�z

p
2�)
i
exp

�
�z2=2�2z

�
, (4.2)

where n(r) is the radial cross-section number density and e is the charge of an electron.

Substituting for �(z), the integral is then:

Ez(z) = 4�en(r)

Z
1

�z
p
2�
exp

�
� z

02

2�2z

�
cos [kp(z � z0)] dz0, (4.3)

and in SI units and after changing the integration variables we have:

Ez(�)

�
V

m

�
=

Qb(C)

��0 [R(m)]
2

Z
1

�
p
2�
exp

�
� �

02

2�2

�
cos(� � � 0)d� 0, (4.4)

where R(m) is the radius of the drive beam cross section, Qb is the drive beam bunch

charge in Coulombs, �0 is the permittivity of free space, and the terms �=kpz and � =kp�z.

The solution to this integral is shown in Figure 4.3, which was found using the Mathcad

spreadsheet in the Appendix.

Figure 4.3: Convolution integral solution. (Note the location of the drive and witness
beams.)
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The longitudinal electric �eld shown in Figure 4.2 is representative of the plasma

wake�eld. The location of the drive beam shown in Figures 4.1 and 4.2 is where the head

of the drive beam is encountering the plasma electrons. The longitudinal electric �eld

points in the opposite direction with respect to the direction of motion of the drive beam

(see Figure 1.4) and therefore is negative. The rapid depletion of plasma electrons gives

rise to the large accelerating electric �eld located near � = 3. The ideal location for the

witness beam to reside is near 80% of that maximum. Since Equation (4.4) is for a linear

system, it gives a result that is too optimistic for a highly nonlinear system operating in

the blowout regime such as the FNPL PWFA. Also one should take into account energy

loss [24] for a more sophisticated treatment of PWFA dynamics. Currently there is a lack

of analytical approaches to the nonlinear problem. As a result, numerical methods need

to be employed for a more accurate picture of the plasma response.

NOVO Simulations

A numerical �uid code called NOVO [25], named after the University of Novosi-

birsk, was used to simulate the plasma response. The code treats plasma electrons as a

cold �uid and the ions are assumed to be stationary. Also, the electrons are described by

a velocity and a density �eld on a rectangular mesh. The code includes nonlinear plasma

dynamics and hence is more general than the convolution integral in the previous sec-

tion. However, the convolution integral provides initial conditions for NOVO; the linear

regime suf�ces for calculating these initial conditions. For a witness beam experiment

the main output parameter of concern is z80max as a function of the distance z (in the

plasma column).
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Plasma Parameters and �Matching

In order for the NOVO simulations to model the desired parameters properly, the

drive beam needs to be matched to the plasma's ion channel. For self-focusing of the drive

beam, the rms transverse beam size (�r) and emittance (�) of the drive beam must be such

that the transverse distribution of the beam body is constant as the beam head expands

radially. This can be achieved when the initial �-function is equal to �eq =
p
=2�ren0

[26]. The beam parameters that can be adjusted are the charge of the drive beam bunch

Q, the energy of the beam , the normalized emittance �n, the longitudinal bunch length

�z, and the transverse spot size �r. The main property of the plasma source is the plasma

density n0. To do � matching of the drive beam to the plasma parameters for the NOVO

input �le, a Mathcad spreadsheet that is given in the Appendix (Plasma Parameters) was

used.

As the electron beam head enters the plasma column it forms a rare�ed ion channel

as the plasma electrons are expelled. The resulting positive ion channel gives rise to a

linear focusing force on the body of the beam. From the analytical model of rarefaction

[27], the equilibrium rms radial beam size of the electron beam focused by the rare�ed

plasma ion channel of charge density en0 is:

�eq =
q
�eq� =

�
�np

2�ren0

� 1
2

, (4.5)

where �n is the normalized emittance in mm�mrad. The rms radial beam size �eq is the

"spot size" (in cm) that is used in the NOVO simulations to match the rms transverse beam

size to the plasma ion channel. Along with the transverse beam size, the longitudinal

beam size has a large effect on wake�eld production since the accelerating �elds are
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related to the pulse length by Ez / �z [28]. The plot on the right side of Figure 4.4 shows

the effect of scanning �z through a range of values from 0:6 mm to 2:1 mm, keeping

all other parameters constant. As can be seen in the plot, when �z = 0:6 mm, the

longitudinal electric �eld is much higher. A typical compressed bunch length that was

achieved during the FNPL PWFA experiment was on the order of �z = 1 mm. The

longitudinal bunch length parameters that are used in NOVO are �(rise) and �(fall). A

Gaussian beam was assumed for the purpose of the simulations, which means that �(rise)

= �(fall).

