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Propagation of electromagnetic waves in magnetized plasma near the electron cyclotron frequency
can be strongly modified by adding a weak magnetic undulator. For example, both right- and
left-hand circularly polarized waves can propagate along the magnetic field without experiencing
resonant absorption. This effect of entirely eliminating electron cyclotron heating is referred to as
the undulator-induced transparen@yIT) of the plasma, and is the classical equivalent of the
well-known quantum mechanical effect of electromagnetically induced transparency. The basics of
UIT are reviewed, and various ways in which UIT can be utilized to achieve exotic propagation
properties of electromagnetic waves in plasmas are discussed. For example, UIT can dramatically
slow down the waves’ group velocity, resulting in the extreme compression of the wave energy in
the plasma. Compressed waves are polarized along the propagation direction, and can be used for
synchronous electron or ion acceleration. Strong coupling between the two wave helicities are
explored to impart the waves with high group velocitis/ Jk for vanishing wave numbers.
Cross-helicity coupling for realistic density and magnetic field profiles are examined using a
linearized fluid code, particle-in-cell simulations, and ray-tracing WKB calculation2005
American Institute of PhysicfDOI: 10.1063/1.1865053

I. INTRODUCTION Raman excitation of the medium. The resulting so-called
. . . dark-state polaritorts can have a small electromagnetic en-
EIeE:}r_omagr?etmaIIy mduced transparerieyT) IS a.well ergy content and, therefore, very low group velocity. A num-
knowri™*in nonlinear optics phenomenon. Its main Slgnatureber of promising applications of EIT based on the slow light

that lends EIT its name is the propagation of an electromagr-](,ive been suggest&4For example, it has been suggested
netic wave through the normally opaque medium in the pres; X '

. that strong coupling between electromagnetic and acoustic

ence of a second, more powerful electromagnetic wave. For ; : .
: - waves can be realized by slowing down light to the sound

example, a medium consisting of three-level atoms schemat;s— ced Matskat al®

cally shown in Fig. 1(where the levels 0, 1, and 2 are, P '

respectively, the ground, excited, and Raman atomic levels It h?s recentLy b_eer|1 shotwrr(;tshat EI_T IS Ipcﬁ]s'blemps ttonly
with energiesS,, &, ands,), is opaque to an electromagnetic " dUantum mechanical Systertas previously thougit by

wave (probe with frequency w,=(&,-£o)/% tuned to the alsg in classicql systems suc.h as the magnetized p’rg‘s’r'i.ﬁa
transition from the ground to the excited state. When thc—,A right-hand circularly poIanzec{RH_CF? eIectromagn_etlc
medium is illuminated by a second laser begump with ~ Vave launched along the magnetic fidle B_Oez and having
frequency wo=(E,-&,)/#, it becomes transparent to the e frequencyw, =€, (where (o=eB/mc is the electron
probe. In the parlance of atomic physics, transparency igyclotron frequencyis resonantly absorbed by the plasma.

achieved because the three-level atomic system evolves ind!iS Phenomenon, known as the electron cyclotron heating

the so-called trapped state, where atoms exist in a superp@ECH), occurs only for one of the two wave helicities be-
sition of the ground and Raman stafeBirst predicted and Cause the electric field of the RHCP wave rotates in the same

observed in gasses, it was later extended to sofids. direction as the electrons in the magnetic fiéige, The
Another remarkable property of the EIT media is their_Other helicity corresponding to th_e left-hand mrcularly polar-
ability to dramatically slow down light.Recent experiments 1z€d (LHCP) wave propagates without absorption. Transpar-
demonstrated that light can be stopped, st8rednd even  €ncy of the plasma to RHCP wave can be achieved, and ECH
forced to move backwardin the EIT medium. Slowing Overcome, by adding a lower-frequency pufiif with wg
down is achieved because the photons of the original probg o~ @p, Where w,=(4me’N/m)*? is the electron plasma
pulse are redistributed in the EIT medium between thdrequency. Heré\ is the plasma frequencyge+s the electron

propagating electromagnetic wave and the nonpropagatingharge, andn is the electron mass. Given the unavoidable
small inhomogeneity of the plasma density and magnetic

Tpaper FI2 6, Bull. Am. Phys. S0d9, 138 (2004, field, as well as the finite plas_ma temperature, the required
Pinvited speaker. for transparency pump power is very high.
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11— dark-state polaritonjsl. The essential difference is that the
@0 slowing down of light due to creation of dark-state polaritons
o, does not amount to energy compression: most of the com-
5 pressed pulse energy is carried away by the pump, plus some
wpﬁ is stored in atoms. In UIT the entire pulse energy is com-
0 — | v pressed.

