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2.1

2.2

2.4

LisT OF FIGURES

Schematics of four different relativistic beam handling techniques

using a plasma. . . ... Lo L e

{Above) An electron beam traverses a preformed lon channel. While
individual electrons are going through betatron motions with be-
tatron frequency wg, the envelope of the beam oscillates with the
frequency 2wg; (Below) The transverse profile of the potential well

due to the lon column. . . . . . . . . . .. .

The geometry of a plasma wiggler with a plasma wave perpen-
dicular to the direction of the relativistic electron beam. The
wiggler wavelength is A, and ideally the radiation wavelength
is Ap ~ Aw/(2+*) due to the double doppler shift, as shown in
Eq. A.1. The electron beam drifts in the direction that the plasma
wave moves due to the net poderomotive force (12]. . . . . . . ..
A snapshot of (a) the beam density distribution and (b) the plasma
density distribution inside a simulation window with the QUICK-
PIC code. The dashed lines in (b) indicate the transverse and

longitudinal positions where the fields in Fig. 2.4 and 2.5 are plot-

The transverse force as the function of the distance from the axis
of the ion channel. The scanning routine to yield the above figure

is indicated as the vertical dash line in Fig. 2.3(b).. . . . . .. ..
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2.5

2.6

2.7

2.8

2.9

Beam charge distribution along the ion channel, and the transverse
forces witnessed by a heam electron, which was o, from the beam

center in the transverse direction, at 3 different plasma densities. .

The coordinate system with n the direction of the observation.
An electron’s trajectory is assumed %o be in the x-z plane without

losing generality. . . . . . ... ... oL

{a) The angular distribution of the radiation from an electron with
K, = 5, based on Eq. 2.32. The trajectory of the electron’s be-
tatron motion is assumed to be in the x-z plane. ¢ is the angle
between the observation direction and the y-z plane, while ¢ is the
angle between the observation direction and the x-z plane. (b) The
angular distribution of the radiation from an REB with () = 5.
The normalized radiation intensity based on the numerical inte-
gration of Eq. 2.36, as a function of the normalized frequency
w/{27%wg} and the angle v¢ in the ¢ = 0 plane. The wiggler
strength K, = 0.78 and the interaction length L = 37 /kgs.

The normalized radiation intensity based on the numerical inte-
gration of Eq. 2.36, as a function of the normalized frequency
w/{2v*ws) and the angle vt in the ¢ = 0 plane. The wiggler
strength K, = 0.78 and the interaction length L = 3m/ks.

2.10 Same as Figure 2.8 except that the wiggler strength K, = 1.17.

2.11 Same as Figure 2.9 except that the wiggler strength K, = 1.17.
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2.12

2.13

3.1

3.2

3.4

The normalized radiation intensity based on the numerical inte-
gration of Eq. 2.40, as a function of the normalized frequency
w/(2v*wg) and the angle v¢ in the ¢ = @ plane. The wiggler
strength K, = 5.9 and the interaction length L = 3n/ks. . . . . .

An illustration of the electron beam trajectories in (A) a plasma
wiggler with a plasma wave (PWPW) and in (B) a plasma wiggler
with an ion channel (PWIC). . ... ... ... ... ... . ...

The peak acceleration field as a function of the plasma density
based on Eq. 3.1. The heam charge numbers N, is 1.8 x 10, and
the beam size o, is 40 um. The solid line corresponds to the beam
length o, 0.4 mm; the dot — dash — dot line is to 0.6 mm; and the

dot ineisto 0.8 mm. . . . . . . . . e

(Above) The schematic of the heat-pipe oven. Keys: C: cooling
jacket; L: boundary layer; V: vacuum valve; T: thermocouples;
OP:optical window. {Below) An illustration of idealized pressure

profiles for the helium buffer gas and the lithium vapor. . . . . . .

Temperature distribution along the oven (a) at the fixed heat
power 768 W but different buffer pressure, 304 mT orr (squares)
and 401 mTorr(dots); (b)at the fixed buffer pressure (401 mT orr)
but different heat power, 768 W (dots) and 781 W. (squares).

Vapor density distribution along the oven under different buffer
pressures. Only half of the oven is shown. From upside down, the
buffer pressure was 443 mTorr, 400 mT'orr, 351 mTorr, 300 mTorr,

250 mTorr, and 204 mTorr vespectively. . . . . . . ... ...
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3.5

3.6

3.7

3.8

3.9

3.10

3.11

Experimental setup for hook method. Key: A-aperture; M: mirror;

B.S.: beamsplitter; C: Camera; Lidens. . . .. .. ... ... ...

A typical hook image recorded in the plane of the imaging spec-
trograph. The image was taken as the oven center temperature
was around 500°C. A number of interference fringes form hooks
at both sides of the absorption center Ap = 670.78 nrm. Two thin
vertical ines mark hook positions and A represents the wavelength

difference between hooks. . . . . . . . . . ... ...

Measured optical lengths as a function of buffer pressures. The
dots in the figure are the optical lengths measured with the hook
method, and the iriangles are optical lengths deduced with the

thermocouple temperature measurements. . . . . . .. . . .. ..

Experimental setup for the white light absorption method. Keys:

A: aperture; Lilens; Momirror, 0 0 L Lo o000

Measured white light transmission (dots) in the vicinity of the
lithium line center Ay = 670.78 nm. The least-Square-Fit curve
is plotted based on Eq. 3.15. The measurement was taken as the

oven center temperature was around 700°C. . . .. ... ... ..

Lithium vapor density measurements from the hook method, and
the white light absorption method under different vailues of K as
a Tunction of the oven center temperatures. K is the constant of

proportionality addressed in Eq. 314, . . . . .. 0oL

The experimental arrangement for a UV ionized Li plasma source.
Three slices (a), (b) and {c) are UV fluorescence profiles measured
at the exit, at the middle and at the enfrance of the oven, respec-

tively. . . .



3.12

3.13

3.14

4.1

4.2

4.3

4.4

{a)Li vapor density distribution along the oven with the vapor
pressure set at 351 mTorr.(b)Measured laser beam areas (trian-
gles} and the deduced plasma density distribution (dash line) along

the oven. . . . . . L e,

The output of an oscilloscope recording the C'O; laser interferom-
etry signal measured by the fast HgCdZnTe detector and the UV
laser signal as the function of time. At this moment, the oven
temperature was T,z & 720 °C. Curves (a), (b), (¢), and (d} show
the smallest interferometry signal g(t), the largest interferometry

signal fp(#), the interferometry signal [p(t) just after the plasma

was produced, and the UV shot, as a function of time, respectively. 65

Plasma density as the function of time measured with 'O inter-

ferometry. The solid line is drawn for a guidance. . . . . ... ..

An illustration of a PWFA scheme. The drive electron bunch ex-
pels plasma electrons and generates an ion channel behind, Plasma
electrons rush back and produce a longitudinal plasma wake field
which can accelerate the tail of the driver. . . . .. . . .. .. ..
(Above) The location of E-157 experiment in the Stanford Linear
Accelerator Center. (Below)The E-157 schematic. . . . . . .. ..

E-157 schematic at IP1. Two OTR systems were located at the

upstream and the downstream of the Li oven, respectively.

Upstream and downstream OTR images in E-157 experiment. The
graininess of the downstream OTR image was not due to the beam,

rather it resulted from the grain structure of the titanium foil. . .

The Chereckov diagnostic system in E-157. . . . ... . .. .. ..
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4.6

4.7

4.8

4.9

4.10

4.11

(Left) A typical time-integrated-Cherenkov image on the CCD
camera. “Slit locations” indicates the parts of the beam accepted
by the streak camera in X and Y directions. (Right} Typical streak

camera image showing both the horizontal and vertical streaks.
The comparison of two different schernatics in bending an REB.

The E-157 schernatic for the demonstration of bending an REB

with the Coulomb force. . . . . . . . . . . . . . .. .. .. .. ..

The image of the beam downstream {received by the Cherenkov
time-integrated CCD camera), with (a) Laser off and (b) Laser on,
shows the deflected beam and the undeflected transient. The cross

hair marks the position of the head of the beam. . . . . . . .. ..

(a) Multiple oscillations of the spot-size measured with the down-
stream OTR system due to betatron motion of a 28.5 GeV elec-
tron beam traversing a 1.4 m long lithium plasma as a function of
the plasma density. The solid line was the curve-fit with Eq. 4.6.
(b) The beam centroid oscillations measured with the downstream
BPM (6130} as a function of plasma density. The solid line was
the curve-fit with Eq. 4.5. The marks, (1),(2),and (3), in the fig-
ure indicate the transparency points, which also correspond the
minimum spots in {a). ... ...
(Left) An illustration showing that an REB beam with a head-to-
tail tilt enters the plasma in z direction, forming an ion channel
for the tail to experience. (Right} A beam slice in the ion chan-
nel, displaced by an amount z;, induces a displacement z, of the

channel. . . . . L e e e e e
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4.12 Time-sliced beam centroids (dashed lines) measured with the Cherenkov

5.1

5.2

5.3

5.4

radiation 1mages recorded by the streak camera are compared
with those from the theoretical estimation (solid lines} based on
Eq. 4.7 and 4.8 at three transparency points. {a) n, = 0, the
beam centroids shows a initial head-to-tail (left-to-right) tilt. (b)
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The mean atomic scattering factor f, of a Z = 14 Silicon atom
as the function of the radiation energy at two difference scattered

angles, # =8%and #=18"[58]. . ... ... .. ... ... ...

The schematic of X-ray scattering diagnosis in E-157. An SBD
is reversely biased through two large resistors R1 and R2. The
current generated by the incident radiation is collected by the in-
put capacitance of the charge sensitive preamp. High voltage is
supplied by a NIM module. Only one detector D1 fogether with
its circuit are drawn. D2 has an identical circuit as D1, which is

omitted in the figure. . . . ... .o o oo o000

X-ray signals received by (a) D1 and (b) D2 as a function of the

rotational angle of the silicon crystal with plasma off. . . . . ..

89

The measured X-ray transmissions (=(v—vsschground )/ {Vmaz—"Ubackground })

of eight foils were plotted against the corresponding theoretical
{ransmissions. V... was the SBD signal without any filter in front
of the SBD, while Viscrground was the SBD signal with a thick Pb
in front of the SBD. The marks corrsponds to the items listed in

Tab. 5.1. The solid line is drawn to guide the eye. . . . . . . ..
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5.7

3.8

5.10

5.11

X-ray fluorescence schematic. . . . . .. . . ... ...

A typical fluorescence image with a “tadpole” shape recorded by

the CCD camera. . . . . . . . . o v ..

A series of X-ray fluorescence images showing the electron beam

displacements in X {Left) and Y {Right) directions. . . . . .. ..

The correlation plot between the displacements of beam centroids
measured with the BPM and the displacements éz and éy in the

fluorescence images. The lines are drawn to guide the eye.

Schematic of the experimental set-up. A bend magnet separates
the electrons {solid red line) from the photons {dashed blue line)
after the plasma wiggler. Key: A-lithium plasma source; B-OTR
Ti foil; C-CCD cameras; D1-SBD receiving Thomson scattered X-
rays; D2-SBD receiving Bragg scattered X-rays; E-Berylium vac-
uum windows; F-bend magnet; G-photon beam line; H-fluorescent
screen, I-silicon {111} crystal on a rotation stage at angle fg;, J-
beam position monitor. . . . . ... Lo
(a} The predicted {solid line) and measured displacement of the
beam centroid as a function of plasma density. (b) The esti-
mated (triangles) and the measured (dots) X-ray energy in the
5 ~ 30kev range as a function of plasma density. The solid line is

the quadratic fit to the experimental data. . . . . . .. . ... ..

The correlation of signals on detector D2 vs. detector D1. The
inset shows clear Bragg peak at 8° on D2 as 8g; is varied (curve

taken with plasma off and without the Ti OTR foil in the beam
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5.12

5.13

5.14

5.15

6.1

6.3

6.4

X-ray fluorescence images with a false color as (a) plasma off and

(by plasmaon. . . .. .. ..

The relative values of the sum of X-ray fluorescences as a function
of plasma densities. The marks in the figure imply the transpar-

ent points where the plasma density satisfies wgl/c &~ mm, with

Processed image produced on the fluorescent screen as recorded
by the CCD camera showing the “betatron” X-rays produced by
the plasma (circle at the top) and a vertical stripe of remnant

synchrotron radiation produced by the bend dipole magnet.

3-D visualization of the the processed image shown in Fig. 5.14.

{Above) The schematic of a free electron laser operating in the
SASE mode. (Below) The plot shows that the radiation power is

exponentially growing while the electron beam is being bunched.

An electromagnetic wave propagates with an ion-focused relativis-
tic electron beam. Beam electrons oscillate transversely and are

micro-bunched axially by the ponderomotive force. . . . . . . ..

A simulation window at t=0. A bunch of electrons with energy
v = 50 propagates in z; direction in a preformed ion channel. A
plane electromagnetic wave is at the background, which is shown

inFig. 6.4 . .. 0 e

A plane electromagnetic wave propagating in z; direction has its
polarization in z, direction, its frequency w = 631.3 and its mag-

nitude £ = 0.0631. . . . . . . ..
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A relativistic electron beam can radiate due to its betatron motion inside an
ion channel. The ion channel is induced by the electron bunch as it propagates
through an underdense plasma. In the theory section of this thesis the forma-
tion of the ion channel, the trajectories of beam electrons inside the ion channel,
the radiation power and the radiation spectrum of the spontaneous emission are
studied. The comparison between different plasma wiggler schemes is made. The
difficulties in realizing stimulated emission as the beam traverses the ion channel
are investigated, with particular emphasis on the bunching mechanism, which is
important for the ion channel free electron laser. This thesis reports an exper-
iment conducted at the Stanford Linear Accelerator Center (SLAC) to measure
the betatron X-ray radiations for the first time. We first describe the construc-
tion and characterization of the lithium plasma source. In the experiment, the
transverse oscillations of the SLAC 28.5 GeV electron beam traversing through
a 1.4 meter long lithium plasma source are clearly seen. These oscillations lead
to a guadratic density dependence of the spontaneously emitted betatron X-ray
radiation. The divergence angle of the X-ray radiation is measured. The ab-

solute photon vield and the spectral brightness at 14.2 K'el” photon energy are
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estimated and seen to be in reasonable agreement with theory.

XXVi



CHAPTER 1

Introduction

A key feature of a plasma is its ability to support various kinds of waves or
collective modes of oscillation. These plasma waves correspond to charge density
fluctuations along with their associated electric fields. Although collective phe-
nomena in plasmas are known to be common in space or in man-made plasma
reactors, only recently it has been possible to produce and manipulate such waves
in a controllable manner in the laboratory, thanks to the developments of pow-
erful laser and particle beam drivers and reproducible plasma sources. These
collective fields induced in a plasma by such drivers can be incredibly strong.
Although these fields are not desirable in some applications such as laser fusion,
whereas electrons accelerated by the fields can prematurely heat the fuel in a
fusion capsule and make efficient implosions difficult, they are desirable in other
applications. Some of the applications of collective fields, induced by a short but
intense particle beam, are shown in Fig. 1.1. These are
(a) Plasma Wake Field Accelerator [1]. According to theory, the longitudinal
wake field of a plasma wave that has a phase velocity of speed of light ¢, is on
the order of m V/em, where ny, is the plasma density. Electric fields as
large as 100 GV/m have been shown in experiments 2], which is three orders of
magnitude larger than the typical breakdown voltage of a conventional rf electron
accelerator operating at 3 GHz.

