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Theoretical Investigations of Plasma-Based Accelerators and Other Advanced 

Accelerator Concepts 
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Summary: 

Our theoreticakomputational group is based at the Illinois Institute of Technology (IIT). The 
focus of our work is on the development of plasma based and (to lesser extent) structure-based 
accelerating concepts, including laser-plasma , plasma channel, and microwave-driven plasma 
accelerators. The group includes one postdoctoral fellow (Sergey Kalmykov) and two graduate 
students (Herman Geraskin and Michael Tushentsov). While pursuing this applied research, we 
pay special attention to the fundamentals of high intensity wave-plasma interactions, such as 
parametric instabilities in plasma channels, parametric excitation of plasma waves using 
multiple laser beams, and microwave propagation in magnetized plasmas. Most important 
advances have been made in the following areas: (i) theory of Raman instabilities in plasma 
channels; (ii) generation of accelerating waves in magnetized plasma using Electromagnetically 
Induced Transparency (EIT), (iii) development of laser-driven surface wave accelerator using 
solid-state materials with negative dielectric permittivity. These advances are briefly described 
below. 

Recent Accomplishments: 

Raman Scatterinq Instability of Intense Laser Pulses in a Plasma Channel. 

Plasma channels are instrumental to developing laser-driven plasma accelerators. Plasma 
channels guide intense laser beams over distances significantly exceeding the vacuum 
diffraction length, thereby increasing the energy gain of an accelerated particle. Nevertheless, 
high intensity laser beams are not immune to various parametric instabilities. Those include 
Raman backscattering (RBS) that can be either deleterious (by causing a depletion of a laser 
pulse), or even advantageous. RBS can be useful for developing plasma-based accelerators for 
several reasons. First, it can seed the accelerating wake by eroding the leading edge of an 
intense forward-propagating pulse. Second, in a recently proposed by us colliding beam 
accelerator (CBA) scheme slow plasma waves generated via backscattering produced a super- 
beatwave that gave rise to a strong accelerating field. Third, we have recently suggested that 
stimulated RBS can be used for compressing long laser pulses into short ones, that can be later 
used as a driver for laser-driven plasma accelerators. With all these applications in mind, we 
have undertaken a comprehensive investigation of Raman backscattering in plasma channels. 

Several features distinguishing RBS in channels from that in homogeneous plasmas have been 
discovered. We have identified a new regime in which those differences are mostly pronounced: 
the Strong Plasma Wave Localization (SPWL) regime, in which the instability growth rate 
Y h  = a, ,/= << Awp , where w, is the laser frequency, w,, is .the plasma frequency on the 

channel axis, A a ,  is the depth of the plasma channel measured in the units of plasma 
frequency. In this regime different regions of the plasma resonate at different frequencies, 
thereby reducing the growth rate and localizing the plasma wave. The newly derived growth rate 

is y = yh  , where 
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For several plasma channels the dependence of the temporal growth rate of RBS on the 
frequency of the backscattered radiation. Homogeneous plasma growth rate is plotted for 
comparison (black curve). 

Fig.1: Normalized increment of RBS in the SP' 
regime versus real part of the frequency of 
backscattered radiation. Laser frequency is 
wL = low,, . Normalized amplitude of the laser 
electric field a,, = 0.005. Plasma 
fiequency depression in a channel is A u p  = 2 

(solid blue line) and Aw, = 1 / & (solid 
and dashed red curves). Red solid line takes 
into account continuous modes contribution. Rt 
dashed curve - continuous modes are neglected 
Black solid line: RE3S spectrum in homogeneou 
plasma. 

Fig.1 demonstrates the reduction of the growth rate (and increase of the instability bandwidth) 
with the plasma channel depth - compare the black (homogeneous plasma), red (shallow 
plasma channel), and blue (deep plasma channel) curves. 

We made another important advance in the theory of RBS in plasma channels: discovered that 
the spatial profile of the backscattered radiation can be significantly different from that of the 
pump. In particularly, we have investigated RBS in a single-mode plasma channel and taken 
into account coupling to the modes of the continuum that are not confined inside the channel. 