One of the promising applications of the compressed en-
FIG. 1. Schematic of EIT in a three-level quantum mechanical systemergy in the plasma is the high-gradient acceleration of elec-

Weak pulse with frequency,=(£,-&y)/# is absorbed in the absence of a trons and ions. made even more attractive by the ability to
pump. In the presence of a strong pump tunedvs w;— w, [Where o, !

=(&,-&,)/h] medium becomes transparent. The three levels shown are thiin€ the phase velocity of the accelerating figldnother
ground(labeled 0, excited(labeled 1, and Ramarilabeled 2. possible application is to pulse chopping: if the group veloc-

ity of the wave could be rapidly chang€by, for example,
changing the plasma densitythen the initially long micro-

Fortunately, in the special case Qf=w, the frequency wave pulse could be significantly shortened. These applica-
of the pump is equal to zero. This correspoide a mag- tions rely exclusively on the small group velocity of waves
netostatic undulator witB,=B(e, sink,z+e, cosk,z) as the in UIT plasma, and they have been recognized in our earlier
pump. Because a high field magnetic undulator is relativeyJIT work.2"° It turns out that the strong coupling between
straightforward to make EIT can indeed by experimentallythe two electromagnetic wave heliciti€@HCP and LHCP
realized in that special regime referred to as the undulatocreates opportunities for engineering propagation properties
induced transparencyUIT). Cyclotron absorption is sup- of waves in the plasma as suited for other applications. For
pressed because of the excitation of the longitudinal plasmexample, a helical undulator creates a significant asymmetry
wave (plasmon. Magnetostatic undulator couples the longi- between forward and backward moving waves. One can then
tudinal plasma and the transverse RHCP waves resulting inengineer the dispersion properties of the waves in such a way
hybrid wave which has both longitudinal and transversethat the group velocity for a vanishing wave numkegis not
components of the electric field. The hybrid wave is not abzero. Such waves can be used for extracting energy from
sorbed at the cyclotron frequency, which is the signature ofelativistic electron beams at high efficier?&y.
the UIT of plasma. Because of the practically achievable Interhelicity coupling also has a strong effect on the very
axial and undulator magnetic field strengBgandB,, UIT possibility of the above mentioned energy compression. High
is a microwave/plasma phenomenon with an upper frequenognergy compression requires a large reduction in the group
limit of about 300 GHz. A typical experimental setup for a velocity: Vy/c<1. Earlier analytic modet§™**°neglected
UIT experiment is shown in Fig. 2; plasma column is im- the possibility of interhelicity coupling by assuming that the
mersed in axial magnetic field of a solenoidal magnet with ehybrid wave is the combination of the transverse RHCP and
helical undulator field superimposed on it. High power mi-longitudinal plasma waves. The analytic prediction of such
crowaves from a gyrotron are injected into the plasma andgingle-helicity theory is that the group velocity of the hybrid
compressed by a significant factor dependent on the magvave (RHCP plus the electron plasma waves v,
netic field strengths of the undulator and solenoid. =(B,/By)%c/2 (Ref. 17 regardless of the undulator period

The group velocity of the hybrid wave can be very slowand helicity. Therefore, it is advantageous to achieve UIT
for B,<<By making the hybrid wave the equivalent of the with as smallB, as the plasma and magnetic field homoge-
slow light in quantum optics. The slowing down occurs be-neities allow. Earlier particle-in-ce{PIC) simulationd® have
cause the hybrid wave is primarily longitudinally polarized confirmed UIT forB,= 0.58, but failed to find transparency
and has a small Poynting vector. If the spatial length of thdor smaller values oB,. Moreover, they revealed a peculiar
injected electromagnetic wave Ilgy=c7, (where 7y is the  and unaccounted for by the single-helicity analytic model
temporal pulse duration the spatial length of the hybrid dependence of the wave propagation on the undulator period
wave is Li=vg7y<Lo, resulting in the energy density in- and helicity.
crease by a facto6=Ly/L;>1. The hybrid nature of the In this work the interhelicity coupling is fully explored.
slow wave in the plasma bears a strong similarity to theThe dependence of wave propagation in the UIT plasma on
coupled excitations of the light and matter: the so-calledthe undulator period and helicity are explained. Depending