{b} Plasma lens [3]. A relativistic electron beam (REB) can get focused as it
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Figure 1.1: Schematics of four different relativistic beam handling techniques
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traverses a plasma under certain conditions. Especially if the beam density is
larger than the plasma density and the transverse size of the beam is smaller
than the plasma skin depth (so called blow-out condition}, the beam head expels
plasma electrons and leaves behind an ion channel. The main body of the beam
experiences the focusing force exerted by the uniform column of ions that are
left behind. Ideally, this plasma lens is free of geometric aberration because the
focusing force is linear. In a recent experiment [4], this focusing gradient reached
4 x 10° T/m with the plasma density close to 10'® em™2, which is far greater
than 250 T'/m from a conventional small aperture iron core quadrupole.

(¢) Beam Steering with asymmetric ion focusing force [5}. The above mentioned
ion channel can also be used to steer an REB. In such a beam steering scheme, an
REB pulse traversing the ion channel has a transverse displacement with respect
to the axis of the channel. Due to the asymmetric ion focusing force, the beam
is steered toward the channel direction. This scheme opens up the possibility of
making a fast plasma switcher of an REB.

(d) Plasma Wiggler [6]. In a conventional synchrotron that uses a magnetic
wiggler or an undulator, an REB oscillates transversely due to a periodic mag-
netic force resulting from a series of magnetic poles while it travels longitudinally
through the device. An REB can also be wiggled in a similar mannar in a plasma.
The pendulum restoring force is due to the Coulomb force rather than the Lorentz
force as in a wiggler/undulator. This Coulomb force can be either supplied by
a plasma wave [6], or by background ions [7]. This thesis will focus on the last
part of the above mentioned applications. That is: synchrotron X-ray radiation

due to electron betatron motion in an ion channel.

The motivation for exploiting this kind of novel synchrotron device is as fol-
lows. Synchrotron sources are used to generate intense X-rays [8] for many ap-

plications, in the fields of biology, chemistry, material science, physics and en-



vironmental science. However these facilities are very large, complicated and
expensive, and as a consequence can only be hosted at several national labs in
the world. Almost all the synchrotron sources have mainly two parts: a high
energy electron storage ring and undulator magnets. Whereas the sforage ring
provides an REB with required parameters (energy, emittance and current), the
undulator magnets wiggle the REB via the Lorentz force. It has been suggested
6] that the Coulomb force can be used to replace the Lorentz force to wiggle
electrons. HoWever the required electric fields are so great that they can only be
supported by a plasma. A wiggler with a plasma electric field to wiggle electrons
is called a plasma wiggler. There are several schemes to realize such a wiggler
[61]71{91[10]. A plasma wiggler has at least two potential advantages, smaller wig-
gling wavelength and larger wiggling strength in comparison with its magnetic

counterpart.

The organization of the thesis is as follows. In Chapter 2, pros and the cons
of a plasma wiggler with a magnetic wiggler/undulator are compared first. This
is followed by a quantitative discussion of the spontaneous emission of x-rays
which includes radiation power, radiation angle, and spectrum, from a plasma
wiggler when an ion channel is employed. Although similar calculations have
been presented elsewhere due to the similarity of trajectory of a beam electron
traversing a plasma wiggler and a magnetic wiggler, these calculations are more
specifically related to a specific experiment and are very helpful in analyzing the
experimental data. The difference between two plasma wiggler schemes, a plasma
wiggler using an ion channel [7], and a plasma wiggler using a plasma wave 6]

are also addressed.

In order to experimentally demonstrate the existance of the ion channel syn-

chrotron X-ray radiation, one needed an REB and a suitable plasma source.



While the SLAC beam provided the necessary REB, a plasma source had to be
developed in which the ~ 30 GeV SLAC beam underwent at least one complete
oscillation. Chaﬁter 3 is concerned with the construction of a 1.4 meter long
lithium plasma source. Such a meter long plasma source, with a uniform plasma
density distribution, is a pivotal component in this and other plasma related
beam handling experiments. The plasma source is essentially a 2 m long heat
pipe oven containing a uniform lithium metal vapor with its density tunable from
2% 10" em™ to 6 x 10'®* em™3. The plasma is then created by ionization of the
vapor with an ArF excimer laser (193 nm). Various diagnostics of vapor densi-
ties and plasma densities are discussed. All the important oven parameters, such
as vapor temperature profiles, vapor density distributions, heater powers, were

measured in the laboratory at UCLA.

The demonstration of X-ray emission from a plasma wiggler was carried out
as a parasitic project of a PWFA experiment called E-157, The E-157 experiment
is reviewed in Chapter 4. The goal of the E-157 experiment was to demonstrate
high gradient acceleration of electrons in a plasma over a meter length. It used
the 28.5 GeV REB from the 3-km Stanford linear Accelerator to interact with
the above described 1.4 meter long plasma source with the plasma densities in
the range of 10" - 10'® ¢m™2. This experiment demonstrated almost all the

important beam handling observables as mentioned earlier.

Chapter 5 details the synchrotron X-ray radiation due to electron betatron
motion in the E-157 experiment. Background theory of Thomson scattering and
Bragg scattering is reviewed briefly. Following that, experiments techniques in-
cluding X-ray scattering and X-ray fluorescence imaging are discussed. This is
followed by major experimental results of X-ray emission as a function of plasma

density, the divergence angle of the beam and the absolute X-ray yield.
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Is it possible to realize lasing (FEL) in a plasma wiggler? This question is
briefly addressed in Chapter 6. In principle, SASE {self-amplified-stimulated-
emission) [11] is possible in a plasma wiggler, and the corresponding device is
named as the ion channel laser(ICL} [7]. However, there is a much more stringent
requirement on beam emittance in an ICL than in a magnetic undulator which
makes it difficult to realize ICL lasing in practice, particularly at short wave-
lengths. Preliminary simulation results on beam micro-bunching in the interval

of the radiation wavelength as the beam traverse an lon channel are presented.

The conclusion drawn from this work is made in Chapter 7.



CHAPTER 2

Theory of Radiation from Electron Betatron

Motion

2.1 Introduction

A relativistic electron may radiate photons when moving in a curved frajec-
tory. This kind of radiation is normally characterized as synchrotron radiation.
Synchrotron motion plays a key role in producing intense X-rays in the 10 KeV

range which is not easily accessible with other light sources.

Conventional synchrotron radiation sources use a magnetic field to bend elec-
tron trajectories. Curved crystals or other devices are used to select specific
frequencies from the broad spectrum of bending magnet radiation. The need
for brighter sources (more photons per unit frequency interval) led to the devel-
opment of magnetic devices called wigglers and undulators to be placed in the
synchrotron ring. The magnetic properties of these devices cause the electrons
to undergo periodic oscillatory motions that result in the concentration of the
radiation into a much more monochromatic spectrum or a series of discrefe fre-
quency peaks. More details about a magnetic wiggler/undulator can be found

Appendix A.

In conventional synchrotron radiation sources, an electrostatic field has never

been used to replace the magnetic field for oscillating relativistic electrons. This



is because a 1 Tesla magnetic field, a typical value for a conventional magnet,
is equivalent to a 300 MV/m electrostatic field. This is much too high to be
sustained by a normal conductor material. However, this is not the case if a
space charge wave in plasma is exploited as a medium to support such a large
and periodic electrostatic field. Since such a plasma has already been ionized it
can shield the effect of electric field on the boundary material within a few Debye

lengths.

A plasma wiggler is attractive at least for two reasons. First, the effective wig-
gler wavelength can easily be made shorter than that of a conventional magnetic
wiggler. The wiggler wavelength needs to be smaller in order to reach higher
frequency radiation for a certain energy beam, in view of Eq. A.1. In the present
state-of-art magnetic undulators, the minimum A, obtained is in the range of
0.1 ~ 1 cm, as is limited by the practical difficulty of placing very strong and
very small permanent magnets close together in an alternating array. However,
in a plasma wiggler that employs a relativistic plasma wave, a typical plasma

wiggler wavelength is [12]

1045 e
Ay ™~ T o - M. (2.1)
\ ny e Top

3

Thus plasma density of 10" em™ corresponds to a plasma wavelength 0.1 mm.
Secondly, the effective magnetic strength By, which will be defined in the later
section, can be extremely large in a plasma wiggler compared to a conventional
magnetic wiggler. This can therefore lead to a larger efficiency of spontaneously

emitted radiation for the same energy of incident electrons *.

Yhe radiation efficiency is the normalized energy loss by the electron with the Lorentz
factor v as it traverses a wiggler in a length L. The efficiency can be expressed as [13]

AE v

-"E'"?"“ 382 ' 'l‘"g . L - sz (22)
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where 7. is the classical electron radius, 2.8 x 10713 em.



However, a plasma wiggler has disadvantages when compared to its magnetic
counterpart. For instance, possible beam-plasma interactions and plasma insta-
bilities can degrade the beam quality and therefore the brightness of the emitted

radiation when a plasma wiggler is emploving.

In this chapter, I describe a different type of plasma wiggler, where the elec-

trostatic field is provided by the plasma ions rather than a plasma wave.

It is noted that an ion channel has been used in the past to guide a relativis-
tic electron beam by balancing self-space-charge repulsion with the ion focusing
force [14] {15]. Usually the ion density for this application is relatively low, in the
range of < 10'% em™3. An ion channel has also been exploited as a plasma lens
to focus charge particles [3]. The effective focusing gradient for an plasma lens
in an ion channel is Bp/r = 2mnjme & 3 x 1079[22x][ L] The field can reach
100 MG/em with a plasma density 3 x 10%¢ em ™2,

In this chapter, however, an ion channel is applied to wiggle an electron beam.

We call this kind of device a plasma wiggler with an ion channel{PWIC).

A relativistic electron beam (REB) traversing a PWIC will radiate photons,
as it does in a magnetic wiggler. This can be understood intuitively as follows.
As shown in Fig. 2.1, a high density ion column sustains an electrostatic potential

well around the symmetric axis of this column, which can be expressed as
¢ = —Tnigner? (2.3)
The corresponding force on an electron at the position ¥ would be
Fion(r) = (—€)(~ 7 ¢) = —2rnipne’7 (2.4)

An electron propagating in this ion channel potential will undergo harmonic

motion in the transverse direction. The resulting periodic acceleration leads to
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Figure 2.1: {Above} An electron beamn traverses a preformed ion channel. While
individual electrons are going through betatron motions with betatron frequency
wg, the envelope of the beam osciilates with the frequency 2wg; (Below) The
transverse profile of the potential well due to the ion column.



synchrotron radiation. Due to its relative robustness in producing an ion channel,
it turns out to be the first plasma wiggler device operating in the X-ray regime

realized in the experiment.

It should be noted that the synchrotron radiation of a relativistic electron
beam in an ion channel has been explored theoretically in Reference [16], and
stirnulated radiation in an ion channel has been further developed in Reference 7.
The possibility of the realization of this stimulated radiation will be discussed in

Chapter 6.

In the following sections, earlier plasma wiggler schemes are briefly reviewed
first. Then a plasma wiggler with an ion channel is detailed. The formation
of the ion channel and a relativistic electron motion inside the ion channel are
studied with the help of the 3-D particle-in-cell simulation. The spectrum of the
radiation, radiation angular distribution, etc. are numerically calculated in terms
of beam and plasma parameters. Finally essentials of this plasma wiggler with

an earlier proposed plasma wiggler scheme are compared.

2.2 Earlier Plasma Wiggler Schemes

In earlier plasma wiggler schemes, the plasma wiggler was essentially a rela-
tivistic plasma density wave. This plasma wave can be excited by several ways,
such as by two beating laser beams, by a short laser pulse (laser wakefield scheme)
or by a short pulse of relativistic electrons (plasma wakefield scheme) propagating
through a plasma [17]. The plasma wave can be either parallel [9] or perpendicular
[6] to the direction of the incident electron beam. The time-varying electrostatic
field from this plasma wave appears like an “electromagnetic wave” in the beam

¥

frame. The beam electrons scatter these “photons” which subsquently appear as
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frequency shifted real photons in the laboratory frame [6].

A typical geometry of a plasma wiggler with a plasma wave (PWPW) is shown

in Fig 2.2, in which the plasma wave is perpendicular to the incident electron

Electron
Beam

Radiation Zone A Aol (272)

Figure 2.2: The geometry of a plasma wiggler with a plasma wave perpendicular
to the direction of the relativistic electron beam. The wiggler wavelength is A,
and ideally the radiation wavelength is Ar ~ Aw/{27?) due to the double doppler
shift, as shown in Eq. A.1. The electron beam drifts in the direction that the
plasma wave moves due to the net poderomotive force [12].

beam. The magnitude of the electrostatic field associated with the plasma wave
can be expressed as [12]

4redn,

e stn{wpt), (2.3)

Eoy = Epsin(wyt) =

where én, is the perturbed plasma electron density. The second equation in
Eq. 2.5 is obtained from 1-D Poisson’s equation: V-E = —4medn, The maximum

density rarefaction occurs when én, = n, with n, the plasma density, known as

12



the cold plasma wavebreaking limit [18]. This electrostatic field wiggles the beam
electrons transversely with the frequency w,. Since both the phase velocity of the
plasma wave vy, and the velocity of the relativistic electrons v, are very close to
the speed of light in vacuum ¢, the corresponding wiggler wavelength is just the

plasma wave wavelength,

Aw = 2mefwy, (2.6)

The effective magnet strength in such kind of a plasma wiggler is

B.j; = 4W65nﬁ5in(wpt) ~2 3 % 1073, n{ia (gauss), (2.7)
em

wy/e

where B.;s = Epuc/vpn = Epy. The corresponding radiation wavelength and its

harmonics due to this wiggling motion is expressed as

(2.8)

with m the harmonic number, due to the double Doppler shift (referring to Ap-
pendix A). It is interesting to note that in such a kind of plasma wiggler, in the
linear approximation, the effective wiggler strength K is always no more than

one, since
€Ay Fpw  Ony,

PN (2.9)

K. =
it
P 2mme

Ty

in view of Eq. A4, and 2.5, Therefore, the spectrum of the radiation tends to
be discrete, and the bandwidth of each spike depends on the number of wiggler
periods. The pulse width of the radiation is the same as the incident electron

pulse width.

The challenge to realize such a kind of plasma wiggler is to produce a uni-
form and transversely wide plasma wave. So far there is not any experiment

demonstrating this scheme.
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2.3 A Plasma Wiggler with an Ion Channel (PWIC)

2.3.1 The Formation of an Ion Channel

Now I will discuss an alternative method of producing a plasma wiggler: an ion
column. A conventional method to produce a high-density ion column channel is
to shoot a dense relativistic electron beam (REB) into plasma, the head of which
pushes plasma electrons away and leaves behind plasma ions. If the REB density
ny is larger than the plasma density n,, plasma is said to be in the underdense
condition, plasma electrons are expelled transversely and stream backward to
neutralize the ions. If the REB is also so narrow that its RMS size o, satisfies
wyo, /e << 1%, the plasma return current flows mainly outside the beam. An ion

channel is therefore left inside this plasma sheath.