Fig.2: Transverse intensity profile of the fastest 
growing mode of backscattered radiation 
(solid curve) evaluated for the parameters 
corresponding to the red solid curve in Fig.-1 . 
The dashed line is the intensity profile of the 
pump (single bound mode of the channel). 
Coupling to the continuum modes of the 
channel shr inks its transverse spotsize. 
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Fig2 shows bow the transverse profile of the backscattered radiation (solid line) differs from that 
of the pump (dashed line). For the parameters corresponding to the red curve in Fig.1 



(a ,  = O.OO5.and Aw, = 1/&)  we found that the transverse spotsize is reduced by over 10 
percent. That was sufficient to explain the difference between the exact growth rate (solid red 
line in Fig.1) and the approximate growth rate obtained by assuming that the transverse profiles 
of the pump and the backscattered radiation are identical (dashed red line in Fig.1). 

We have also investigated the spatio-temporal evolution of the backscattered radiation in the 
plasma channel. It is well known that, in a homogeneous plasma, the group velocity of a 
backscattered pulse is equal to v, = -c/2.  This slowing down can be understood by observing 
that the RBS radiation comes from scattering of the pump off the resonantly driven plasma 
wave. This plasma wave increases in strength behind the pump. The situation is very different in 
a plasma channel: due to phase mixing of plasma oscillations at different radial positions, the 
integrated plasma response decreases behind the pump. Hence, the group velocity of RBS 
increases. Our theoretical and numerical investigations demonstrate that, in the strongly 
localized plasma wave regime, v, = -2c/3. More details on RBS in a plasma channel can be 
found in the paper by Kalmykov and Shvets, “Stimulated Raman Backscattering of Laser 
Radiation in Deep Plasma Channels” submitted to Physics of Plasmas. 

Generation of Accelerating Waves in Magnetized Plasma. 

The quest to higher accelerating gradients (and, consequently, shorter and more practical 
accelerators) inevitably points to higher frequencies of the accelerating field. This is because, 
according to the dark current trapping criterion, the accelerating gradient scales linearly with 
frequency. In a conventional metallic accelerating structure higher frequencies also imply 
smaller feature size which are hard to fabricate, and can be easily damaged by single-pulse 
Ohmic heating and the resulting cyclic stress. Due to these limitations, it appears unlikely that 
future metallic accelerators will be operated at a shorter than 1 cm wavelength. At the other end 
of the frequency spectrum are the laser-driven plasma accelerators (that our group is also 
investigating) that require short-pulse high power laser pulses because the accelerating plasma 
wave is driven via the nonlinear ponderomotive force. The typical wavelength of a plasma- 
based accelerator is between 10 and 100 microns, and the typical plasma density is I O ”  - 10’’ 
cm-3. 

We have initiated theoretical and computational investigations of the previously overlooked 
regime of intermediate frequencies (hundreds of GHz) and plasma densities (of order I Ol4- I  OI5 
~ m - ~ )  where high power microwaves can be directly converted into plasma waves. We are 
looking at the regime which corresponds to the slow group velocity of the resulting plasma 
waves. The incident microwave pulse is compressed in the plasma by the and converted into a 
predominantly longitudinal wave. Therefore, plasma is both the power compressor and the 
accelerator. External magnetic field is necessary to enable coupling of the incident 
electromagnetic waves into the plasma. 

The configuration requires two magnetic fields: axial (along the beam and wave propagation) 
and transverse undulator. This configuration is based on the recently discovered by us (in 
collaboration with UC Berkeley) phenomenon of Undulator Induced Transparency (UIT) of 
magnetized plasma at the cyclotron frequency. The essence of UIT is that the normally opaque 
at the cyclotron frequency plasma becomes transparent in the presence of an undulator when 
the electron plasma ( w, ) and cyclotron ( Q,,) frequencies are equal. Our analysis shows that it 



should be possible to efficiently couple microwaves in without reflections, and use the 
predominantly longitudinal plasma wave for accelerating electrons or even ions. The latter 
feature is due to our ability to control the phase velocity of the plasma wave using undulator 
strength or periodicity. Our discovery of electromagnetically-induced transparency (EIT) in 
plasma is of a fundamental importance because, previously, EIT was considered to be a purely 
quantum mechanical phenomenon that exists due to the interference of quantum mechanical 
transition amplitudes. 