|_|:I_| Helical
Undulator >/_| Axial Magnetic Field Solenoid |

GYROTRON 000 P00 00 OOO00O 00O
| | X FIG. 2. Conceptual setup of a UIT experiment: plasma
000 | N \IEI =] 5] (N Iw is immersed in a combination of the solenoidal and he-
.::> - e __ 5B lical undulator magnetic fields. Microwaves at the elec-
N] 5] 0 tron cyclotron frequency are injected into and com-

i lee® | 5] N1 B llee® pressed in the plasma.
RIP ROIRIIR IVIRBR IV
undulator wavelength
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on the undulator period ,=27/k,, several propagation re- Linearized wave equation for the electric field simplifies
gimes are identified: (8) small-pitch k,<Qg/c, (b) in the one-dimensiondllD) limit to &tEZ:(m/e)vaZ for the
intermediate-pitctk, ~ Qo/c, and (c) large-pitchk,>Qo/c.  longitudinal and(c?%-d)E , ==(m/e)w3ayv , for the trans-
Moreover, it is found that the helical undulator removes theverse components. It is convenient to expand the transverse
symmetry between the forward and backward propagatingomponents of the electric field as the superposition of the
waves. The original single-helicity calculation is found valid right- and left-hand circularly polarized components:
only in the regime(c). Energy compression by almost two eE | /(mcw)=Rd(a,e,+a e )exp(-iwt)]. Expressing the
orders of magnitude is demonstrated in that regime usinglectron fluid velocity in terms of the electric field and sub-
PIC simulations. In the regim@), realized in the earlier PIC stituting it into the wave equation yields, after some
simulations®® plasma is indeed opaque f&,<B; due to algebraz,2 the equations describing interhelicity coupling:
interhelicity coupling. The regiméa) holds interesting op- 5 ) )
Eo_rt(;mmes for engineering wave propagation properties near [(9_2 + %nf(z)]au: %g(z)eZikuzi, (3)
,=0, such as ensuring a nonvanishing group velocity. Jzr ¢ c

The rest of the paper is organized as follows. In Sec. Il
linearized equations describing the coupling between the 2 2 , w2 _
RHCP and LHCP electromagnetic waves are introduced and [E + gn_(z)}a_ = gg(z)e_z'kuza, (4)
numerically integrated. They are also analyzed in the WKB
approximation valid for smoothly varying plasma density yhere the refractive indices, for the RHCP and LHCP

and magneti_c field. WKB(or _ray-tracing approach is a polarizations, respectively, are
very convenient tool for predicting the crude features of

wave propagation, such as whether the launched wave trans- w2 2020 - (0? - 0?) (0t Q)
its through the pl In Sec. I B the th fion Mi=1-—F-—¢ 2 o (5)
mits through the plasma. In Sec. e three propagation M+ ® 40207 - (w? - wg)(wz -0

regimes are analyzed. Engineering electromagnetic wave

propagation properties in the plasma in the vicinitykgfO  the coupling coefficieng is

are discussed in Sec. Ill. The results of PIC simulations of

wave compression in the UIT plasma and discussion of their 205w’ ©)
relevance to particle acceleration are presented in Sec. IV. 9 40207~ (w? - wg)(wz_ 03

II. LINEAR EQUATIONS DESCRIBING INTERHELICITY and the spatial dependencies of the refractive indiceg on
COUPLING originates from the parametric dependenc&,0bn the spa-

) ) _ ) tially inhomogeneous plasma density and axial magnetic

/A one-dimensional in space linear model of electromagig|g. without an undulator the expressions for refraction in-
netic wave propagation in the UIT plasma is considered begices revert to the usiflformulas for the RHCP and LHCP
low. lon motion is neglected, and plasma electrons are dejayes propagating along the magnetic field in the plasma:
scribed as a cold linear fluid characterized by its velogity n2=1-w2/ w(w¥ Q). Although n, are explicitly indepen-