The transverse size of the ion channel can be simply estimated by realizing
that a plasma electron at the edge of the channel receives zero net transverse
force, i.e.,

2.2
Fi = Frep? + Fin? = (ihmrbw——j}f;(l + Eﬁ) — 2mbn,e® )i = 0, (2.10)
C

where the REB is assumed to have a Gaussian distribution transversely with its
RMS size ., b is the radius of the ion channel, v, is the longitudinal velocity of
the plasma electron directing opposite to the REB velocity. The above equation

gives the ratio of the radius of the ion channel and the radius of the REB as

b 2(1 + 2y

A S ALY (2.11)
o, T
which can be further simplified as
b an .
— == 2.12
oy ny (2-12)

?A regime with both the above mentioned conditions satisfied, i.e., ny > np and wpo, /e <<
1, is often called a “blow-out” regime.
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since vp/c << 1 is true in most cases. Plasma electrons stream backward to
neutralize ions. The time scale for these electrons to return back to the channel
is 1/w, . Therefore the main body of a short REB (o, < maw,), or any REB
trailing behind with a distance shorter than m¢/w, would propagate inside an ion

channel.

The formation of the ion channel was demonstrated in the computer simu-
lation with a 3-D Particle-In-Cell simulation code, called QUICKPIC {19]. The
beam and plasma parameters used in the simulation are as follows. An REB
with the Lorentz factor ~ = 60000 contained 1.8 x 10'® electrons. It had Gaus-
sian density distributions both transversely and longitudinally with o, = 40 um
and o, = 0.7 mm, respectively. The density of the plasma was varied from
about 10'% em™ to 2 x 10 em™>. These are the typical parameters of the E-
157 experiment [20], which will be detailed in Chapter 4. Fig. 2.3 is a snapshot
demonstrating both the beam and plasma density distribution inside the simu-
lation window as the REB propagated through the plasma. As the front of the
beam expelled the plasma electrons away and experiencing dynamic ion densities,
the main body of beam electrons were experiencing an ion column with a uniform
1on density.

The transverse force witnessed by a beam electron which was o, {rom the
beam center in the longitudinal direction is shown in Fig. 2.4 as the function of
the distance from the axis of the ion channel. The force is linearly proportional
to the distance from the axis of the ion channel r, as mentioned earlier in Eq. 2.4.
Further away from the axis and beyond the edge of the channel, the force decays
due to shielding of plasma electrons as expected [21]. The transverse force wit-
nessed by a beam electron which is o, from the beam center in the transverse

direction is drawn in Fig. 2.5. The scanning routine to yield the above figure



Figure 2.3: A snapshot of (a) the beam density distribution and (b) the plasma
density distribution inside a simulation window with the QUICKPIC code. The
dashed lines in (b) indicate the transverse and longitudinal positions where the
fields in Fig. 2.4 and 2.5 are plotted.
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Figure 2.4: The transverse force as the function of the distance from the axis of

the ion channel. The scanning routine to yield the above figure is indicated as
the vertical dash line in Fig. 2.3(b).
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is indicated as the horizontal line in Fig. 2.3(b). The beam charge distribution

along the ion channel is also drawn in Fig. 2.5, As shown in Fig. 2.5, the main

(0 — ———— 160
Charge Numbers ;
FeN 4140
810° | :
" Back Front 4120 g
) . ‘ @
2 610t L —> 100 2
Z /o =17%10"em ™ \ 180 &
S 4108 TTTTTTS N bl
g , s 60
5 ! AR 5
! P/ 40 =y
210° | ek .M\ g
1 . 20
_F?,JK B e e e
o | . . ‘ ; L el (3

218 -1 05 0 05 1 15 2
Horizontal Distance {mm)

Figure 2.5: Beam charge distribution along the ion channei, and the transverse
forces witnessed by a beam electron, which was ¢, from the beam center in the
transverse direction, at 3 different plasma densities.

body of the beam experiences an almost constant ion focusing force along the ion
channel over the wide range of densities used in the experiment®. The length of
the ion channel is shorter as the plasma density is larger, as indicated by Fig. 2.5.
This is because the time scale for plasma electrons to rush back to the channel
is ~ 1/w,, which is proportional to the plasma density. As the plasma electrons
rush back they produce a plasma density spike on the axis of the ion channel

with the consequent defocusing force on the plasma electrons.

3The slight difference of the focusing force along the channel at the highest ion density
1.7 x 10'* em~3, as shown in Fig. 2.5, is due to the head-to-tail tilt of the incident REB. An
REB with a head-to-tail tilt was very common in the E-157 experiment.

17



2.3.2 Electron Betatron Motion Inside an Ion Channel

As an REB traverses an ion channel, the beam electron receives two kinds
of forces: the Lorentz force due to seif-fields of the beam and the ion focusing
force. However, the ion focusing force dominates the Lorentz force provided that
the ion density n,,, satisfies n;,, >> ny/+%. The above equation is called Budker

condition [22], which is assumed to be true in a PWIC.

Therefore with the zero-order approximation, the following equations govern

the motion of a beam electron in an ion channel,

dye, —wir
= 2.1
7 5 (2.13)
d~ cfBrkir
o= (2.14)
and
dvB.
=0, (2.15)

with 4, and 3, the normalized velocity of the electron in the transverse and
longitudinal directions respectively. It is noted that in a magnetic wiggler, the
total energy of a beam electron is constant, while its axial momentum varies;
whereas in a PWIC, the electron’s total energy varies but its axial momentum

remains constant.

Provided that the transverse velocity of the electron ¢f, is non-relativistic,
i.e., 3, << 1, the above equations can be solved explicitly and lead to simple
harmonic solutions under the initial condition that r = rq, 8. = 0, 5, = B,

¥ = %o, at t = 0. These solutions are

r=ry-cos, (2.16)

B, = —rokgsiné, {2.17)
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3=t 208 o), (2.18)

sand

M cos (2€), (2.19)

ﬂzDTD
) 4

/Bz = 6:{0(1 - 08 (2‘5) = BZ +

4
where d€/dt = wg = w,/\/27, and ks = wz/c = w,/(v/27¢).

It is interesting to note that equations 2.16, 2.17, and 2.19 are identical to
the description of an electron motion inside a magnetic wiggler even though it is

governed by different conservation laws.

2.3.3 Spontaneous Radiation from Betatron Motion

Based on equations 2.16, 2.17, and 2.19, The single electron trajectory of an
REB in an ion channel is given by
2 2

a

)€+ msfi sin 2£}, (2.20)

ksf(t) = (g cosé, 0, (1 -2—% _ 9"4—
where a, is the normalized initial radius of the electron with a, = kzro. Without
losing generality, it is assumed that the electron trajectory is in the vertical (x-z)
plane, as shown in Fig 2.6. The observation direction 7 has a vertical angle ¢

and a horizontal angle ¢, and can be expressed as #t = (¢, v, 1 — 0?/2) with 8 the

azimuthal angle satisfying 0% = ¢? + %
In view of the trajectory as described in Eq. 2.20, the radiation power from
an electron is [23]

262’}’2 {
Imic3 P

2efy%p 2c
e s Ny e* 2k} cos” €. (2.21)

P(t) =
Therefore the average power over the integral number of the betatron period is

P =3y 'a’ks. (2.22)
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Figure 2.6: The coordinate system with 7 the direction of the observation. An
electron’s trajectory is assumed to be in the x-z plane without losing generality.

The radiation power is proportional to k3, and therefore to the square of the

plasma density. The radiation efficiency is

p= DLl (2.23)

yme?

or
E T z o L

GGV][EUI%mMC”P[ i (2.24)

pm m

n=58-107".]

in practical units. The total radiation power from an REB with the beam size

o, and the current [ is

I

P =n{c,) " Eyeam - = (2.25)
and is
; E Ny 9 Or 190 1 o L
= .58 - . 2.26
P(KW) = 0.58 [GeV] [11015cmm3] {‘um [I{A][m] (2.26)

in practical units. Here it is assumed that there are no phase relations among
the radiation fields emitted by each electron. Therefore the total radiation power

is the sum of radiation power emitted by each electron.
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The normalized wiggler strength seen by an electron, according to the defini-
tion of Eg. A.2 is
K, = mwsro/c. (2.27)

The wiggler strength for an REB, which has a Gaussian distribution around the

axis of the ion channel with its transverse RMS size o, is

(K) == ywao. /e, (2.28)
and is
N E 1/2 Tip (29

in practical units. For comparison, the wiggler strength of an REB in a conven-

tional magnet wiggler is given as

B Au
= 0.934]

k.mc cm

Bo

Il

It should be noted that the wiggler strength in a PWIC depends on the beam

I (2.30)

-
K magnet —

energy and the beam spot size, while in a magnetic wiggler it does not.

The angular distribution of radiation from an electron in an ion channel is
similar to that in a magnetic wiggler. The angular opening of the radiation is
about 1/v on the horizontal plane {¢) = 0), and the radiation beyond this angle
is not significant based on the time-contraction effect. The vertical angle opening
A¢ depends on the magnitude of the electron’s deflection angle. The deflection

angle ¢, of the electron satisfies
g = ~— = a;|siné| = %]sin{[. (2.31)
Ad¢ is about 1/ if K, < 1, and is about K,/v if K, > 1.

The angular radiation of a plasma wiggler can be understood more quantita-
tively by adopting the equation of angular radiation of a bending magnet [23],
dl  Tm, € 1 1+ 5  ¢?
Wds = T6 p (124 9P T/ + )

1, (2.32)



where m, is the number of period of the betatron motion, and p is the radius of
the curvature of the betatron motion satisfying p™' = a,kg\/1 — ¢*/a?, with ¢ is

the observation angle as shown in Fig. 2.6 *.

Figure 2.7(a} is the visualization of the angular distribution of the radiation
from a single electron with K, = 3, based on Eq. 2.32. Figure 2.7(b) is the
visualization of the angular distribution of the radiation from an REB with (&) =
vo, = 5. The radiation from an REB is the sum of the radiation from each
electron, and therefore is symmetrically distributed with the solid angle about
{(K) /7.

The radiation spectrum in a PWIC is calculated as follows. It is known
that the normalized radiation intensity I per unit solid angle d€} and per unit
frequency interval dw emitted by a single electron in an arbitrary orbit (¢} and
B(t) can be calculated from the Lienard-Wiechart potentials [23],

&1 \

2
- a A bt iw(f"“ﬁéf) r
dodods w /n x (n x B)e dt| {2.35)

where the radiation intensity is normalized to €*/(4m%c). Since the trajectory of
an electron fraversing an ion channel is described by equations 2.16, 2.17, and

2.19, therefore the radiation spectrum from an electron traversing an ion channel

*The radiation from a wiggler is equivalent to that from a sequence of bending magnets
provided that K, > 1. As K, > 1, the time-confraction becomes nonuniform and concentrated
in small portions of the trajectory slope is within an angle v~ to the observation direction
[25]. p satislies

1 .
- L?%'i = azkp|cosé], (2.33)
P ¢
with df/dt = wg. The radius of the trajectory slope within an angle ~~ 1 of an observer’s view
is a function of ¢, therefore, can be approximated as

ragha/1—¢?/a, (2.34)

1
P
provided that |¢| < a,.
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Figure 2.7: (a) The angular distribution of the radiation from an electron with
K, = 5, based on Eq. 2.32. The trajectory of the electron’s betatron motion 1s
assumed to be in the x-z plane. ¢ is the angle between the observation direction
and the y-z plane, while v is the angle between the observation direction and
the x-z plane. {b) The angualar distribution of the radiation from an REB with
(K) =5.
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is

Bl e A A
dwd¢d¢ = 4#21\; lAv(WN)fig; -+ Aw(w;\r)ey'z, (2.36)
where .
Ag(wN) e /((’p _ ﬂm) . 62'(201€+’P2 cos€-tps sin{zg)dg (237)
-
T
Ar(wy) = f¢ . i pr8+pa cosbpa sin(28) g (2.38)
-T

In above equations, £ = wst + &, wy = wiws, ;1 = wnl(@® + /2 + 1/(29%) +
az?f4], pa = wNnazd, pa = wna, /8, and T = kgl/2. A, and A, represent
the amplitude of the radiation polarized in the plane of trajectory and polarized
perpendicular to the plane of trajectory respectively. Normally |A,] << |A,].
As K, = ya, < 1, both p, and p3 are small and the radiation is peaked at the
radiation frequency w; which can be deduced by setting p; = 1. w; satisfies

_ 2ywp
14+ K2/2 4 (40)?

W

(2.39)

Harmonic radiations at w,, = mw; may occur due to the non-zero values of p; and
p3, whereas p, contributes to the even harmonics and p; to the odd harmonics.
Based on Eq. 2.36, the radiation spectrum for an electron with its wiggler strength
K, = 0.78 and its interaction length kgl = 37 is numerically calculated and
plotted as the function of the normalized frequency w/{27%)ws and normalized
observation angle. Figure 2.8 demonstrates the normalized radiation intensity in

the horizontal (¢ = 0) plane, whereas Fig. 2.9 in the vertical plane (¢ = 0).

It shows in the above two figures that the even harmonics appear in the
3 = ( plane, which is the plane of the electron’s trajectory, but disappear in
the ¢ = 0 plane. This is due to the fact that p,, which contributes to the even
harmonics, is zero at ¢ = 0. 1t also shows that significant radiation occurs only

at the fundamental frequency w;, and is confined to an angle smaller than 1/+.
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0 ot w=0)

Figure 2.8: The normalized radiation intensity based on the numerical integration
of Eq. 2.36, as a function of the normalized frequency w/(2v%ws) and the angle
~v¢ in the ¥ = 0 plane. The wiggler strength K, = 0.78 and the interaction length
L=3r / kg.
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Figure 2.9: The normalized radiation intensity based on the numerical integration
of Bq. 2.36, as a function of the normalized frequency w/(2v%*ws} and the angle
v in the ¢ = 0 plane. The wiggler strength A, = 0.78 and the interaction length
L= 371'/,1:2‘5.
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Both figures demonstrate that the harmonic peaks get closer and the radiation
frequencies get smaller at larger observation angles. The bandwidth of each
radiation peak in the spectrum is due to the limited number of the electron’s

betatron oscillation periods.

As K, > 1, significant radiation occurs in the harmonics as well as the
fundamental. The angular distribution of the higher harmonics is more broader
than that of the fundamental. At the same time, the peak-to-peak line separation
is closer because Aw = w; 1s smaller as K, is bigger, referring to Eq. 2.39. The
normalized radiation intensity for an electron with its wiggler strength K = 1.17
and its interaction length kgl = 37 is plotted in Fig. 2.10 and 2.11 in the ¢ = 0

and ¢ = 0 plane respectively.

A WewdS(p=0)

Figure 2.10: Same as Figure 2.8 except that the wiggler strength K, = 1.17.

As K, > 1, high harmonics of radiation dominates and the resulting syn-

chrotron radiation consists of many closely spaced harmonics. Finite wiggler pe-
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Figure 2.11: Same as Figure 2.9 except that the wiggler strength K, = 1.17.

riods further broaden the linewidth cansing the radiation from various harmonics
to overlap. Hence, in the K, > | case, the gross spectrum appears broadband and
a continuum of radiation is generated. Numerical integration of Eq. 2.36 becomes
cumbersome since the integral part becomes a very fast oscillating function as
K, > 1. Instead, the spectrum of Eq.2.35 under the condition of K, > 1, can be
asymptotically expressed as [24]
62

Y

d*I e*w?p?