Although our earlier theoretical investigations predicted slow group velocity and significant 
energy compression for realistic magnet strengths, PIC simulations failed to confirm these 
results. Specifically, we failed to penetrate plasma when the undulator field strength was small. 
We significantly improved our understanding of plasma UIT, and finally succeeded in 
compressing electromagnetic energy by factor 100. We have a convincing PIC simulation in 
hand that demonstrates EM wave propagation in vacuum, entrance into a realistic (smooth) 
plasma density profile, compression of the wave in the plasma, and, finally, exit of the wave out 
of the plasma. The compressed radiation is longitudinally polarized and, therefore, suitable for 
high-gradient particle acceleration. 

The following theoretical advancements made this engineering of the optimal magnetic field 
parameters possible: (a) realization that the effective plasma frequency is rescaled due to the 
coupling between the left- and right-handed waves in the plasma (L-R coupling); (b) realization 
that only certain longitudinal profiles of the axial magnetic field enable EM waves to penetrate 
the plasma; (c) understanding how L-R coupling limits the range of undulator periodicities for 
which UIT (as it was originally envisioned) possible. Another important advance was 
understanding of the extreme nonlinearity of the plasma with UIT. Taking this nonlinearity into 
account is very important for designing high-gradient particle accelerators because those are 
likely to operate in the regime where relativistic corrections are very important. 
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@+“I Fig.3: Decomposition of plasma electron 
velocity into synchronous (top panel) and 

components. Temporal profile of the 
incident right-handed electromagnetic 
wave is in the bottom panel. Perfect 
transparency condition 
SZ, = ,3Tp 3 d w i s  chosen: 
synchronous with wave electron velocity 
vanishes for large times, but the left- 
handed rotation does not. 

- non-synchronous (middle panel) 
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The L-R coupling was found by us in a single-particle simulation shown in Fig.3. A right-handed 
(RH) electromagnetic wave was adiabatically turned on, and the parameters chosen so that 

R, = W = w 2  + SZi -- perfect transparency condition. Here RR = eB, /2mc is the Rabi 
P d P  



frequency proportional to the undulator strength B, . The renormalized plasma frequency W, is 

slightly different from the plasma frequency w, due to the coupling of the left-handed particle 
rotation with the undulator. The particle velocity was decomposed into right-handed 
(synchronous) and left-handed (non-synchronous) components. As Fig.3 demonstrates, under 
the perfect transparency condition the synchronous (right-handed rotation) velocity component 
vanishes while the non-synchronous (left-handed rotation) does not. Therefore, the two wave 
polarizations (LH and RH) can be coupled in UIT plasma. It is this coupling that is responsible 
for stop-bands in wave propagation and apparent difficulty in observing UIT that affected our 
earlier PIC simulations. 
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(l), where 2w2 n:, - (0 - w,)(w - n,) 

-2 in,, 2 = g e  a, 

By solving Eq.( l )  for the coupled wave amplitudes, several regimes of UIT were identified, and 
their relevance to particle acceleration explored. Different regimes are characterized by the 
undulator wavenumber k,  = n,w/c  , and differ from each other by the degree of mode coupling. 
We have used mode coupling theory originally developed by Kaufman and Littlejohn to explain 
simulations results. 

Regime 1: small undulator wavenumber (k, << @ I C ) .  
In this regime there is significant coupling into transmitted LH wave, and plasma wave is 
irregular - as shown in Figs.5, bottom panel. 
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Fig.4: Mode conversion diagram 
between right-hand polarized (A+) and 
left-hand polarized (A-) waves, 
nu = 0.2, RHP wave injected from left. 

Fig.5: Fields in p1asma:right-hand 
polarized (top), left-hand polarized 
(middle), and plasma (bottom) waves. 
Parameters: same as in Fig.4. 



Parameters for Regime 1 are: w = R2,,RR /w = O.l,k, = 0.2w/c . Although Regime 1 results in 
transparency, plasma wave is not suitable for HEP applications: it is not significantly enhanced, 
and is irregular. 
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Regime 2: opaque regime, undulator wavenumber 0 . 5 ~  / c < k, < w / c  . 
In this regime EM waves do not penetrate into the plasma at all. This is due to the strong 
coupling between forward propagating RH wave and the reflected LH mode: the incident RHP 
mode converts into reflected LHP mode and does not enter the plasma. This regime is not 
useful from the standpoint of accelerator development. 