. 5 P . N

Some of the nonlinear aspects of the UIT have beenjent ofk , wave propagation in the UIT does dependign
mvestlgateaslln the context .Of the smglle.-.hellcny theqry. In- through Egs(3) and (4). The earlier studied single-helicity
stead, .coupllng be.twe'en .dlfferent helicitideft- :?md rlght- case corresponding @=0 does not reveal any dependence
hand circular polarlzat_lor)_ss fully a_ccounted for in this SEC- of the wave propagation on the undulator wave number or
tlo_n. The total magnetic field COﬂSISt§ of the spatlally varyingpelicity. Equations3) and(4) describe coupling of the elec-
axial Bo(z)e, and transverséundulating B,=By(e,sink,z  romagnetic waves into a UIT plasma with arbitrary profiles
+&y cosk,2) fields. One can assign a pseudoscalar quantityt the plasma density and magnetic field. In the rest of the
H=A,-B, (whereB,=V XA,) to the undulator. Note that haner (except Sec. IV we assume the following profiles:
the helicityH changes sign witlk,. Thus, the helicity of a N(2)/No=2 tani wz/5¢-5) - 2 tant{wz/5c— 19) and
helical undulator can be reversed by reversing the sigg,.of By(2)/B,=2-0.5 tankiwz/5¢c-5)+tanHwz/5c-19). These
We refer to a helical undulator witk,>0 as the positive-  rofiles have constant density and magnetic field plateaus for
helicity undulator. Linearized fluid equations for the trans-40« ,z/2mc<70. A “magnetic trap” profile of the axial

verse and longitudinal components of the electron Ve'““%nagnetic is chosen to avoid resonances.oét the entrance

are or exit of the plasma.

v, e v, There exists a resonant relationship between the electron

T Qolv, X &)=~ \Ert E[ez XByl. ], (D) plasma and cyclotron frequencies that we refer to as the “per-

fect” transparency cas€lo=w,= \"wp+Q§. When this con-

v, e 1 dition is satisfied, and=Q,=wy, it is found thatn,=1 cor-

- =" _(Ez+ —V, XBy. (2 responding to perfect transparency. Note that the undulator
ot m c , . : .

slightly renormalizes the effective plasma frequei’?c‘yr.he

Coupling of the transverse and longitudinal degrees of freerefractive index of the RHCP wave in the perfect transpar-
dom through the magnetic undulator expressed by Es. ency case is approximately given mf~1+w}sw/w(Qf
and (2) is essential making the plasma transparent at the dw?), where dw=w-() is the detuning from the electron
cyclotron frequency. cyclotron resonance.
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Because one of the most appealing applications of UIT is 0.1 ;
electron and ion acceleration in plasiid? we also present, o L]
for the reference, the expression for the longitudinal electric L '.‘I
field: L 0 =7

0.05f - 1}
eikuz)e_iwt+C.C. : —10 ] > 3 :

mcw w+Qy w-0
EZ:—( —Lgkz_g L

e 20g 205

(7) > - . / 1
According to Eq.7), the accelerating field under or close to
UIT conditions (w={g) is determined primarily by the
RHCP amplitudea,. Thus, the injected electromagnetic
wave should have a significant RHCP component inside the _0.05 I . . .
plasma in order to excite a strong plasma wave. 0 0.5 1 15 2

A. WKB analysis of coupled wave propagation
y P propag FIG. 3. Group velocity of propagating modes inside the UIT plagpia-

While it is possible at this stage to solve EC@- and(4) teau regiomvs_ the und_ulator wave number. The four propagation brgnches
numerically using the _appropriate boundary anditions _befﬁclﬁb(?:ﬁd;Eghgﬂcomg)gﬁg)i:sn; E:cgvlzs(lItazvz\:gzbacgcjiiftti;:n;og\l/ne? a
fore the plasma staftncident RHCP wave of a given ampli- wider range of,.
tude a®) and after the plasma er(dnly transmitted RHCP
and LHCB, it is instructive to develop a qualitative under-
standing of wave propagation in the UIT plasma. Geometric
optics can be used if plasma parameters vary smoothly on Rlateau region. The normalized wave numbiét(2) is found
scale of the radiation wavelength. Electromagnetic waves iRy solving the fourth-order polynomial equation,
the plasma can be described using phase-space trajectories in
the (n,2) phase plané’ The resulting approximate descrip- 0=D(k,w,2) = D.(Zn)D_(Zn) - ¢*(2), (10)
tion of the wave propagation is equivalent to the multicom-
ponent WKB theory>*® The WKB description assigns whereD, (Z,n) =(n+n,)?>-n?(w,7) andk=nw/c. By calculat-
propagation trajectories in th@, z) phase plane to different j,q n()(7)'s that satisfy Eq(10), a phase space trajectory in
electromagnetic modes. o the (n,?) phase space can be dréior each real-valued