= o2
dodpdy P 3ric Kuys?(€)),  (2.40)

(5 + 0 (e (0) +

with ( satisfying ( = £ ,y—lg + 6212, m,, the period number satisfying kgl = m,m,
p the curvature radius satisfying Eq. 2.33. The radiation spectrum from an
electron with A, = 5.9, based on Eq. 2.40, is plotted in Fig. 2.12. In contrast
to the K, < 1 case, the spectrum with A, > 1 is broad in both {requency and

angle. This broadband radiation extends to a critical frequency beyond which
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Figure 2.12: The normalized radiation intensity based on the numerical integra-
tion of Eq. 2.40, as a function of the normalized frequency w/(2v?wg) and the
angle v in the ¢ = 0 plane. The wiggler strength K, = 5.9 and the interaction
length L = 37 /kg.
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the radiation intensity diminishes. The cut-off frequency can be expressed as

(2.41)

where p is the the curvature of the betatron motion as addressed in Eq. 2.32.
This cat-off frequency, if observed on-axis (7 = Z), can be expressed in practical

units®, as,
E
GeV

Ny To

(hwe)(keV) 2 0.2 - =17 (2.43)

10¥%em—3 Lm;r:

As reasoned before, the radiation spectrum from an REB traversing an ion
channel is equal to the sum of the spectrum from each electron in the REB. The
spectrum from an REB that has a finite transverse beam size will be further
broadened compared with the spectrum emitted by one electron. This is due to
the fact that each electron radiate at different w; because K, depends on the
transverse radius, referring to Eq. 2.39. Therefore the individual radiation spikes
from each electron in the REB overlap with each other and hence the radiation
bandwidth is broadened. This effect is more severe as the average wiggler strength
of the REB (K} > 1. It should also be noted that the polarization of the radiation
from an REB particularly with a Gaussian distribution around the axis of the ion
channel is unpolarized. This is because the trajectory of each electron’s betatron

motion may lie in the plane different from that of the other electron’s.

Based on the radiation spectrum from an REB traversing an ion channel, the
photon flux F', defined as the number of photons per second within a specified

bandwidth, and the photon spectral brightness B, defined as the phase space

®In comparison, the eritical photon energy corresponding to a bending magnet or a magnet
wiggler is also given as

{fiw ) {KeV) = 0.67 - [—G—ijv]?{%. (2.42)

Therefore a 10*® ¢m® ion channel provides a magnet force equivalent to that a 30 T'esla magnet
does on a relativistic electron with a displacement from the axis of the on channel 30pm.
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density of the photon flux can be calculated. According to the definition, the
photon flux F and the brightness B satisfy

I, A dl
P = (G [ gy o (2.44)
with /, the REB current, and
B(w) = %w—) (2.45)

where S is the effective phase area of the radiation source. The phase area S for
an REB with its RMS beam size o, traversing an ion channel with the distance
L can be derived based on equations given in the reference[25]

§ (ol + Ll(efon +(o/7/)1), (2.46)

where € is the geometrical emittance of the beam, and « is a constant describing
the effect of the electron betatron motion on the phase area. If the REB is a phase-
matched beam®, o = 0. If the beam is mismatched, 0 < a < K, depending on
the radiation frequency. The radiation with higher frequencies are concentrated
on the inner part of the radiation core and the corresponding « is small, whereas
the radiation with a lower frequency has a larger @ The maximum value of «
is approximately equal to A since the largest deflection angle of an electron is

K/, based on Eq. 2.31.

5The REB is matched in an [CL when the ion focused force is balanced by the cutward force
due to beam emittance [26], Le.,

3 2
dP, - - Mew myele?

: = 2.4
T 5 7 s 7= 0, (2.47)

where ¢ is the emitiance of the REB. The corresponding matched radius of the beam is given
by

ry = (é}uz_ (2.48)
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The photon flux defined in Eq. 2.44 can be numerically calculated in view of
Fq. 2.35. However, for a PWIC with (K) > 1, Eq. 2.44 can be asymptotically

processed and yield [27]

dN,p, A
Flw) = mp{———géfl](z}‘w =y, Oy - - K- mii - S(wiwe) - {AY),  (2.49)
where
Gy = 3.967 . 1010 Photons (2.50)
L sec-mrad - A-GeV’ '
S{w/w,) is the universal function satisfying
w 9\/—0) ou
S — 87’(,{)(. ]ﬁ)— ]15/3 (251)

and (Aw) is the average of the deflection angles of the electrons in the REB,
which is ~ K /~.
Using the above equations we show in Table 2.1 what might be achievable

using the SLAC beam in the near future.

It should be noted that in estimating the radiated power in the above example,
it is assumed that the ion channel is preformed. If the REB itself is used to form
the ion channel, the front part of the beam may not experience focusing force of
the fully formed ion channel, and therefore the overall radiation efficiency may

he somewhat lower.

2.4 The Comparison Between a PWIC and a PWPW

In this section, the main characteristics of a plasma wiggler with an ion channel

(PWIC) and a wiggler with a plasma wave (PWPW) are compared.

Both plasma wigglers exploit collective electrostatic fields to wiggle electrons

to produce synchrotron radiation. In both cases the output radiation frequency
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Beam Parameters

Beam energy

30 GleV

Charge per bunch

3.2 nC

Transverse Emittance

(Normalized)

50 rnm — mrad

Bunch length (RMS) 300 fsec 30 fsec
Beam size (RMS) 30 pm

Plasma parameters
Plasma density n, 6 x 10'5 em ™
Plasma length L, 50 em

X-ray parameters
Wiggler strength K 75
Photon critical energy k. 3.2 MeV
Peak flux distribution at £. 5.3 x 10'¢ 5.3 x 107
(photons/{sec-0.1%bandwidth)
Peak brightness at E. 3.9 x 1019 3.9 x 10%°
(photons/(sec - mrad? - mm? -
0.1%bandwidth)
Radiation power (Watt) 1.8 x 10% 1.8 x 10+?
Radiation efficiency 5.6 x 10~

Table 2.1: Parameters for a designed PWIC radiated in the hard x-ray region

based on the SLAC beam parameters.
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can be tuned by simply changing the plasma density and therefore the wiggler
wavelength. Of course, both schemes are vulnerable to plasma related instabilities
such as the eleciron hose instability [28], and the two stream instability, efc..

These instabilities may limit the electron-photon interaction lengths.

The main difference between two schemes is the wiggler strength. In a PWIC,
K = y/wwp/2ro/c with 1o the displacement from the symmetric axis of a single
electron. While in a PWPW, K = n;/ng in a PWPW with ny the perturbed
plasma density. Therefore each electron with different ry has different K in a
PWIC, while K in a PWPW is independent of the characteristics of the beam
electrons. Consequently, beam electrons react more collectively in a PWPW
than in a PWIC. This collective behavior is schematically shown more clearly
in Fig. 2.13. In a PWIC, different electrons go through different trajectories
and the envelope of the beam varies periodically. In a PWPW, beam electrons
have identical trajectories and the whole body of the beam moves in & sinusoidal
motion. As we know in the SASE (spontaneous amplified stimulated lasing )
mechanisim, this collective motion may eventually lead to the interaction between
radiation field and beam itself. The interaction leads to electron bunching on the
radiated scale length and enhances the radiation further. Due to the the above
reason, a PWIC appears o be a more suitable candidate for a short-wavelength,
broad-band, high flux wiggler, while a PWPW is more suitable for a narrow-
band, high brightness undulator and a better candidate of a plasma SASE laser.

The characteristics of both wigglers are summarized in Table 2.2.

2.5 Summary

In this chapter, the basic theory of a plasma wiggler with an ion channel

(PWIC) has been introduced. The comparison between a plasma wiggler and
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Figure 2.13: An illustration of the electron beam trajectories in (A} a plasma
wiggler with a plasma wave (PWPW) and in (B) a plasma wiggler with an ion
channel (PWIC).
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Configurations

A plasma wiggler with a

plasma wave

A plasma wiggler with

an ion channel

Electrostatic Field %ﬁ—psin(u}pt}i 2mner

By

Wiggler wavelength | 3 x 10%/ \/m 3 X EDG\W
Aw (emn)

Wiggler Strength K | dn,/n, 2ry0, [ Aw

(1+ K?2/2))/(29%)

Radiation  wave- | {1+ K*/2}A,/(2+%)
length A, (on
axis)
2mnpeo,
' 2rmet K [{edy,)
Effective mag- ~ 3 x 107 n,(em™?)
<3 x 1073 /ny(em™3)
net strength with o, &~ 100 pym
Begs(gauss)

Table 2.2: Comparison between a plasma wiggler with a plasma wave (PWPW)

and with an ion channel (PWIC).
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a magnetic wiggler has been made. The formation of the ion channel has been
discussed and demonstrated with a 3-D PIC simulation. The trajectory of a rel-
ativistic electron traversing an ion channel has been derived. Based on that, the
spontaneous emission due to the electron’s betatron motion has been discussed.
The radiation spectrum from an electron has been numerically calculated. The
radiation from an REB traversing an ion channel is the sum of the radiations
from each electron in the beam by assuming there is no phase relation among the
radiation fields from each electron. Based on that, the essentials of a PWIC such
as the radiation power, the radiation angular distribution, the flux and the spec-
tral brightness have been derived as functions of beam and plasma parameters.
An example of a PWIC is proposed to demonstrate radiation of hard X-rays with
its peak brightness close to 4 x 10% photons/(sec-mrad?-mm?-0.1%bandwidth).
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CHAPTER 3

Plasma Source Development for Experiment

3.1 Introduction

We will discuss the construction and the characterization of a plasma source
in this chapter. It has already been stated that the X-ray generation experiment
was carried out parasitically to the plasma wakefield acceleration experiment.
Therefore the requirement of the plasma source were the same for both of these
experiments. We will therefore discuss the requirements on the plasma source

placed by the acceleration experiment first.

The plasma wake-field accelerator (PWFA), a scheme for achieving ultrahigh
longitudinal electric fields in a beam-excited electron plasma wave, has been inves-
tigated vigorously in recent years [29]. In a PWFA scheme, a relativistic electron
beam(REB)} expels plasma electrons away and leads behind an ion channel. The
plasma electrons rush back and produce a longitudinal plasma wake field which
can accelerate the tail of the beam. The linear response of a plasma to an REB
with bi-Gaussian density distribution is given by [30]

~wlo? /2

ElV/iem] = (/2nny[em™3] x w?j'?bwﬁifrzfsi + 62/(w§g’?) sin{wp(z/c — t}), (3.1)
ng ¢

where n, is the plasma density, n, is the REB density, w, is the plasma frequency
defined as w, = (dnnye?/m.)'/? o, is the RMS radialbeam size and o, is the

RMS beam length. Equation 3.1 predicts the maximum wake amplitude to occur
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for a plasma density such that w,0,/c & /2 for a narrow bunch (w,e,./c << 1)
of fixed number of beam particles. A PWFA experiment, called E-157, was
proposed to demonstrate electron acceleration in a meter long distance by using
a 30 GeV REB provided by the Stanford Linear Acceleration Center (SLAC).
A typical SLAC beam has the number of electrons N, = 1.8 ~ 2 x 10, the
RMS length ¢,0.4 ~ 0.8 mm, and the RMS size o, ~ 40 pm. The beam density
n, satisfies n, = N,/((27)*%0%0,). The goal of E-157 aimed to achieve 1 GeV
electron gain by producing 1 (GeV//m accelerating wake-field. The optimal plasma
density to meet such a goal can be estimated based on the linear theory. Fig 3.1
demonstrates the peak acceleration field as a function of plasma densities with the
SLAC beam parameters provided above, based on Eq. 3.1. The figure shows that
the optimal plasma density increases as the beam length decreases, as expected
from the linear theory. It also indicates that a meter long plasma source with

plasma densities tunable in the range of 10%% ~ 10 em™ is needed for E-157*.

Such a meter long plasma source is not only useful for the PWFA scheme, it
is also desirable in other plasma based applications. For example, in a plasma
wiggler scheme [7] as discussed in Chapter 2, a long and uniform plasma source is
preferred in order to increase the radiation efficiency and decrease the radiation

bandwidth.

A 1.4 m long homogeneous plasma source with plasma densities tunable in
the range of 10 ~ 10" ¢m™ was developed at UCLA. The plasma source is
essentially a 2 m long heat pipe oven containing a uniform lithium metal vapor
with its density tunable from 2 x 10'® em ™ to 6 x 10! em ™. The plasma is then

created by ionization of the vapor with an ArF excimer laser (193 nm).

11t should be noted that the validity of linear theory requires n, << n,, which may not be
true for the SLAC beam parameters and the optimized plasma densities. Nevertheless, it serves
as a useful guide in deriving the optimized plasma densities. PIC {Particle-In-Cell) simulations
verified the conclusion of the theory[30].
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Figure 3.1: The peak acceleration field as a function of the plasma density based
on Eq. 3.1. The beam charge numbers N; is 1.8 x 10', and the beam size
o, is 40 pm. The solid line corresponds to the beam length o, 0.4 mm; the
dot — dash — dot line is to 0.6 mm; and the dof line is to 0.8 mm.
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Atomic Number 3

Atomic Weight 6.94

Density (300 K gas) 0.534 g/em?
Thermal Conductivity 0.837 W/(em - K)
Heat Capacity (300 K gas) | 3.582 J/(g - K)
Melting Point 180.54 °C

Boiling Point (1 atm) 1342 °C

Lowest Ionization Potential | 5.392 eV

Second lonization Potential | 75.638 eV

Table 3.1: Lithium Physical Parameters [34]

Lithium is chosen as the metal vapor source based on the following reasons.
First of all, the lowest ionization potential of lithium is only 5.39 eV, while the
second lowest is 75.6 eV. Therefore, with the commercial ArF laser whose photon
energy hy = 6.4 eV, the lithium vapor can be photon-ionized with an one-
photon process. Secondly, in a PWFA experiment like E-157, additional plasma
created by the impact ionization should be small compared to that created by
the photoionization. Lithium has a low atomic number (Z = 3}, therefore the
impact-ionization cross-section which is proportional to the atomic number Z,
is small. Finally, lithium is very suitable for building the the metal vapor oven
because of its high heat of vaporization and its hight surface tension [31]. The

related lithium physical constants are listed in Table 3.1.

The construction of the 1.4 m long homogeneous plasma source and the diag-
nostics of vapor and plasma densities are fully described in the following sections.
In Section 3.2 the background theory of the vapor and plasma density diagnos-
tics is reviewed. Then in Section 3.3, the construction of a meter long lithium

vapor heat-pipe oven is discussed, and the main characteristics of the oven are

41



demonstrated. After that, vapor density measurements based on three different
diagnostic techniques, the vapor temperature method, the hook method and the
white light absorption method, are studied in Section 3.4. In Section 3.5 the
plasma production and the corresponding diagnostic techniques, the 'O, infer-
ferometry method and the UV light absorption method are discussed, and the
diagnoses of plasma density distribution and the plasma decay time are presented.

Finally a summary in given in Section 3.6.

3.2 Background Theory of Vapor and Plasma Density Di-

agnostics

There are two principal techniques for measuring vapor and plasma densities:
the absorption method based on the measurement of the absorption coefficient,
and the dispersion method where the refractive index is to be determined. The
dielectric constant € plays a key role in theories of all kinds of vapor and plasma
density diagnostics. A general expression of the the dielectric constant ¢ for a
vapor at a frequency w associated with atomic transition from ground state z is

32]

N e? W2 Fill — 852
lw) =14 TN e [ oAy AL ) v,
me - 2wkT Wi — w1+ 1) 1w ol + 1)

(3.2)
where Nj;) is the density af state s (or j ), M is the mass of the atom species, T
is the vapor temperature, v is the velocity of an gas electron, f;; is the oscillator
strength, which is a measure of the strength of the response on a real atomic
transition relative to the response of a classical electron oscillator between state
i and j [33], ¢;,q; are degeneracy numbers of energy states, w;; is line center

frequency, and Aw;; is the linewidth, which represents phenomenally different
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kinds of line broadening mechanisms such as natural linewidth, self-broadening,

pressure broadening, etc.