Figure 4.4: Scans of various PWFA parameters. All plots are of the convolution integral
solution.

To ensure that the plasma source is operating in the nonlinear "blow out" regime,

the beam density must be greater than the plasma density, nb=n0 > 1. This ensures

that the plasma electrons are completely expelled from the positive ion channel. If the

plasma density is too low, a wake�eld will not form. In the center plot of Figure 4.2

the plasma density is varied between 1x1012 and 1x1014 cm�3 while all other parameters

were kept the same. As the density is increased, the ion channel is formed and the



40

longitudinal electric �eld Ez increases. The FNPL plasma source operates at 1x1014 cm�3

plasma density nominally, which is the red trace in Figure 4.4. Since the accelerating

gradient is proportional to the longitudinal electric �eld, and the longitudinal electric �eld

is proportional to the density, the accelerating gradient is thus proportional to the plasma

density. Finally, in the lefthand plot of Figure 4.4 the drive beam bunch charge is scanned

from 0:001 to 10 nC. As can be seen from the plot, when the bunch charge and thus the

drive beam density nb is below 1 nC, the wake�eld does not form. Nominally the FNPL

operates in the 10 nC range.

Measured Longitudinal Density Results

The measured longitudinal density pro�les (Figure 3.10) were used as the density

input �le for the numerical �uid code NOVO. An "ideal pro�le" used to compare the an-

ode performance was found by running several simulations with different plasma density

pro�les. The �nal ideal pro�le was chosen so that the NOVO output for z80max did not

change by a large amount over the entire plasma column, which means that the amount

of phase slip was minimal. In Figure 4.5 the ideal density pro�le is compared to the

measured density pro�les arising from the three different anodes.
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Figure 4.5: Density as a function of distance from the OTR foil window. The "ideal"
density is referenced to the rightside y axis. The density measurements were made at

locations shown in Figure 1.9.

One interesting thing to note is that the plasma density needs to keep increasing as

it approaches the upstream end of the cathode in order to keep the phase of the wake�eld

constant. This needs to happen to keep the wavelength of the wake�eld, and hence the

distance from the center of the drive beam to z80max, constant as the beam head erodes

while traversing the length of the plasma column.

Along with the plasma density pro�le, the NOVO simulations also used the input

parameters (which are representative of typical FNPL beam operations); normalized emit-

tance "n = 70mm�mrad, beam energy  = 28, beam chargeQ = 10 nC, and longitudinal

emittance �z = 1 mm. These values along with the ones shown in Table 4.1 constitute

the initial conditions for the beam and plasma. The parameters listed in Table 4.1 are the

results of � matching from the plasma parameters spreadsheet in the Appendix.
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Table 4.1
Measured plasma parameters

0.953 cm anode 1.27 cm anode 1.90 cm anode "ideal pro�le"
n0 = 2:33x10

13 cm�3 n0 = 5:32x10
13 cm�3 n0 = 6:52x10

13 cm�3 n0 = 1:13x10
14 cm�3

�match = 0:014 cm �match = 0:012 cm �match = 0:011 cm �match = 0:0097 cm
�rise = 0:909 k

�1
p �rise = 1:373 k

�1
p �rise = 1:52 k

�1
p �rise = 2:001 k

�1
p

�fall = 0:909k
�1
p �fall = 1:373 k

�1
p �fall = 1:52 k

�1
p �fall = 2:001 k

�1
p

The results of the NOVO simulations are shown in Figure 4.6. The ideal pro�le

had the least amount of phase slip with a change of only 0.009 cm in z80max. The anode

with the least amount of phase slip looking at the end points was the 0.953 cm with a

change of 0.029 cm in z80max. The excursion in z80max of the 0.953 cm anode near

z=3.5 cm of 0.1 cm correlates to the sudden increase in plasma density at the same point

shown in Figure 4.5. This is approximately the location of the downstream end of the

anode. The radius of the plasma column is determined by the strength of the con�nement

solenoidal magnetic �eld. The plasma column is effectively collimated by the I.D. of the