Before applying WKB to Eqs(3) and (4), it is conve- ) The direction of the ray motion in the phase plane is
nient to eliminate the rapidly oscillating in coefficients in  getermined by the sign of the group velocity=dw/ dk at a
the right-hand sides by making the following substitution: giyen point (n,2) for each propagation branch. From Eq.

a,=a,exp(xin 2), whereZ=wz/c andn,=k.c/ w. After sub-  (10)  the value of the group velocity is evaluated according

stituting a,. into Egs.(3) and(4), we obtain to
Fa, A,
=t ZIHuE +(ny-nya, =da, DIk i
Y™ iDlow
i S 5
J7 M iz (n~-nya-=ga, ®) for each propagation branch that exists at a gizemside

» ) the plateau region of the plasma, for the “perfect transpar-
where all quantities slowly vary witk. The standard WKB ency’ regime (w=0y=w,, B,/By=0.2), vy/c is plotted in

approach is to (Os)eeképz)e SOIUtiOTO)tQ E® and (4) in the "3 55 4 function of the normalized undulator wave num-
iorm ofa.(2)=a, (2)¢ EO\)Nhereai is slowly varying With  per n,. Three regions of, can be identified in Fig. 3 of
z If the dependence od,” and all other terms o is ne-  small and large,, where four different propagation branches

glected, we obtain coexist, and of intermediat®,, where only two branches are
D.(zn) @) al? found.
( ;(2) Dg& )/ \a® =0, 9 Equation(9) also provides information about the relative

magnitudes of the RHCP and LHCP helicities in a given
wheren(Z)=dS7%)/dz is the local wave number. Note that propagation branch:
according to Eq(7) the physical meaning af(Z) is the wave

number of the plasma wave associated with the given branch a® D.(Zn) g
u, Where 1< <4, at the given poirit. There are at most Kzn)=—5=- =75 G’ (12)
four branches corresponding to two helicit)RHCP and & g -
LHCP) and two propagation directiongorward and back- Taking into account the slow variation af* with Z, an

ward). At some point& some of the branches may not exist. equation for the mode amplitudes of each propagation
For example, we will show that in the intermediate pitchbranch can be derived. The total two-component WKB solu-
regime only two branche§l= u<2) exist in the plasma tion at a given poink is then expressed as
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FIG. 4. Small-pitch propagation regime;=0.2, B,=0.2B,, w=£, @,=,. Left column—amplitudes of the electromagnetic wave components in the UIT
plasma normalized to that of the injected RHP waé=a, obtained by solving Eq¥3) and(4) (a) RHCP,(b) LHCP, and(c) longitudinal electric field.
Arrows indicate the direction of the phase velocity. Right column: geometric optics approach to wave propagation of two coupled wave (dig|iitiies.
lines: phase space trajectories calculated from(E@. Arrows indicate group velocity direction from E¢L1). Dashed line and dot-dashed lines: noninter-
acting(g=0) forward RHCP and backward LHCR) Mode ratio|a_/a,| for the propagation branchégbeled by I-IV}. Inset shows that the trajectories do
not cross.

)3 s I S
a/ 7 \K/\nW(1+K?) +ny(1-K? ® JZ |9 w JZ |
2 » Boundary conditions at the right boundary of the computa-
xXex n#dz), (13) tional domain(wz/c=120 ensures that there is no incident

radiation from the right:
where the summation is over all modes presefit ahdC®
are constants determined by the_z i_nitial conditi(_)ns. WKB [a++iE‘9;a+} =0, {&HE&] =0. (15)
description assumes that the existing propagation branches ® IZ | w JZ |-
do not interact. Because we are dealing with electromagnetic First, consider the case of a small-pitch undulatey,