A lithium atom has one transition line in the visible frequency range from
its ground state 2s to its excite state 2p at Ap = 670.78 nm with the oscillation
strength f = 0.74%. In the vicinity of the line-center where the Lorentz broadening
dominates the Doppler broadening {32], the dielectric constant in Eq. 3.2 can be

simplified as
ATrNef

miws — w? + i Awow)

elw) =1+ (3.3)

where N is the population of the ground state 2s of lithium and is in fact the

vapor density if the thermal temperature of lithium atoms is low (kT < hvyy;).

The complex refractive index for a lithium vapor can be expressed as

AnNef 2rNef
n{w) =4/ =1 = 3.4
i) pel(w) \j * miwd — w? + (Awew) 1+m(w§ — w? + {Awow) (34)
Based on Eq. 3.4, The real part of the refractive index 1s

2rNe? f(wg — w?)

n(w) = Re(ﬁ(w)) =1+ m((wg sz)z + AWSWZ)’

(3.5)

and the absorption coefficient o, which is a function of the imaginary part of the

refractive index, is

o) = 2 Iy = 2T Ne'fhuwnaw (3.6)

c ¢ m{{wd —w?)? + Awiw?)

Provided that the frequency is not so close to the linecenter, ie., [w? — wi| >>

Awow, the real refractive index can be further simplified as

N?‘ngé
47F(A - Ag),

#In fact, a lithium atom has two strong iransition lines in the visible region which are at Agy =
670.791 nm (252 — 2p*/?) with oscillator strength 0.248 and at Mgy = 670.776 nm {2s'/2 —

2p%/%) with oscillator strength 0.496 respectively[34]. However, these two line centers cannot
be resoived with a conventional spectrometer.

n{A) =1+ (3.7)
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with 7y = e®/me® = 2.8 x 107"%m the classical electron radius. Under the same

condition, the absorption coefficient can be simplified as

o O.E)NT‘{;fAV{}

o o

P (3.8)

where v = 1/) is the spectral frequency. Eq. 3.7, which is also called Sellmeier
formula [35], is often applied to the dispersion method such as hook method,
while Eq. 3.8 is often applied to the absorption method. It can be seen that the
absorption coefficient in Eq. 3.8 is the function of the linewidth Arp, whereas
the refractive index in Eq. 3.7 is not. Since the linewidth Avp usually entangles
with different kinds of line-broadening mechanisms and cannot be calculated
accurately, the dispersion method normally provides more accurate measurements

than the absorption method does.

As the vapor medium is partially ionized to form a plasma, the dielectric

constant is modified to

4 Ne? f w?
=1 -t 3.9
‘ + m(wd — w? + iAwow)  wd (3:9)

where w, = 4mn,e?/m is the plasma density. If the spectra is far away from the
absorption center, the real refractive index can be deduced and approximated as

NTngg LA

Noal g el
S s W =

(3.10)

where n, is the plasma density, and n, is the critical plasma density for the
wavelength A, which satisfies n, = mme?/(A\%e?).

If the spectra is further away from the center, the real refractive index can be
simplified as

n(h) &1 — 2 (3.11)

2n.

Equation 3.11 is applied for the plasma density mesurement with the CQ, laser

interferometry method, which will be studied 1n Section 3.5.
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3.3 The Construction of the Lithium Vapor Heat-Pipe-

Oven

The theory of the construction of a metal vapor heat pipe oven was originally
developed by Grover, ef al., {36], and since then metal vapor heat pipe ovens
have been extensively used to generate well-defined homogeneous metal vapors.
The homogeneity is due to the high heat conductivity, and, therefore, high heat
transport capability of the metal vapor. In such a heat-pipe-oven, a metal vapor
is confined by an inert gas to separate the vapor from the windows, and the
parameters of the vapor, such as temperature, pressure, and optical length, etc.,

can he well controlled [31].

A 25 em long and a 1.4 m long lithium heat-pipe-oven were built at UCLA 1n
sequence. The purpose to build a shorter oven was to gain experience with the
construction of an oven and the experience with the formation of plasma, and to
test the different diagnostic techniques. The schematics and the characteristics
of both ovens are almost the same. The details of the 25 em long oven was
published elsewhere {37!, The construction of the 1.4 m long oven and its main

characteristics are presented in the following.

The schematic of a 1.4 m long heat pipe oven built for this experiment is
shown in Fig. 3.2. The stainless steel tube, part of which forms the oven, is 2
m long (from valve to valve), with an inner diameter of 38 mm. A capillary
structure called wick, which is made of 4 layers of stainless-steel mesh was set
inside the tube. Four thermocouples were set at the inside surface of the wick,
and they were purposely located at the one side of the oven, since the heat pipe
was completely symmetric with respect to the center of the heater section. The

tube was wrapped with a heat tape, and then covered with with a layer of 3 mm
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thick aluminum screen, and with insulation bricks. All of these covers were used
to decrease the heat loss due to the radiation loss and the convection loss as the

oven works at high temperatures.

The cold oven was first filled with helium at 400 mTorr, with 120 ¢ lithium
laying inside the center of the oven. When the oven was heated, the metal melted
down and wet the wick. As the temperature inside the oven went higher, the metal
then evaporated with the vapor pressure satisfying the vapor pressure curve (refer
to Appendix B). Initially the vapor pressure exceeded the buffer pressure and
this caused the vapor to diffuse towards both ends until it condensed again. The
condensate returned through the wick back to the heated portion of the oven
by the capillary action. Owing to the pumping action of the flowing vapor,
it is expected that the inert gas was completely separated from the vapor and
provided sharp (a few centimeters) boundaries at the two sides of the lithium
vapor column. Finally an equilibrium was reached, in which the vapor was in
equilibrium with the liquid phase close to the surface of the wick, and the center
part of the oven was filled with the metal vapor at a pressure approximately equal
to the buffer gas pressure?®, as illustrated in Fig. 3.2. Temperatures measured by
the thermocouples at the equilibrium present vapor temperatures. Therefore the
vapor density can be estimated with the vapor temperature by means of the
lithium vapor pressure curve (refer to Appendix B), which will be detailed in the

next setion.

One of the most important characteristics of a metal vapor heat-pipe-oven
is that the metal vapor density and the metal vapor length can be adjusted

separately. As the oven reaches the equilibrium, the vapor density is determined

3This vapor pressure is ideally equal to the buffer pressure if the Li flow velocity along the
oven is zero [38]. In reality, the vapor pressure would be slightly larger than the buffer pressure
due to the subsonic vapor flow along the oven.
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by the buffer pressure, while the vapor length is by the heating power. The
independent control of the vapor density and the vapor length is one of the most
attractive features of the heat pipe oven. We demonstrate this property with
Fig. 3.3 (a) and (b). As shown in Fig. 3.3{a}, the vapor temperature at the center
of the oven increased from about 690 °C to about 700 °C' as we increased the
bufler pressure from 304 mT orr to 401 mTorr but kept the heat power constant.
As shown in Fig. 3.3(b), the length of the metal vapor with a homogeneous
temperature extended from about 65 cm to 70 cm (only the right side of the oven
temperature distribution is plotted) as we increased the heat power from 768 W

to 781 W but kept the same buffer pressure.
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Figure 3.3: Temperature distribution along the oven (a) at the fixed heat power
768 W but different buffer pressure, 304 mT orr (squares) and 401 mT orr(dots);
(b)at the fixed buffer pressure (401 mTorr} but different heat power, 768 W
(dots) and 781 W. (squares).
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In conclusion, we have built a homogeneous lithium-vapor heat pipe oven. The
vapor density and length can be adjusted separately by controlling the heat power
and the buffer pressure. In the following section, the vapor density measurements

at different oven conditions are presented.

3.4 Vapor Density Measurement

Vapor density inside the oven was determined by three different methods.
First, lithium neutral vapor densities are deduced based on the vapor tempera-
ture measurements by thermocouples. The accuracy of this method depends on
accuracy of the empirical vapor pressure curve {refer to Appendix B). However,
due to possible degradation of thermocouples in the process of operation, 1t is
important to develop independent optical methods to detect vapor densities. An
interferometric dispersion method called the hook method [39] is used to diag-
nose the line-integrated vapor densities along the oven. The results of these two
measurements are compared. A white light absorption method is also used to
measure vapor densities in the oven. As stated in Sec. 3.2, measurements based
on an absorption method are normally less accurate than those based on a disper-
sion method. However, an absorption method is normally much easier to use in
the experiment than a dispersion method. This is important since it is impossible
to set up a dispersion based diagnostic, like the hook method, in the harsh envi-
ronment of the E-157 experiment. Calibration of the measurements from white

light absorption method with those from the hook method is also discussed.
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3.4.1 Vapor Density Measurement with Vapor Temperature Profiles

As addressed in Sec. 3.3, vapor temperatures were measured by thermocouples
in the oven as the oven reached an equilibriuin. Based on the vapor temperature
T, the vapor pressure P can be estimated using the empirical vapor-pressure
curve (refer to Appendix B). The vapor density can then be calculated with the
thermal equilibrium equation, ng = P/{kgT). Once the lithium vapor density and
its distribution is known, the vapor length over which the vapor density dropping
50% of the center density can be estimated.

Figure 3.4 demonstrates the calculated vapor density distribution along the
oven under several different buffer pressures. The buffer pressure was adjusted to
reach different vapor densities, while the heat power was adjusted for the designed

vapor length 1.4 m.

6 10'°,
510“%
4 10'°3
3 10'°8
2 10'°}

1 10'° |

Vapor Density (cm” %)

0

0 10 20 30 40 50 60 70 80
Distance from center {(cm)

Figure 3.4: Vapor density distribution along the oven under different buffer pres-
sures. Only half of the oven is shown. From upside down, the buffer pressure was
443 mTorr, 400 mTorr, 351 mTorr, 300 mTorr, 250 mTorr, and 204 mTorr
respectively.
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Pressure | Heater Current T1 T2 T3 T4 Vapor Density | Optical Length
(mTorr) {Amp) {¢C) {°ch {00 (f¢y (1038 em =3} (1617 cm %)

443. 7.10 873.97 | 699.30 | 704.70 | 706.40 5.04 7.04

400. 7.04 §37.00 | 692,00 | 699,50 { T01.40 4.60 6.47

351, 6.97 840.40 | 685,50 | 692.70 } 695.50 4,13 5.65

300, 6.98 636.80 | 679.80 | 687.10 | 691.30 3.82 5.22

250, 6.80 607.90 | 665.60 | 676.30 { 631.60 3.18 4.20

204, 6.80 601.80 | 658.30 | 669.10 | 676.60 2.88 4.04

Table 3.2: Working condition for different vapor density requirement.

Table 3.2 summarizes the oven conditions, under which data in IFig. 3.4 were
produced. These conditions include the buffer pressure, the heater current, the
thermocouple temperature, the calculated vapor density, and the calculated line
integrated vapor density (optical length) ni. The optical lengths were estimated
by numerically integrating the vapor densities along the lines shown in Fig. 3.4.

They were used later for comparison with other measurements.

It should be noted that the heater current in Table 3.2 only provides a ref-
erence. In the E-157 experiment [20], a stainless steel cover was installed ad-
ditionally on the outside of the oven bricks. This made the oven heater more
efficient and so less heater power was needed to produce the same vapor density

distributions.

3.4.2 Line-integrated Vapor Density Measurement with Hook Method

The hook method is an interferometric method. It has been extensively
used in measuring atomic oscillator strengths or gas densities since the early
last century [35] [40]. The essence of hook method is that the refractive index
demonstrates abnormal dispersion in the vicinity of the absorption center of the

media to be exploited, as shown in Eq. 3.7.

The experimental setup for the hook method in measuring the Li vapor density



is shown in Fig. 3.5. A Xenon Arc lamp used as a white light source has a uniform

Translation stage

Spectrograph
M/ s M \
M
hf , : ; Heatpipe Oven }
B.S. L]
N\ - A A Arc Lamp v
M U U Computer
L A L

Figure 3.5: Experimental setup for hook method. Key: A-aperture; M: mirror;
B.5.: beamsplitter; C: Camera; L:lens.

irfa,déance which covers several hundred nanometers in the visible region, and
its spatial coherent length is $ens of microns. The heatpipe oven was placed
in one arm of the Mach-Zehnder interferometer. The interferometer light was
sent to a stigmatic, {/4, 27-cm spectrograph (grating 1200g/mm) to observe the
interference pattern in the vicinity of the neutral Li line at 670.78 nm. A typical
hook interference image acquired by the CCD camera, which was set at the
image plane of the spectrograph, is shown as Fig. 3.6. According to the hook

method [40}, the wavelengths representing hook positions are determined by

dn(A}

= F
p d)\ ?

(3.12)

where p is the order of fringes on which the hooks positions are measured, L is
the length over which the white light goes through the lithium vapor, and n(A)
is the real refractive index as addressed in Eq. 3.7. With Eq. 3.7 and 3.12, the

line-integrated vapor density ngl can be derived as

_ prA?

L =—
T R

(3.13)
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$=670.785 nm

658 664 670 676 682 688
Wavelength (nm)

Figure 3.6: A typical hook image recorded in the plane of the imaging spectro-
graph. The image was taken as the oven center temperature was around 500°C.
A number of interference fringes form hooks at both sides of the absorption center
Ao = 670.78 nm. Two thin vertical lines mark hook positions and A represents
the wavelength difference between hooks.



with A the wavelength difference between hooks, 75 = 2.8 x 107'% ¢m the classical
electron radius, and [ = (.75 the Li oscillator strength at Ay = 670.78 nm. Note
that the the line-integrated vapor density ngl measured with the hook method

does not depend on the linewidth.

Figure 3.7 demonstrates optical lengths measured with the hook method and
with the vapor temperature method discussed in Sec. 3.4.1 as a function of buffer
pressures. The oven conditions for this figure have been summarized in Tab 3.2.

The agreement between the above two methods is very good.
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Figure 3.7: Measured optical lengths as a function of buffer pressures. The
dots in the figure are the optical lengths measured with the hook method, and
the triangles are optical lengths deduced with the thermocouple temperature
measurements.
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3.4.3 Vapor Density Measurement with White Light Absorption
Method

The essence of the white light absorption method is that the absorption
coefficient e strongly increases around the frequency corresponding to a resonant

transition of the atoms of the vapor, as addressed in Eq. 3.8.

As discussed in section 3.2, measurements from an absorption method are
normally less accurate than those from a dispersion method because of the de-
pendence of the absorption coefficient @ on the linewidth Ay, There are several
mechanisms can contribute to the linewidth, which include the natural linebroad-
ening, the self-broadening (collisional}, the foreign or buffer gas pressure broad-
ening (collisional) and the Doppler broadening. Fortunately, based on conditions
of our oven (see Tab. 3.2}, the self-broadening dominates the natural linebroad-
ening and the foreign-gas pressure broadening [41]. Doppler broadening can be
ignored if the measurement is only applied to the Lorentzian wings of the absorp-
tion curve [32]. The theory predicts that the self-broadening linewidth Avgsg is

proportional to the vapor density ng, which is

Avsp = k- 1o d ™ (3.14)

4V
where 14 is the spectral frequency of the lithium line center, ry is the classical
radius of an electron, f is the lithium oscillator strength at its linecenter, and K is
the constant of proportionality. The published values of K vary by a factor of two,
For instance, K = 1,0.585,1.047,1.333 respectively from references [42] -[45]. So
far we haven’t found any reference giving a conclusion on the difference of K. This
may be due to the reason that K may not be an independent constant. In order
to find the value K for the white light absorption method to be applicable under
our oven conditions, we calibrated K by comparing vapor densities measured

with the white light absorption method and with the hook method.