0.953 cm anode. On the upstream side of the anode the plasma density is smaller due

to this collimation and the density abruptly increases at the downstream end of the anode

(see Figure 1.5). This increase in density causes the overall size of the wake to decrease

and thus z80max is closer to the center of the drive beam. Since the distance between

the drive beam and witness beam is �xed, decreasing z80max could be a problem if the

witness beam gets too close to the end of the plasma wake and suffers from the rapid

deceleration and defocusing forces.
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Figure 4.6: z80max as a function of z for the measured longitudinal density pro�le.

As can be seen in Figure 4.6, the net amount of phase slip for the 1.27 cm and 1.90

cm anodes is larger and has a larger slope near the end of the simulation. The increase

in z80 max means that the size of the wake�eld produced is larger and as a result the

beam will stay inside the wake. However, the longitudinal electric �eld and hence the

acceleration of the witness beam will be less because the distance between the drive and

witness beams remains constant. Figure 4.6 is truncated at 6 cm because the amount

of uncertainty associated with the density measurements from 6 to 8 cm becomes large

(see Figure 3.10). In order to attain a complete pro�le of the entire 8 cm long plasma

column, the longitudinal probe would need to be inserted from the downstream end of the

chamber. The major problem with that measurement is that the probe would need to be

designed to withstand the heat of being inserted through the center of the hollow cathode

for the duration of the measurement. Also, the con�ning magnetic �eld diverges rapidly

near the cathode, so the density will be somewhat less due to this. However, assuming
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that the slope at the end of the simulation is indicative of how z80max is increasing, one

can perform a linear �t of the last 1 cm of data out to z=8 cm. In doing so one �nds

that for the entire 8 cm plasma column, the 1.27 cm and 1.90 cm anodes have an overall

change in z80max of 0.27 cm and for the 0.953 cm an overall change of 0.15 cm.

"Scaled up" Longitudinal Density Results

The measured plasma density was around 10 times less than previous measurements

made at the location of the transverse probe (Figure 1.9). This could be due to factors such

as the cathode may be less ef�cient due to aging or cathode poisoning. For this section

the plasma density is normalized to the previous density measurement at the location of

the transverse probe, which is 1.5x1014 cm�3. This was done to see if z80max for the

0.953 cm anode pro�le would change as a result of the higher density. A rescaled or

"scaled-up" pro�le for each anode was used as the input �le for the following simulations

along with the values in Table 4.2.

Table 4.2
Scaled-up plasma parameters

0.953 cm anode 1.27 cm anode 1.90 cm anode "ideal pro�le"
n0 = 8:16x10

13 cm�3 n0 = 1:147x10
14 cm�3 n0 = 1:53x10

14 cm�3 n0 = 1:13x10
14 cm�3

�match = 0:01 cm �match = 0:0091 cm �match = 0:009 cm �match = 0:0097 cm
�rise = 1:70 k

�1
p �rise = 2:82 k

�1
p �rise = 2:33 k

�1
p �rise = 2:001 k

�1
p

�fall = 1:70 k
�1
p �fall = 2:82 k

�1
p �fall = 2:33 k

�1
p �fall = 2:001 k

�1
p

As can be seen in Figure 4.7 the size of the excursion for the 0.953 cm anode at 3.5

cm is less when the density is rescaled to previous measurements. This may be due to

the fact that the scaled-up density is normalized to the point where the transverse probe is

located, which happens to be at 3.7 cm from the OTR window (as shown in Figure 1.9).
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Figure 4.7: z80max as a function of distance from the OTR window for the "scaled-up"
density simulations.

Again assuming a linear curve �t to the last 1 cm of the data in Figure 4.7, the total

change in z80max for the 0.953 cm anode is approximately 0.11 cm, whereas the total

change for the 1.27 cm and 1.90 cm anodes is on the order of 0.18 cm.