waves .and not with geqmetric rays, this descr.iption is onlyzo_zwlc_ The solutions of Eqg(3) and (4) are plotted in the
approxmat_e. AS shqwn in Sec. Il B, WKB solutions beCOmeleft column of Fig. 4; phase space trajectories in the WKB
maccuratg if dispersion curves become close .to each other it are plotted in the right column of Fig. 4. Figuregat
some region of the phase space. In those regions ele_ctrom 7d 4b) show that that even though the RHCP wave gets
netic wa'v?FsAcan tunnel between branches experiencing mo o the plasma, it acquires a significant LHCP component in
conversiort. the plasma. Figures(d) and 4e) validate this conclusion.
The inset in Fig. 4d) indicates that the wave at=0 along
the RHCP branch labeled Il is split between branches | and Il
inside the plasma. Because both branches | and Il have al-
most equab, anda_ components, the beat wave patterns in
Figs. 4a) and 4b) indicate that both branches are excited. Of
Aided by the qualitative WKB description, we can now course, geometric optics cannot capture the coupling be-
investigate the three regimes of wave propagation in the Ultween branches | and Il that takes place in the plasma. In the
regime by solving Eqs(3) and(4). For all cases we assume small-pitch regime there are four propagation branches in-
that B,=0.2B; and that the perfect transparency conditionside the plasma. Only the forward-moving RHCP and LHCP
o=Qy=w, is satisfied. Thereforey,=1 in the plasma pla- are strongly coupled. The backward moving branches have
teau region, and in the absence of interhelicity coupling thevery different propagation wave numbers and are not excited
incident from the left onto the plasma RHCP wave mustin the plasma. Therefore, there is no reflection from the UIT
transmit through the plasma. Boundary conditions at the lefplasma visible in Fig. @).

B. Three propagation regimes in UIT plasma

boundary of the computational doméir=0) corresponding The intermediate-pitch case is analyzed in Fig. 5Kpr
to the RHCP wave with amplituda!® incident from the left =0.9w/c. In the intermediate pitch regime there are only two
on the vacuum-plasma boundary are imposed: propagating branches inside the plasma. Coupling is strong
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FIG. 5. Intermediate pitch regime: same as Fig. 4,at0.9. Injected fronz=0 (along branch)|RHCP does not penetrate into the plasma and is reflected
along branch Ill as LHCP.

between the forward and backward propagating waves at thienity increases the tunneling coefficient between the
entrance into the plasma. In this regime plasma is opaque toranches and results in a measurable reflection. The large
RHCP wave which does not penetrate into the plateau repitch is the only propagation regime which is accurately de-
gion. The opaqueness is caused by the strong conversiatribed by the single-helicity theo?f/:both the forward and
(about 90% of the forward-traveling RHCP into the backward RHCP penetrate the plasma and slow down to a
backward-traveling LHCP. The remaining 10% is mode con-small group velocityg<c. This is well illustrated by Fig. 3
verted into the forward-traveling LHCP which penetratesfor ck,/Q,>1.5 propagation branches Il and IV have ap-
into the plateau region of the plasma, and subsequentlgroximately equal and opposite group velocitjegzo.oz.
leaves the plasma from the right side. Near the exit from théNote that in all three Figs. 4—6 corresponding to small, in-
plasma this small LHCP partly converts into an even smalletermediate, and large-pitch undulators, the dashed lines de-
RHCP which also leaves the plasma. Here and elsewherapting the phase space trajectory of a forward moving RHCP
mode conversion coefficients have been obtained from thia the absence of interhelicity couplingis are identical to each
numerical simulations. other. It is the interhelicity coupling that explains the differ-
Longitudinal plasma wave has a very small amplitudeence in wave propagation for different undulator wave num-
because of the small RHCP component of the electric field irbers.
the plasma plateau region. Geometric optics calculation

sketched in Fig. &l) confirms that interpretation: the RHCP | ENGINEERING PROPAGATION PROPERTIES OF

wave injected along the branch | reflects back along th%LECTROMAGNETIC WAVES NEAR CYCLOTRON
branch lll as the LHCP wave. This propagation regime iSRESONANCE