39



The schematic for the white light absorption method is shown in Fig. 3.8.
The Arc lamp and the specirograph are the same as those used in the hook

measurement. A pencil of white light was sent through the Li heaf pipe oven,

D b

 S—— |
Computer 329
M, I n ﬂ D
/ 1 nmy m
U Heatpipe Oven LA S
N pectrograph
M A Arc Lamp

Figure 3.8: Experimental setup for the white light absorption method. Keys: A:
aperture; L:lens; M:mirror.

and then spectrally analyzed with a spectrograph. Figure 3.9 demonstrates a
typical transmission curve around the Li absorption center as the oven center

temperature was around 700°C.

In theory, the transmission T' of the white light propagating through the oven
satisfies

Koo p2n?l

;[, — 6—Q-L - 6.... 2up (v—rp) s (3‘15)

in views of Eq. 3.8 and 3.14, with L the lithium vapor length assuming to be
1.4 m. All the other variables in Eq.3.15 have been addressed in equations of 3.8
and 3.14.

By curve-fitting the transmission curve at the wings of the absorption center
with Eq. 3.15, the vapor density n, can be deduced. A least-square-fit curve with
Eq. 3.15 is also plotted in Fig. 3.9.

The vapor densities measured from the both the hook method and the white

light absorption method as a function of the oven center temperatures are shown
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Normalized Transmission

660 665 670 675 680
Wavelength (nm)

Figure 3.9: Measured white light transmission (dots) in the vicinity of the lithium
line center Ag = 670.78 nm. The least-Square-Fit curve is plotted based on
Fq. 3.15. The measurement was taken as the oven center temperature was around

T00°C.
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in Fig. 3.10. Different empirical values of K were used to derive the vapor den-
sities in the white light absorption method. The vapor densities measured with
the hook method were deduced by assuming the lithium vapor length 1.4 m.
The error bars of white light absorption measurements were from errors of of the
curve-fit processes, while those of hook measurements were due to systematic er-
rors. We conclude from the figure that the white light absorption measurements
agree with the hook measurements ;quite well if the empirical K = 1.333 is used

to characterize the white light absorption method.
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Figure 3.10: Lithium vapor density measurements from the hook method, and
the white light absorption method under different values of A as a function of
the oven center temperatures. K is the constant of proportionality addressed in
Eq. 3.14.



3.5 Plasma Production and Diagnostics

The plasma is produced as a pulsed UV laser beam (193 nm, 6.4 €V) traverses
the lithium vapor column and photoionizes the lithium atoms (the ionization po-
tential of lithium 5.39 €V'). Then the plasma decays locally due to recombination
and diffusion processes. This relative slow plasma decay process {on microseconds
scale) enables us to resolve plasma density evolution by interferometric diagnos-
tics.

In this section, first the plasma production and the measurements of plasma
density distribution along the 1.4 m oven are discussed. After that, the mea-
surement of the plasma decay time with C'()y laser interferometry in the 25 em
long plasma source is studied. Since the plasma parameters such as the plasma
density, the plasma temperature, efc. are very close for both 25 cm and 1.4 m
lithium plasma sources, the measured plasma decay time in the short oven pro-
vides a good reference for the estimation of the plasma decay time in the long

QVen.

3.5.1 Plasma Production and Plasma Density Distribution Measure-

ment by a UV laser

As a 193 nm UV laser beam traverses the lithium vapor column, the laser

energy F(z) attenuates according to
E(z) = Ey - e Jo ootz (3.16)

where Fy is the laser energy at the entrance of the vapor colummn, o is the pho-
tolonization cross-section of the Li atom, which is about 1.8 x 107'® em™?{46],
no(z) is the vapor density distribution. Here we assume that UV laser energy

attenuation is solely contributed to the photoionization of the lithium vapor,
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and that one UV photon creates one free electron from one Li atom. Therefore,

plasma production satisfies that
dE(z) = —hvy ny(z) - S(z) - dz, (3.17)

where hy = 6.4 €V is the UV photon energy, 5(z) is the laser beam size, and
np(z) is the plasma density distribution. Combining Eq. 3.16 and Eq. 3.17, we

have z
ny(z) = no(z) - o - E(z) _ no(z) o By - e_fo no{z)odz
pl2) = hy-S(zy hy - 5(2)

[t can be seen from Eq. 3.18 that the plasma density n, is proportional to laser

(3.18)

energy F{z), while the uniformity of plasma depends on the uniformity of the
laser fluence E(z)/5(z). In other words, the beam has to be focused in order
to compensate the attenuation of the laser energy F{z) along the lithium vapor

overn.

The schematic for the plasma production and the plasma density diagnostic is
illustrated in Fig. 3.11. A UV telescope (fused silica lenses with f1: f2 = —3:1)
was set in front of the laser to adjust the beam sizes 5(z) along the oven. A couple
of UV mirrors were used to guide the laser beam through the oven. The UV laser
intensity profilles were measured by analyzing the fluorescence images produced
by the 193 nm radiation on a BK7 substrate. Two UV energy meters were used
to measure the UV energy at the entrance and the exit of the oven. Slices (a)-(c)
shown in Fig. 3.11 are typical UV fluorescence images measured at the exit, the
middle and the entrance of the oven, respectively. The visible black lines in the

slices are due to the nonuniform gain inside the laser cavity.

Figures 3.12(a) and (b} demonstrate the measured results of the vapor density
distribution ng(z), the beam sizes S(z) and the plasma density distribution n,(2)
for a particular experimental run. The vapor density distribution ng(z) along

the oven, as shown in Fig. 3.12(a), was measured as the vapor pressure was set

60



@ @ Telescope
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Existing UV energy meters

= UV windows

Incoming UV Laser

Figure 3.11: The experimental arrangement for a UV ionized Li plasma source.
Three slices (a), (b} and {¢) are UV fluorescence profiles measured at the exit, at
the middle and at the entrance of the oven, respectively.
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Figure 3.12: {a)Li vapor density distribution along the oven with the vapor pres-
sure set at 351 mTorr.(b}Measured laser beam areas (triangles) and the deduced
plasma density distribution (dash line) along the oven.
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=% vapor densities was

at 351 mTorr. The 1.4 m long column of 4 x 10*® cm
produced. The beam sizes S(z}, as shown with triangles in Fig. 3.12(b), were
measured by estimating the averaged area of the fluorescence images. The solid
line in the figure is the curve-fit to those data. Since we expect the beam size
changes smoothly with the distance along the oven, the curve-fit curve gives a
better description of the real beam sizes. For this run, the UV energy at the
entrance of the oven was measured to be 12 m.J. The plasma density distribution
n,(z) was deduced based on Eq. 3.18, and the result is shown as the dash line in
Fig3.12(b). Plasma density varied roughly from 2.8 x 10'* em ™2 to 1.8 x 10** em ™2
along the 1.4 m distance of the oven for this run. Since the focusing scheme did
not provide the idealized compensation of absorption loss, the variation of plasma

density An,/n, was about 50% along the oven. This would affect the maximum

energy gain in the E-157 experiment.

3.5.2 Plasma Decay Time Measured with the 'O, Laser Interferom-
etry

A ('O, laser interferometry was used to measure the plasma decay in the 25 em
Li plasma source. Since the probing wavelength (10.6 pm} is far away from the
lithium linecenter {0.678 yum), the refractive index in the plasma source is mainly
contributed from the plasma, while the the effect from the lithium neutrals can be
ignored. In the schematic of the C'Qy laser (10.6 pm) interferometry, the plasma
source is placed in one arm of a Mach-Zehnder interferometer. The phase shift of
the interferometry signal is proportional to the difference of the refractive indexes

in both arms. In our case, the phase shift A® can be derived as

AD = 27‘1"(?’1 — I)L/’\COm (319)
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where n is the real part of the refractive index, and L is the length of the
plasma source. The refractive index satisties n{A} = 1 —n,/(2n.), as addressed in
Eq. 3.11, where n, & 1.0 x 10'% em™ is the critical plasma density for 10.6 pm.

In view of Eq. 3.11 and Eq. 3.19, the plasma density is deduced as

AD )\002
P pp— )
© L

(3.20)

ﬂp%——-

In the experiment, a hybrid scheme which includes a TEA C'O, laser { Lumon-
ics 101) and a LPL (low pressure laser, LP15) was employed to produce a single
longitudinal mode output. Typical 10.6pm laser pulse was 200 ns FWHM with
a 80us tail. The 25 em vapor column was placed in one arm of a Mach-Zehnder
interferometer. The CO; laser was synchronized with a 20-ns UV laser pulse
used to photoionize the lithium vapor column to create plasma. A HgCdZnTe
detector (PEM L-5) with the rise time of ~ Ins was used to measure the inter-
ferometry signal. As there was no plasma in the oven, the interferometer was
precisely adjusted so that the smallest interferometry signal was reached. The
corresponding phase difference between two arms should be the odd multiples of
7 according to the basic interferometry principle. The measured smallest C'O,
interferometry signal 7,(¢) as a function of time is demonstrated as the curve (a)
in Fig. 3.13. Additional 7 phase difference by extending the length of one arm
by Aoo,/2 led to the largest interferometry signal I7(t), shown as the curve (b)
in Fig. 3.13. This type of scanning calibration from minimum to maximum of
interferometric pattern was necessary because of small detector size. Once the
UV laser was fired, the plasma was created promptly (in a few nanoseconds) and
it induced an additional phase shift A®. Then the plasma decayed locally due to
recombination and possible diffusion, leading to decrease of the phase shift. Even-
tually the plasma disappeared, and hence the phase shift. The evolution of the

interferometry signal Ip(t) just after the plasma was produced is demonstrated

64



as the curve (¢} in Fig. 3.13.

Figure 3.13: The output of an oscilloscope recording the C'O; laser interferometry
signal measured by the fast HgCdZnTe detector and the UV laser signal as the
function of time. At this moment, the oven temperature was T, & 720 °C.
Curves {a), {b), (c), and {d) show the smallest interferometry signal Is(t), the
largest interferometry signal Ip(t), the interferometry signal fp({) just after the
plasma was produced, and the UV shot, as a function of time, respectively.

The phase shift was deduced based on the signal difference before and al-
ter the UV laser shot, which satisfies A®(t) = cos™'(1 — 2+ Ay(t)/As(t)), with
Ay(#) = IL{t) ~ Ip(t) and Aq(t) = I1(t) — Is(t). By measuring the phase shift at
different time slices, the plasma density and its decay can be traced. Figure 3.14
demonstrates the deduced dynamics of plasma densities as a function of time,
based on Fig. 3.13. The plasma density dropped from 2 x 10** e¢m™ to half of
this value in about 3 uS, and dropped by a factor of three in about 10 uS. The
measured plasma decay time may be shorter than it should be since we assumed
that the plasma length did not change during the plasma decay process. The
relatively slow time scale allows for the tuning of plasma density in the E-157

experiment, on a shot-to-shot basis by varying the delay between the firing time
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Figure 3.14: Plasma density as the function of time measured with C'O, interfer-
ometry. The solid line is drawn for a guidance.

of the UV laser pulse and the electron beam pulse.

3.6 Summary

In summary, a 1.4 meter long plasma source for PWFA experiment is developed
and fully characterized. This source contains a 1.4 m homogeneous lithium vapor
column with the vapor density that can be tuned in the range of (2.9 ~ 5.0} x
10 em™3. Various techniques, such as vapor temperature diagnostics, the hook
method, and the the white light absorption method are used to measure the
vapor density. The physical construction of the oven, the experimental setups for
making the various measurements and experimental results are then discussed.
The measured results from both the vapor temperature diagnostics and the hook
diagnostics agree very well. The white-light absorption method is calibrated

with the hook method in measuring the lithium vapor density, and proved to
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be a reliable on-line diagnostics of vapor density measurement in the real harsh
experimental environment. The plasma is created by photo-ionizing the lithium
vapor with a 193 nm ArF laser. The plasma density is of the order of 10* ¢m™3,
which is proportional to the the UV energy. The homogeneity of the plasma
column depends on the uniformity of the laser profiles along the oven. Plasma
decays locally due to its recombination and possible diffusion. Plasma density
distribution is measured based on UV energy diagnostics and UV beam profile
measurements. Preliminary resulis on the plasma decay time are provided based
on the C'O, laser interferometry method on the diagnostics of a 25 ¢m plasma

source. The plasma density drops from 2 x 10 em™ to half of this value in

about 3 pS.

Precise knowledge of vapor and plasma density distribution along the 1.4
meter oven are fundamental to the analysis of the experimental results of E-
157 experiment.The oven parameters were monitored continuously during the
run. White light absorption was successfully used on-line to confirm the desired
vapor density. Long term experience of using this type of a plasma source have
confirmed that a photoionized heat pipe Li oven is a reliable plasma source for

these types of REB plasma experiments.
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CHAPTER 4

An Overview of Transverse Beam Effects in

E-157 Experiment

4.1 Introduction to E-157

Plasma based accelerators utilizing relativistically propagating plasma waves
have been under active investigation because of their potential to accelerate
charged particles at gradients that are orders of magnitude greater than those
currently employed in radio frequency (rf) accelerators. Conventional rf accelera-
tors are limited to approximately 160 MV/m, due to electrical breakdown on the
wall of structure. On the other hand, the accelerating wakefield supported by a
plasma wave is in the order of of W V/em [1], with n, the plasma density.
For plasma densities in the range of 10™ ¢m™> ~ 10'® em™3, the wakefields are
in the order of 1 ~ 100 G'V/m. Specifically, such relativistic plasma waves can be
excited by using either laser pulses or short electron bunches. Both techniques

have shown acceleration of electrons in proof-of-principle experiments [17].

A laser-driven wakefield accelerator is able to generate high density (~ 10*¥em™%)
plasma waves and therefore high field gradients( ~ 100 GeV/m), but only over
rather small {< 1 em) distances due to short Rayleigh lengths of the laser
beam [2]. However, an electron beam driven plasma wakefield accelerator (PWFA)

is capable of the long acceleration length, at the expense of a decreased acceler-
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ating gradient.

The acceleration mechanism of a PWFA scheme is illustrated in Fig. 4.1. In

Plasma electron

>

. Beam electron

Figure 4.1: An illustration of a PWFA scheme. The drive eleciron bunch expels
plasma electrons and generates an ion channel behind. Plasma electrons rush
back and produce a longitudinal plasma wake field which can accelerate the tail
of the driver.

the so-called blow-out regime (defined in Sec. 2.3.1), the plasma electrons are
expelled by the space charge of the front of an relativistic electron beam {(REB),
leaving behind an ion channel. The axis of the ion channel is defined by the head
of the REB. Ideally this ion channel provides a uniform {along the direction of
propagation of the beam}, and linear {in the transverse direction) focusing force
on the beam. If the electron beam is approximately half a plasma wavelength
(kpo, ~ ~/2), the plasma electrons then rush back into the ion channel to produce
a longitudinal wake field that can accelerate electrons in the tail of the REB. This
wakefield has the phase velocity which is equal to the group velocity of the drive
beam, therefore, the tail of the REB can be accelerated for a very significant

length before it finally outruns the accelerating field. In reality, this length is
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much longer than the length of a plasma source [47], therefore, the acceleration

length in current PWFA experiments is limited by the length of the plasma.