This is due to the almost complete mode 
conversion into reflected LHP wave (middle 
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Regime 3: True UIT regime, undulator wavenumber k,  > 1.2w/c.  In this regime the coupling 
between different radiation polarizations is minimal, and the RHP wave penetrates the plasma 
according to our original theory of EIT in plasma. It is this regime where a dramatic slowing 
down of electromagnetic waves is achieved, and a significantly enhanced longitudinal 
(accelerating) electric field develops throughout the plasma column. 

Reb-I 

21 I 

regime (bottom panel), with its amplitude 
almost 10 times the amplitude of the incident 
wave. 

Fig.7: Incident RHP wave (top panel) 
penetrates the plasma with minimal coupling to 
LHP wave (middle panel) for the following 
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Plasma wave amplitude in the true UIT regime is an order of magnitude larger than that of the 
incident EM wave, or the energy density almost 100 times higher. Most of these results are 
described in a paper by Tushentsov and Shvets that is now under preparation. 

In addition to these topics, we have investigated several areas of fundamental interest to high- 
current accelerators. In collaboration with Princeton University (Ron Davidson’s group) we have 
studied resistive wall instabilities in various accelerators: from highly relativistic (such as the 
Tevatron) to modestly relativistic (such as high-current proton drivers). We have also initiated 
investigations of photonic bandgap accelerators. We are presently focusing on an accelerator 
utilizing thin Sic films. The advantage of using Sic is that its dielectric permittivity is negative at 
the frequency of a C02 laser, and one can excite surface waves at the vacuum/SiC interface. 
Those surface waves are quite similar to those occurring at the plasma/vacuum interface that 
we have investigated a few years ago in the context of a Hollow Channel Laser Wakefield 
Accelerator. Just like plasma, Sic can withstand extremely high electric fields (about 300 
MeVlm in DC and close to a 1 GeV/m in a pulsed picosecond regime). This work, carried out 
with PhD students Herman Geraskine and Yaroslav Urzhumov, will be continued next semester, 
and results reported at the AAC meeting. 



Publications in 2003: 

Refereed Journal Articles: 

1. G. Shvets, "Photonic approach to making a material with a negative index of refraction", 
Phys. Rev. B 67, 035109 (2003). 

2. G. Shvets, "Left-Handed Surface Waves in a Photonic Structure ", Physica B, (2003). 
3. R. C. Davidson, H. Quin, and G. Shvets, "Wall-Impedance-Driven Collective Instability in 

Intense Charged Particle Beams", Phys. Rev. ST AB (2003). 
4. M. S. Hurl J. S. Wurtele, and G. Shvets, "Simulation of electromagnetically and magnetically 

induced transparency in a magnetized plasma", Phys. Plasmas 10 (2003). 
5. G. Shvets and M. Tushentsov, "Nonlinear propagation of electromagnetic waves in a plasma 

by means of electromagnetically induced transparency", Journal of Modern Optics (2003). 

Conference proceedings: 

1. 

2. 

3. 

G. Shvets, A. K. Sarychev, and V. M. Shalaev, "Electromagnetic properties of three- 
dimensional wire arrays: photons, plasmons, and equivalent circuits", SPlE Proceedings, 
San Diego, CAI Aug.3-8 (2003). 
Y. A. Urzhumov and G. Shvets, "Extreme anisotropy of two-dimensional photonic 
crystals due to mode degeneracy and crystal symmetry", SPlE Proceedings, San Diego, 

G. Shvets, "Applications of surface plasmon and phonon polaritons to developing left- 
handed materials and nano-lithography", SPlE Proceedings, San Diego, CAI Aug.3-8 
(2003). 

CAI Aug.3-8 (2003). 

Current Staff 

Gennady Shvets Principal Investigator 
Sergey Kalmykov Postdoctoral Associate (started June 2003) 

Current Graduate: 

Michael Tushentsov 
Yaroslav Urzhumov 

Graduate Student, IIT (started June 2003), PhD candidate 
Graduate Student, IIT (started January 2003), PhD candidate 

I 
I Contact Information: 

Gennady Shvets, Associate Professor 
Illinois Institute of Technology 
3101 South Dearborn Street 

tel: (312)567-3398 
fax: (312)467-3289 
e-mail: gena@fnal.gov 

I Life Sciences 146D web : w3. p p pl .g ov/-g ena 
I Chicago, IL 60616 

mailto:gena@fnal.gov