useful in illustrating the lack of symmetry between the for-
ward and backward waves. Although the RHCP wave in-  Although energy compression is one the most appealing
jected from the left does not penetrate the plasma, the RHC&pplications of UIT, we have found another interesting appli-
injected from the right does, as shown by the branch Il incation that does not require a small group velocity. UIT
Fig. 5(d). Therefore, in this regime the UIT plasma serves agnables engineering propagation properties of electromag-
a “wave diode:” it transmits RHCP waves traveling in onenetic waves in the vicinity of the cyclotron resonance that is
direction and reflects those traveling in the opposite direcvery counterintuitive and, at the same time, desirable for
tion. As will be explained in Sec. Ill, this asymmetry be- high power microwave applications. One example consid-
tween the forward and backward propagating waves is due tered by us is engineering of a microwave propagation band
the fact that the helicity of a helical undulator is changed bywith a nonvanishing group velocity for vanishing wave num-
the inversion transformation which interchanges forward ander k, =k+k, of the RHCP wave component. This is indeed
backward waves. a highly desirable propagation property because it can lead to
In the case of a large-pitch undulatdk,=1.6w/c)  efficient broadband generation of microwaves in a relativistic
shown in Fig. 6 we observe that the injected from the leftbeam driven microwave device such as a gyrotravelling
RHCP does transmit through the plasma, with a small reflecwave tube(gyro-TWT).?* Efficiency increase comes from
tion into the LHCP wave. This reflection can be understoodhe smallness of the wave numberwhereas the broadband
from the geometric optics picture by noting that branches Icharacteristic comes from the possibility of matching the
and Il are very closely located in the phase space. This proxelectron beam velocity, and microwave group velocity,.
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FIG. 6. Large pitch propagation regime: same as Fig. 4nbutl.6. Injected fromz=0 RHCP transmits through the plasma. Single-helicity theory is fairly
accurate in this regime.

2

A smooth waveguide does not allow for simultane&uys 0
and large group velocity. The present solution is to make a 1.8
helically corrugated waveguicf'é. 16
Adding plasma to high power microwave devices has
been credited with increasing the electron beam current
bandwidth, efficiency, and reducing the need for guiding _ 2]
magnetic field$/ To increase the bandwidth it is beneficial § 1
to find the regime in which a plasma-filled device supports 4
waves withdw/dk=v, for k,=0. Because in any medium
with inversion symmetryw(k,) is an even function ok,, a
medium with a broken inversion symmetry must be 04
identified. UIT plasma is such a medium. To see that there o2
is an asymmetry between forwar#, >0) and backward
(k,<0) waves, consider the inversion transformation (@) 6 -4 2 o0, 0 2 4
(z—-2) that exchanges the forward and backward waves. *
Inversion does not affect the axial magnetic fiélge, be- 1
cause magnetic field is a pseudoscalar. However, the undule 1,15} !
tor helicity H=A,-B, does change its sign. Hence, the pres- |

ence of an undulator causes the asymmetry between th '1f
forward and backward waves and makes the UIT plasma ¢ , ..
medium without inversion symmetry. One of the manifesta-
tions of this asymmetry has already been described in Sec% 1
Il B (see Fig. % where only the backward traveling RHCP
waves were transmitting through the plasmavat(),,

In Fig. 7 the dispersion relatiom vs k, is shown for 09
B,=0.2B,, k,=-0.39),/c (negative helicity undulatgr and

0.95

Qy=w, (perfect transparency conditiprThis dispersion re- %8>
lation is obtained by solving Eq10) inside the plasma pla- 0.8
teau region and usink, =k+k+u. Figure 7b) is a blow-up -1 : K o2

. . b A
of Fig. 7(a) for small wave numberk, clearly showing two (®) °
branches with a positive group velocity lat=0. The exact FIG. 7. (a) Solid lines: dispersion relation/Qq vs ck,/Q, for B,=0.28,,
values of the group velocities and the correspondingg,to  k,=—0.33¢/c (negative helicity undulator ando=w, (perfect transpar-

-0 ” ; ; : ency condition. Dashed lines: dispersion characteristics of the RHCP and
0 “cutoff” frequencies can be easily tuned by varying theLHCP waves in a magnetized plasma without an undulé@bdmBlow-up of

undulator Pich and strength. Because we are interested i) for small wave numbers demonstrating the nonvanishing group velocity
the frequencies detuned from the exact cyclotron resonance,=de/dk>0 for k=0.

Downloaded 07 Aug 2006 to 128.83.179.119. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



056701-8 Shvets et al.