E-1571 is the first experiment to study a PWFA over meter-scale distances.
The experiment, proposed in 1997, aimed to demonstrate acceleration of electrons
with gradients in excess of 100 MeV/m over a distance greater than 1 m. It was
conducted at the Final Focus Test Beam facility (FFTB) at the Stanford Linear
Accelerator Center (SLAC) (Refer to Appendix C for more details about SLAC
and FFTB). It was carried out by a mulii-institution collaboration involving
Lawrence Berkeley National Laboratory (LBNL), Stanford Linear Acceleration
Center (SLAC), the University of California at Los Angeles {UCLA) and the
University of Southern California (USC), and spanned over the course of six runs

distributed from the Summer of 1998 to the Spring of 20600.

The E-157 schematic is shown in Fig. 4.2. Typical electron beam and plasma

parameters used by E-157 are given in Table 4.1.

In the experiment, the SLAC high peak-current REB from the main linac was
transported through the FFTB line to a 1.4 m long lithium heat pipe oven. An
ArF laser (193 nm) was used to ionize the lithium vapor to produce the plasma.
The laser was synchronized with the REB, which was fired at 1 Hz or 10 Hz.
The plasma density was varied either by tuning the UV laser output power, or
by tuning the timing-delay between the laser firing time and and the REB arrival
time at the plasma. The REB was bent by a 5.2 m long dipole bending magnet
after it propagated through the plasma. The bending magnet dispersed electrons
(300 MeV/mm) according to their energies in Y direction®. The REB was finally

14E. 157 was named by the operators of the Stanford Linear Acceleration Center. It means
by that this experiment is the 157th experiment conducted on the Stanford linear accelerator.

?In SLAC, it is accustomed to define the beam propagating direction as Z {or S) direc-
tion (pointing east), the horizontal direction as X direction(pointing north), and the vertical
direction as Y direction (pointing upwards).
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Figure 4.2: (Above) The location of E-157 experiment in the Stanford Linear
Accelerator Center. (Below)The E-157 schematic.
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Parameter Value

Beam Parameters

Number of Electrons N, 1.8~ 2 x 10
Beam Energy E 28 ~ 30 GeV
Bunch Length (RMS) o 0.7 mm
Bunch Size (RMS) Tx 30 — 100 pm
Ty 30 — 100 pm
Normalized Emitfance Yy 50 mm — mrad
ey 5 mm — mrad
Repetition Rate 1 or 10 Hz
Plasma Parameters
Plasma length L 1.4m
Plasma density Tp <3 x 10* em™®
Density uniformity  An,/n, < 25%
lonization fraction Ny /N > 15%
Radius r > 400 pm

Table 4.1: E-157 beam and plasma parameters.
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transported to the dump.

As illustrated in Fig. 4.2, there are several diagnostic systems used in the
E-157 experiment, which include:
(A) Optical transition radiation (OTR) system. Optical-transition-radiation {OTR)
is produced whenever a charged beam cross the boundary between two media with
different dielectric constants [48]. The radiation can be used to measure the in-
cident beam profile by imaging the near-field radiation. E-157 exploited optical
transition radiation (OTR}) to monitor the REB size at the entrance and the exit
of the plasma source.
(B} Cherenkov radiation system. Cherenkov radiation is emitted whenever charged
particles pass through a medium with a velocity that exceeds the velocity of light
in that medium [49]. In E-157, the Cherenkov radiation from the REB was trans-
ported to a streak camera so that the centroid and the beam size of the REB
could be time-resolved. The system was purposely set up after the bending mag-
net in order to diagnose the energy variations of the beam taii. More details
about the OTR system and the Cherenkov system in E-157 will be introduced in

later sections.

Besides the above beam diagnostic systems, there are other conventional beam
diagnostic systems provided in the FFTB (not shown in Fig. 4.2). These conven-
tional systems include beam position monitors (BPMs) to measure beam current
and beam centroids, wirescanners to measure bearn size and beam emittance,
etc.. Comparing with these conventional diagnostics, the OTR and Cherenkov
systems in E-157 provides 2-D images of the beam shot-to-shot, and they have
become indispensable diagnostic tools in the FFTB.

(C)the vapor and plasma density diagnostic systems. White light absorption

method was used to diagnose the lithium vapor density in E-157. UV absorption
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method was used to diagnose the lithium plasma density. Both techniques and
results are discussed in Chapter 3.

(D) X-ray diagnostic system. As mentioned in Chapter 2, a beam electron travers-
ing an ion channel is forced to oscillate at the betatron frequency and therefore
radiates. The radiated photons were not affected by the bending magnets and
went straight through the so called photon beam line. A X-ray diagnostic system
was set up at the end of the photon beam line. The X-ray diagnostic system is

described in the next chapter.

Although the main intent of the E-157 experiment was to demonstrate high
gradient wakefield acceleration by a meter long plasma, E-157 was also the first
experiment to systematically study the transverse dynamics of an REB traversing
a meter long plasma in the “blow-out” regime. Consequently, a rich variety of
transverse beam eflects were observed, which are summarized as follows.

(1) Bending an REB with the electrostatic force. As an REB pulse traversing
the ion channel has a transverse displacement with respect to the axis of the
channel, the beam is steered toward the channel direction due to the asymmetric
ion focusing force. As mentioned in Chapter 2, this force can be large enough to
exceed the conventional Lorentz force from its magnetic counterpart with attain-
able plasma densities. The bending of an REB due to the electrostatic force was
demonstrated in E-157.

(2) Betatron oscillation of the REB in an ion channel. As mentioned in Chap-
ter 2, an ion channel can also be viewed as a electrostatic potential well, in which
a beam electron oscillates with the betatron frequency wg, and the envelope of
the beam oscillates with the frequency 2ws. While the betatron motion of an
individual electron cannot be traced experimentally, it can be represented by the
oscillation of the center of mass of the beam if the drive beam has a head-to-tail

offset. This is because the head of the beam defines the axis of the ion channel.
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Subsequently, the bulk of the charge which has a slight offset with respect to the
channel axis oscillates about the center of the channel at the betatron frequency.
These osciliations can be measured as transerse deflections of the beam using
beam position monitors.

(3) Hosing of the REB. One concern in & PWFA scheme is the electron hose
instability {28]. As mentioned earlier, the tail of the beam will oscillate around
the axis of the ion channel if the drive beam has a head-to-tail offset. This tail-
flipping motion would couple to the motions of plasma electrons at the boundary
of the ion channel and lead to the electron hose instability. This instability leads
to the exponential growth of the tail oscillation and tears up the beam eventually.
In E-157, the tail-flipping motion was investigated and and it was found that the
hose instability was not as obvious as the theory predicted.

(4) X-ray radiation due to betatron motion of the REB. As the theme of this
thesis, the experimental results of X-ray radiation will be detailed in the next

chapter.

4.2 E-157 OTR and Cherenkov Diagnostic Systems

4.2,1 E-157 OTR Diagnostic System

Optical-transition-radiation (OTR) is produced whenever a charged beam cross
the boundary between two media with different dielectric constants [48]. The
radiation can not only be used to measure the incident beam profile by imaging
the near-field radiation, it can also be used to measure the beam energy because
the radiation energy and the radiation angular distributions are the functions of

the beam energy [50]. The main advantage of OTR is that the radiation pro-
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duction is prompt relative to beam time scale, therefore 2-D (X,Y) visualization
of the beam profile, or even 3-D visualization (X, Y, Z) with the help of streak

camera is possibie.

E-157 exploited the OTR mechanism to measure the beam profile at the
entrance and the exit of the plasma source. A thin titanium foil was used to gen-

erate the OTR radiation. As illustrated in Fig. 4.3, Each OTR system included

I'm A W 05T 043 m

Lioven - +
o chy sl 1] BRI = = i ; =T ™ o
Downstrear Upstream
QTR OTR
22 mm diam pellicle
Existing UV energy meters .

=SS UV windows
w CCD camera
™. Titanium foil

Incoming
UV Laser

Figure 4.3: E-157 schematic at IP1. Two OTR systems were located at the
upstream and the downstream of the Li oven, respectively.

a 25 um-thick Ti foil placed at a 45° angle with the electron beam line, an AF
Micro-Nikkor 105 mm, F2.8 lens to 1:1 image the OTR, and a 12-bit Photomet-
rics Sensys CCD camera. The CCD had a pixel size of 9 pm x 9 ym with an

array size of 768 x 512, and the spatial resolution was approximately 20 pum®. The

3This resolution has included the effect of the QTR angular acceplance #,, which would
lead to FWHM =~ 1.44)/6,, with X the radiation wavelength and FWHM the full-width-half-
maximum image of a poin$ source.
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image acquisition was synchronized with the beam-firing rate, which was 1 Hz

or 10 Hz for the SLAC beam.

Typical OTR images acquired from the CCD cameras in the E-157 experiment

are shown in Iig. 4.4. Raw images were then analyzed in Matlab routines to

Downsteam OTR

Figure 4.4: Upstream and downstream OTR images in FE-157 experiment. The
graininess of the downstream OTR image was not due to the beam, rather it
resulted from the grain structure of the titanium foil.

extract information such as the beam spot size and the beam centroid.

4.2.2 E-157 Cherenkov Diagnostic System

Cherenkov radiation is emitted whenever charged particles pass through a
medium with a velocity that exceeds the velocity of light in that medium [49]. A
3 mumn thick aerogel with the refractive index of 1.009 was chosen as the medium
in E-157. The Cherenkov radiation diagnostic system was built to temporally

resolve the beam profile and electrons’ energies *.

The Cherenkov diagnostic system of E-157 is illustrated in Fig. 4.5. After

1A preliminary test proved that the photon yield from an aerogel-based Cherenkov system
was more than an order of magnitude higher than that from OTR [51]. Therefore a Cherenkov
system was more favorable than an OTR systemn in energy gain diagnostic.
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Figure 4.5: The Cherenkov diagnostic system in E-157.
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an electron beam got dispersed in Y direction by the bending magnet, it hit the
aerogel and emitted the Cherenkov radiation. The radiation light was imaged
onto a CCD camera located in a trailer which was 15 meters away from the
FFTB, by passing through a series of optical components. Some of the light was
divided with a beam splitter before being sent to a Hamamatsu streak camera
to get streaked in the time domain. Since a streak camera can only accept a slit
of light in one axis {because another axis is used for time dimension), light was
divided again and rotated, so that the sireak camera resolved the immage on the
aerogel in both horizontal{X) and vertical (Y) direction. One arm of light was
purposely delayed so that both images can be caught in one scan of the streak
camera. T'ypical Cherenkov images from the CCD and the streak camera are

shown in Fig. 4.6. Since the bending magnet dispersed the electrons in the Y

Streak Camera

vertical horizontal

Slit
Locations

Figure 4.6: (Left} A typical time-integrated-Cherenkov image on the CCD cam-
era. “Slit locations” indicates the parts of the beam accepted by the streak
camera in X and Y directions. {Right} Typical streak camera image showing
both the horizontal and vertical streaks.

direction according to their energies, the vertical part of streak images was used

for energy gain diagnostics, while the horizontal part was for transverse dynamics.
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The dispersion in the aerogel plane was 285 MeV/mm. The imaging resolution

was about & 100 gm in both planes corresponding to 28.5 MeV in the Y plane.

4.3 E-157 Transverse Dynamics

(A) Bending an REB with the Coulomb force [5)

It is not new to use the Lorentz force provided by a magnet to bend an REB
beam. However, it is new to use the collective Coulomb force supported by an ion
column instead of the Lorentz force to bend an REB. As mentioned in Chapter 2,
An electron would experience the ion channel force if it is displaced from an ion
channel. This ion channel force is proportional to the ion density, which would
be large enough to exceed the Lorentz force from its magnet counterpart with
attainable plasma densities. The schematic for both mechanisms for bending

electrons are lustrated in Fig. 4.7.

Although the schematic is so simple, it is not trivial to pre-produce an ion
channel and send an REB which has a transverse displacement from the axis of the
channel. We demonstrated this effect using an alternative method in the E-157
experiment. [ts schematic is illustrated in Fig. 4.8. An REB was sent at an angle
§ with respect to the axis of a plasma column such that it encountered a plasma-
neutral gas boundary. The head of the beam expelled the plasma electrons, and
formed an ion channel through which the tail of the beam traversed. The ions
provided the Coulomb force which, however, would have no deflected effect on
the beam centroid if the beam was symmetrically distributed around the beam.
However, when the beam came near the plasma-gas boundary, the ion channel
became a,symmetric, and the formation of an asymmetric ion-focusing force gave

rise to the bending of the beam path at the interface. Figure 4.9 shows a snapshot
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Figure 4.8: The E-157 schematic for the demonstration of bending an REB with

the Coulomb force.
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(a) Laser off ~ (b) Laser on

Figure 4.9: The image of the beam downstream {received by the Cherenkov
time-integrated CCD camera), with {a) Laser off and (b} Laser on, shows the
deflected beam and the undeflected transient. The cross hair marks the position
of the head of the beam.

of a Cherenkov image with (a} plasma off and (b) plasma on. The cross hair on
the figure marks the position of the head of the beam which is undeflected as

expected. The rest of the beam sees an assymetric ion column and is toward the

direction of this plasma column due to the Coulomb force.
(B) Betatron oscillation of an REDB in an ion channel

As mentioned in Chapter 2, an electron traversing an ion channel oscillates
transversely with the betatron frequency wg, and the beam envelope oscillates at
2wg. The motion of the beam centroid is equivalent to that of an electron if the
beam has a head-to-tail tilt. The reason is as follows. Since the head of the beam
produces an ion channel, the axis of the ion channel is defined by the head of the
beam. Therefore the main body of the beam experiencing the ion channel has
an initial transverse offset with respect to the axis of the channel. This causes

the beam centroid to oscillate about the axis with the betatron frequency as an
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individual beam eleciron does.

In E-157, the multiple oscillations of the beam inside the ion channel were
clearly inferred from the variations of both the beam size and periodic oscillations

of the beam centroids as a function of plasma density.

Figure 4.10 plotted both the beam sizes (measured with the downstream
OTR) and the concurrent X position of the beam centroids (measured with the
downstream BPM) as a function of plasma density. Each dot in the figure cor-
responds to each shot of the REB traversing a 1.4 m plasma source. The beam
was tuned to have a head-to-tail tilt at the entrance of plasma. The plasma den-
sity increased from 0 to 2 x 10** em ™. Figure 4.10 clearly shows that the beam
centroid oscillated at the half of the envelope oscillation frequency. The marks in
the figure indicate the transparency points at which the beam size recovers to its
original size when there is no plasma. At theses points beam electrons executed
an integer number of betatron oscillations in the plasma, i.e., the phase advance

experienced by each beam electron satisfies

| et
U % Lopen 2o = Logen |~ = mim, (4.1)
¢ ymce

with m = 1, 2, 3... the integral number. The corresponding plasma densities

at the transparency condition can be calculated based on the above equation.