Discussion

Prior to the analysis presented here, the FNPL PWFA was installed in the FNPL

beamline during which time a 1.90 cm ID anode was installed for an acceleration experi-

ment. This anode provided an accelerating gradient of at least 72 MV/m (see [20] ). This

gradient would be greater than one provided by the 0.953 cm anode because of its larger

plasma density. However, the 1.90 cm anode would not be as favorable for mitigating

phase slip.

Phase slip and hence the distance between the centroid of the drive beam and

z80max is directly tied to the drive beam head erosion. The erosion of the drive beam
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head tends to cause the wavelength of the wake to increase. This can be compensated

by increasing the plasma density as the drive beam traverses the length of the plasma

column. The ideal case clearly shows that the density needs to slowly increase for the

entire length of the plasma. The only anode that has an increasing plasma density is the

0.953 cm anode. The problem is that the increase is very abrupt and the slope of that

increase forces z80max to have a large excursion, which opens up the possibility of the

witness beam leaving the acceleration region of the wake�eld. Based on these �ndings,

the NOVO results leave open the question of the net energy boost of the witness beam.



Chapter 5
CONCLUSIONS

One of the major issues to be resolved for plasma wake�eld acceleration of a witness

beam is maintaining a constant phase between the accelerating �eld and the witness beam.

If the plasma density pro�le is properly con�gured, the phase slip will be mitigated. The

FNPL PWFA plasma column was measured both transversely and longitudinally for three

different anode geometries. Numerical simulations using the measured plasma density

pro�les were performed that showed the 0.953 cm ID anode has the least amount of phase

slip, but it is not necessarily the best choice for a witness beam acceleration experiment

since it has a smaller longitudinal electric �eld and hence less accelerating gradient. The

1.90 and 1.27 cm anodes do suffer from more phase slip due to the fact that their pro�le

does not increase over the length of the plasma column. However, both anodes have a

higher plasma density and therefore a larger accelerating gradient.

These �ndings motivate more thorough analyses in the form of simulations of fully

3-dimensional transient PWFA accompanied by laboratory experiments involving various

choices of anodes.

What Next?
On-line Measurements

The probe box is designed so that the transverse probe can be used to make on-line

measurements of plasma density. It remains to interface the probe box and air-actuated
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solenoid to the control system for the FNPL. To make the measurements in a more ef-

�cient manner, the probe could also be swept from +100 to -100V to obtain an entire

Langmuir curve each time.

Complete Longitudinal Scan

The uncertainties associated with the longitudinal scan were due to both the pres-

ence of the probe interfering with the neutral plasma and the con�nement solenoid current

rapidly diverging near the cathode. One solution to this is to mount the longitudinal probe

on the cathode side of the chamber. However, since the cathode operates at temperatures

in excess of 2100 �C, a new probe would need to be designed.

Particle-in-Cell (PIC) Simulations

Since NOVO is a time-independent code, it is not able to model the dynamics of ac-

celerated electrons. However, it does give a good approximation to the plasma response

and is more ef�cient computationally than particle-in-cell (PIC) codes. Nonetheless, fur-

ther optimization and understanding of the witness beam experiment requires additional

simulations with a PIC code, combined with density measurements for anode geometries

intermediated between 0.953 and 1.27 cm.

The PIC code OOPIC [29] was developed to model PWFA dynamics that can sim-

ulate the beam and plasma interaction as well as solve the wake�eld in cylindrical coor-

dinates. The complete longitudinal scan plus a code such as OOPIC would give perhaps

the most accurate picture of the plasma /beam interaction available today.
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Different Anode Geometries

The main purpose of this thesis was to explore the possibility of using different

anode geometries to reduce the effect of phase slip. The 0.953 cm anode had the most

promising results in this connection. However, the 0.953 cm anode creates less plasma

density and thus less acceleration than with the two other anodes that were tried. There

may yet be some optimal geometry that will provide both good control of phase slip

and higher plasma density for better acceleration, which may include different inside

diameters or placing the anode at a different location in the plasma chamber.

Witness Beam Experiment

In actuality and in view of the results presented here, the only �rm way to resolve

the question of net energy boost to the witness beam versus anode geometry is to do the

PWFA experiments and measure it. Recent attempts to produce a witness beam at the

FNPL have been successful [30]. Measurements of the initial density pro�le column,

such as have been presented herein, will provide a head start toward intrepreting the ex-

perimental results.
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