Phys. Plasmas 12, 056701 (2005)

| (e)

()

E /E

-10

-10

10

| (h)

iy

40

30

10 0 50
wz/2nc

-10

0 10 30 40 50

0
wz/2nc

FIG. 8. Sequential snapshots tatt; of the time evolution of the transversgkeft column, (a—(d)] and longitudinal[right column, (e)<(h)] electric field
normalized to the peak electric field in the incident waf$=1073. Undulator parameters),=1.6, left helicity. (8) and (), t;=216\/c; (b) and (f), t,

=60(\/c; (c) and(g), t3=1104\/c; and (d) and (h), t,=1488\/c.

group velocity can be fairly high and the transverse electric-10)/1.67]-0.5 tanli(z/\-40)/1.67]. The axial magnetic
field component comparable to the longitudinal componentfield has the magnetic trap shape: gradually decreasing from
This is in contrast to thew=(), case corresponding to slow a high amplitude(eB,/mc=2w) in the low plasma density

waves with the dominant longitudinal electric field.

IV. ENERGY COMPRESSION FOR ACCELERATOR
APPLICATIONS

regions to the perfect UIT value @&B,/mc=Qy=w in the
plasma plateau regiorB,/By;=2-0.5tanh(z/\—-10)/1.67]
+0.5tanl(z/\-40)/1.67]. The results of ID PIC simula-
tions for the undulator witm,=-1.6 are shown in Fig. 8.
These simulations physically correspond to the casa,of

The results of the linearized single-frequency fluid simu-_ 1 & iustrated by Fig. @), with the incident RHCP wave

lations presented in Sec. Il B predict significant energy comy
pression in the large-pitch undulator regime. For several re
sons, it is important to verify these results using first-
particle

principles time-dependent fully relativistic
simulations. First, forB,<By UIT is a very narrow-band

phenomenon, and it is important to know how it is mani-
fested for finite duration pulses. Second, it has bee
demonstratel that nonlinear relativistic effects become im-

portant in UIT even for the subrelativistic wave amplitudes

elE|/mcw < 1. And, finally, it is important to understand the

spatial and temporal resolution requirements for modeli

the fully electromagnetic relativistic PIC code VLRRef.

n

n

raveling from right to left. The transverdg, and longitudi-

Hal E, components of the electric field are plotted as different

time snapshots corresponding to the incident pulse just en-
tering the vacuum/plasma interfa¢e=216\/c), being to-
tally compressed in the plasnfe= 600\ /c), reaching the far
end of the plasmdt=1104\/c), and exiting the plasmé
=1488\/c). All fields are normalized to incident field ampli-
tude. As shown in the right panel in Fig. 8, the longitudinal
electric field is ten times stronger than the transverse electric
ield approximately equal to that of the incident wave. There-

UIT with a PIC simulation. The one-dimensional version of4°re' energy compression by a factor of 50 is observed. The

phase velocity of the longitudinal field is subrelativistic:

28) was used for this study. The following simulation param-Vpn= 0-4C, making it attractive for ion acceleration.

eters have been used: grid siz&Z=0.025. (where A\

Simulations result for the undulator with,=1.6 are

=2mc/ w is the vacuum wavelength of the incident radiation Shown in Fig. 9. These simulations physically correspond to
8t=0.955z/c, 128 particles per cell. The incident circularly the case ofn,=1.6 illustrated by Figs. @)—6(d), with the

polarized probe pulse has the Gaussian envel@pe
=a exd—(wz/c-wt)?/T?] with the duration T=100\/c

incident RHCP wave traveling from left to right. Here too we
observe energy compression by about the same factor. Some

and peak amplitudaTC:10‘3_ The large undulator wave reflection from the plasma is observed. We contribute this
numberk,=1.600q/c ensures plasma transparency and sig+eflection to partial conversion from forward traveling RHCP
nificant energy compression for both propagation directionsto backward traveling LHCP as illustrated by Figgb)6
The electron plasma density profile is chosen to have &(d), and &e). Note that the steady state reflection coefficient
smooth vacuum/plasma interface and a constant-density plaeduced from Fig. ®) is significantly larger than observed

teau region 15:z/X<35:N(2)/Ny=0.5 tanfi(z/\

in time-dependent simulations. We speculate that this reduc-
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FIG. 9. Same as Fig. 8 but with,=1.6 (right undulator helicity.
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