The solid curves in Fig. 4.10 were plotted based on the following theory. The
focusing force of the ion channel on an inserting REB is equivalent to that of a
thick quadrupole [52]. The corresponding lens strength of the quadrupole kp is

the betatron wavenumber, which is
kg = —, (4.2)

with n; the ion density and ~ the Lorentz factor of the REB. The transfer pa-

rameters C and S, which govern the trajectory of the REB from the entrance of
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Figure 4.10: (a) Multiple oscillations of the spot-size measured with the down-
stream OTR system due to betatron motion of a 28.5 GeV electron beam travers-
ing a 1.4 m long lithium plasma as a function of the plasma density. The solid
line was the curve-fit with Eq. 4.6. (b) The beam centroid oscillations measured
with the downstream BPM (6130) as a function of plasma density. The solid line
was the curve-fit with Eq. 4.5, The marks, (1),(2),and (3), in the figure indicate
the transparency points, which also correspond the minimum spots in (a).
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the ion channel to the downstream BPM, are given by [52]
C' = cos(kp « Loven) — kg - L - sin(ks - Loyen), (4.3)

S8 =L coslks Loven)+ {1/ks) - sin{ks - Loven)s {4.4)

where L = 2.63 m was the distance from the exit of the ion channel to the BPM,
and L,,en = 1.4 m was the oven length. Based on these transferred parameters,

the beam centroid measured by the BPM satisfies
r==0C" rg+5-r), (4.5)

by assuming that the the beam centroid at the entrance of the ion channel has an
offset rq and a transverse slope r{) = drp/dz. The beam size at the downstream
OTR was calculated based on the beta-function 3 of the beam, which satisfies
[26]

o= \/ﬁ-ﬁ 2\/((?2)60“205@0"}-52’}/0)51 (4.6)

v i
with ag, Jo and v being the Twiss parameters at the entrance of the oven®, and
¢, the normalized emittance of the beam. €' and S are defined in equations 4.3

and 4.4 except that L = 1.0 m here, since the downstream OTR was 1.0 m away

from the exit of the plasma.

The theoretical curve on Fig. 4.10(a} was obtained by fitting the experimental
data with Fq. 4.6, with ¢, as the fitting parameter. The curve-fit process yielded
¢, = 1.5 x 107%. The theoretical curve on Fig. 4.10{b) was obtained from the
curve-fit of the experimental data with Eq. 4.5. The initial parameters of the

beam centroid ry and rj) are parameters to be fit. The curve-fit process yielded

rg = 32 wm and rj; = 0.07 x 1072 for this run.

Sag, Op and 5 {Boyo ~ ad = 1) at the entrance of the oven were measured with quad-scan
in B-157. B = 0.8 m, og = —0.25 were reasonable E-157 parameters and were used here [52].
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The agreement between the theoretical curve and the experimental data is
reasonably good especially at smaller plasma plasma densities. As plasma densi-
ties become larger, more beam electrons have to be used to push plasma electrons
away. Therefore the beam behavior is not well described by the above simplified

theory where the a pure lon channel is assumed to be preformed.

1t should be noted that ancther theoretical model based on the beam envelope
equation was also successfully used to curve-fit the experimental data of the beam

sizes measured with the downstream OTR, which were detailed in reference [53].
(C) Sloshing and Hosing of an REB in a plasma

As mentioned earlier, the tall of the beam oscillates with the betatron fre-
quency wg in an ion channel provided that the REB has a haed-to-tail tilt. Un-
der certain conditions, this oscillation will grow exponentially due to the electron
hose instability [28]. Hosing results from the coupling of transverse beam displace-
ments to plasma electrons at the boundary of the ion channel. As illustrated in
Fig. 4.11, the sloshing of the tail with the characteristic frequency wg initiates
the displacement of plasma electrons at the boundary. The fypical oscillation fre-
quency of the collective motion of these plasma electrons is wo & w,/v/2, which
differs from w, because they are at the boundary between a region of electron den-
sity n, and a region of zero density. The coupling of this two harmonic oscillating

drivers can be described by the following two differential equations [28],

FOay + whzy = Wiz, (4.7)

Bixe + whze = wixs, (4.8)

where £ = z — ¢f and s = z. In these equations the beam centroid = is driven

by the channel centroid z., and vice versa. This coupling would lead to the
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Figure 4.11: (Left) An illustration showing that an REB beam with a head-to-tail
tilt enters the plasma in z direction, forming an ion channel for the tail to ex-
perience. {Right) A beam slice in the ion channel, displaced by an amount s,
induces a displacement z. of the channel.

exponential growth of the tail oscillation. At the same time the different segments
of the beam would oscillate at different frequencies. Hose instability raises a

serious issue about the ability to propagate an REB over long distances in dense

plasmas.

In the E-157 experiment, we diagnosed the relative position of each beam
segment by temporally resolving the Cherenkov images in the non-dispersion (X)
plane {54]. As there was no plasma (the laser was off}, we measured the initial
positions of the beam slices and used them as the initial condition for theoretical
estimation. We then acquired the beamn slices at three different transparency
points. By deing so, we minimized the drifting distance of each beam segment due
to its transverse momentum acquired from the ion channel. Finally we compared

the experimental data with theory and plotted Ilig. 4.12.

The dashed lines in Fig. 4.12 are the time-sliced beam centroids (dashed lines)

measured with the Cherenkov radiation images. The solid curves are based on
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the numerical integrations of equations 4.7 and 4.8 using the initial conditions
provided in Fig. 4.12(a). Figure 4.12(c) and (d) clears show that the theory
predicts a much larger tail growth than the experimental data. They also show
that the beam segments began to oscillate at different frequencies at these plasma
densities. The experimental data does show a siight tail growth at the third
transparency point by comparing Fig. 4.12(a) and (d). However, it was most likely
due to the initial transverse momentum of the beam segments at the entrance of

the plasma.

The discrepancy between the theory and the experimental results is probably
due to the fact that the theory assumes that a pre-formed channel with a constant
radius exists whereas in many experimental situations the dynamically formed ion
channel has a longitudinally varying radius. The theory also neglects any non-
ideal experimental factors such as asymmetric beams and longitudinal density

gradients. All these factors tend to suppress the hosing growth.

A computer simulation (OSIRIS) based on E-157 parameters also indicates a
smaller growth rate of hose instability than the theory described in Eq. 4.7 and
4.8 [35].

4.4 Summary

The main transverse effects in the E-157 experiment has been reviewd in this
chapter.

The beam diagnostic systems built in E-157, the OTR and the Cherenkov
system, have been introduced. They provide 2-D and 3-1) visualization of the

beam profile on a pulse to pulse basis, and have become indispensable tools in

FFTB and SLAC. The main E-157 transverse effects have been reviewed, such
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Figure 4.12: Time-sliced beam centroids (dashed lines) measured with the
Cherenkov radiation images recorded by the streak camera are compared with
those from the theoretical estimation (solid lines) based on Eq. 4.7 and 4.8
at three transparency points. {a) n, = 0, the beam centroids shows a ini-
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as bending an REB with the Coulomb force; betatron oscillations of an REB in
an ion channel; sloshing and hosing of an REB in a plasma. Theories related to
these phenomena have been addressed. Agreements between experimental results

and theories are reasonable for most phenomena.
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CHAPTER 5

X-Ray Emission From Betatron Motion In A

Plasma Wiggler

5.1 Introduction

Synchrotron light sources are used for basic and applied research in physical,
chemical and biological sciences, and in engineering [8]. These use magnetic
undulators and wigglers to generate high brightness photon beams in the X-
ray region using relativistic electron beams. In this chapter it is shown that an
ion channel induced by an electron beam as it propagates through a plasma can
wiggle the beam electrons to generate X-ray radiation. Because a dense column of
ions can provide an effective wiggler strength that can be much greater than that
provided by a conventional magnet, such plasma wigglers /undulators [6][9][12]

could impact future generation light sources.

It is known from Chapter 2 that an electron beam injected into an ion col-
umn undergoes betatron oscillations of its transverse envelope or beam size. An
individual electron within this beam executes simple harmonic motion about the
axis of the ion channel with betatron frequency wy = kse = w,/+/27y, where
wy = \/4rne?/m is the plasma frequency, n is the plasma density, and 7, is the
relativistic Lorentz factor of the beam. The betatron motion of a relativistic

electron with an initial displacement ry from the axis of the ion channel is de-
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scribed by 7 = rgcos ¢, leading fo ,@; = —rokssin ¢, and /f—;,n = —7Tokgws COS ¢
with ¢ = wy. The total radiation power as a consequence of this motion is
given by [23] P(1) = gg%[ﬁz — mPc* ] & 2ee’yirik) cos? ¢ where p, = vsmef3,.
Therefore the total power is proportional to wj which scales as the square of
the plasma density. The spectrum of this betatron radiation has resonance fre-
quencies at w, = 2mpviwg/(1 + K*/2 + (19)?) where my, = 1,2,3.-- is the
harmonic number[24]. The wiggler strength K is given by K = mwgre/c, and
) << 1 is the observation angle measured from the axis. For a beam with a
transverse size o,, each electron has a different ro and radiates a different w, and
the spectrum of radiation therefore tends to be broad. If A >> 1, high har-
monic radiation dominates the spectrum and a broadband spectrum is generated
as from a conventional wiggler. This broadband spectrum is characterized by the
critical frequency [23] given by w, = 3} erok3/2. The full width at half-maximum
(FWHM) beam divergence angle is § ~ K/v, which can be extremely narrow for
an ultra-relativistic beam. Although microwave radiation has been observed in

this underdense or ion-focussed regime [56], no measurements of X-rays have been

reported to our knowledge.

The plasma wiggler experiment was conducted as a parasitic experiment to
E-157. As shown in Fig. 4.2, the X-ray diagnostic system was located at the end
of photon beam line in FFTB. We used Thomson scattering technique and Bragg
scattering technique to detect the X-ray photons in our experiment. Thomson
scattering technique was used to measure the relative values of X-ray power as
a function of plasma density and Bragg scattering was used to measure photon
numbers because the photon energy can be precisely determined at the Bragg
angle. We also used a fluorescer to visualize the X-ray images at the end of

photon beam line.
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In the following sections, I first review the background knowledge of both
Thomson scattering and Bragg scattering techniques. Then I introduce two pre-
liminary experiments, the first is about X-ray scattering, and another is about
X-ray imaging. After that, [ address the main X-ray experimental results and
their comparisons with theoretical estimations. I summarize this chapter in the

final section.

5.2 X-ray Diagnostic Techniques

5.2.1 Thomson Scattering

According to the classical electromagnetic theory [23], a free eleciron may
scatter an incident plane wave of monochromatic electromagnetic radiation with
the scattered intensity satisfying the Thomson formula [57], which is I, = rZ[y(1+
c0s8)/2, with I, the energy scattered per unit solid angle per unit time, r. the
classical electron radius, Iy the incident power per unit area, and # the angle

between the incident radiation vector and the scattered radiation vector.

The Thomson scattering radiation energy applied to an atom with bounded
electrons Z is formulated as [57] I, = f21., with f, the mean atomic scattering
factor. The factor f, only depends on a parameter s = sin{6/2)/A with the
scattered angle ¢ and the radiation wavelength A. f, is available for most known
atoms [38]. Figure 5.1 demonstrates f, of a Z = 14 silicon atom as a function of

the radiation energy at two difference scattered angles, 8 = 8% and 8 = 18°.

It should be noted that for a single atom the scattered intensity due to Comp-
ton scattering would be appreciable compared to that due to Thomson scattering,
especially at the large scatterd angle [57]. However, in Compton scattering since

the incident and the scattered radiations do not have the same wavelength, there
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Figure 5.1: The mean atomic scattering factor f, of a Z = 14 Silicon atom as the
function of the radiation energy at two difference scattered angles, 8§ = 8° and
6 = 18Y [58].

is no definite phase relation between them and the radiation from each scatter-
ing element is incoherent. In the scattering of X-rays from crystals, very large
numbers of atoms co-operatively scatier so that the amplitudes of the Thomson
scattering from different atoms add together whereas for Compton scattering it
is the intensities which add. Therefore Compton scattering may be ignored in

considering scattering of X-rays from a crystal.

5.2.2 Bragg Scattering

If a continuous spectra of X-rays hit a crystal at an angle § and the grid planes
of the crystal have a spacing d, then The “reflection” (scattering) of X-rays at
wavelength A would be enhanced dramatically if the relation between d, # , and

A is given by the Bragg reflection condition,

2dsind = mA, (5.1)
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where m is an integer. The reflectivity of photons satisfying Bragg reflection
condition would be effectively close to 100% if the scattering crystal is perfect and
its thickness is more than thousands of scattered wavelength {59]. The resolution

of the scattered photon energy can be expressed as
E/dE = —df/tan(8§), (5.2)

with the scattered photon energy £ = he/), and df the angle resolution of the

X-ray Bragg spectrometer system'.

Bragg scattering techniques have been extensively used in monochromators
in many synchrotron light-source beamlines for photon energies of 500 eV to
100 KeV. For lower energies one need to use organic crystals or multilayer

structures such as gratings.

5.3 Preliminary Experiments

5.3.1 X-ray Scattering

The schematic of X-ray scattering diagnosis used in E-157 is shown in Fig. 5.2,
The crystal used for Thomson and Bragg scattering of incident X-rays out of
photon beam lines was a 5" diameter, 1 mm thick silicon crystal (Virginia Semi-
conductor, INC.}. The crystal was set on a rotation stage whose angle resolution
was < 0.25°. Two SBDs (surface barrier detectors) (Model 142A of EG&G), D1
and D2, were set about 30 cm away from the center of the crstal with the refletion

angle 6 being 8° and 18° respectively.

UThis resolution also includes the angular resolution intrinsic to the the crystal structure,
which is characterized by the FWHM of the Rocking carve [57] of the crystal. For a perfect,
1 mm thick Si crystal used in the vicinity of {111) direction, the FWHM of its Rocking Curve
is no more than 7" {60}, which is much smaller than the angular resolution of a conventional
X-ray Bragg spectrometer.
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Figure 5.2: The schematic of X-ray scattering diagnosis in E-157. An SBD is
reversely biased through two large resistors R1 and R2. The current generated
by the incident radiation is collected by the input capacitance of the charge
sensitive preamp. High voltage 1s supplied by a NIM module. Only one detector
D1 together with its circuit are drawn. D2 has an identical circuit as D1, which
is omitted in the figure.
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SBDs together with low-noise current amplifiers are extensively used in mea-
suring the X-ray flux. A SBD in E-157 experiment is essentially an n-type silicon
substrate with a layer of oxidation and two metal contacts. The oxidation layer
forms a “surface barrier” which causes the device to behave like a diode. When
the SBD 1is reverse biased, depletion regidn forms adjacent to the silicon-oxide
junction. When radiation passes through the depietion region, electron-hole pairs
are created through ionization. These free charges are accelerated by the electric
field in the depletion region and are subsequently collected at the electrodes. The
average photon energy required to generate an electron-hole pair is 3.6 eV, For
example, an 1 KeV X-ray photon can create ~ 300 pairs. Once the charge @ is
generated in the SBD, it is collected on a capacitor €', and produces the voltage
V = @/C, which is read out through a charge sensitive preamp. Since the SBDs
are sensitive to any type of radiation, measures must be taken to insure that the
radiation of interest dominates the signal. The detectors were therefore inserted
into open ended lead containers with the thickness of the lead more than 2",
The lead containers effectively blocked radiation from other directions hit the

detectors.

Figures 5.3(a) and (b) demonstrate X-ray signals received by both detectors
as a function of the rotational angle of the silicon crystal with plasma off. The
peaks in the figures are due to Bragg scattering. The corresponding respective
photon energy, received by D1{D2) which had a reflection angle 8 (18"), was
6.5 KeV (14.2 KeV). The FWHM of Bragg peak could not be resolved due to

the limitation of the resolution of the rotational stage.

Apart from the Bragg peaks, other X-ray signals in the figures were due to
Thomson scattering. These signals increased as the rotational angle got smaller,

and reached maximum as the rotational angle near 0°. This is because the inten-
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Figure 5.3: