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lonization processes limit the accelerating gradient and place an upper limit on the pulse duration of the
electromagnetic driver in the inverse Cherenkov accelerf@@k). Group velocity slippage, i.e., pulse leth-
argy, on the other hand, imposes a lower limit on the pulse duration. These limits are obtained for two ICA
configurations in which the electromagnetic drierg., laser or millimeter wave souicis propagated in a
waveguide that i¢i) lined with a dielectric material ofii) filled with a neutral gas. In either configuration the
electromagnetic driving field is guided and has an axial electric field with phase velocity equal to the speed of
light in vacuum,c. The intensity of the driver in the ICA, and therefore the acceleration gradient, is limited by
tunneling and collisional ionization effects. Partial ionization of the dielectric liner or gas can lead to significant
modification of the dispersive properties of the waveguide, altering the phase velocity of the accelerating field
and causing particle slippage, thus disrupting the acceleration process. An additional limitation on the pulse
duration is imposed since the group velocity of the driving pulse is lessdtaard the pulse slips behind the
accelerated electrons. Hence for sufficiently short pulses the electrons outrun the pulse, terminating the accel-
eration. Limitations on the driver pulse duration and accelerating gradient, due to ionization and pulse lethargy,
are estimated for the two ICA configurations. Maximum accelerating gradients and pulse durations are pre-
sented for a 1Qum, 1 mm, and 1 cm wavelength electromagnetic driver. The combination of ionization and
pulse lethargy effects impose severe limitations on the maximum energy gain in inverse Cherenkov accelera-
tors.[S1063-651X97)11505-1

PACS numbdps): 41.75.Lx

I. INTRODUCTION material or gas[5,19—-23. Partial volume ionization will
modify the dispersive characteristics of the waveguide, due

Although high power sources of electromagnetic radia-to plasma formation. A small amount of ionization can result
tion, such as lasers, are capable of providing extraordinarilyn the disruption of the acceleration process since the phase
high electric fields for the acceleration of particles, numerouwelocity of the electromagnetic fields will be altered, result-
fundamental and technological issues must be resolved béig in phase velocity slippage. lonization effects therefore
fore practical high gradient accelerators can be realize@mpose an upper limit on the pulse duration. However, the
[1-11]. There are three fundamental issues that must be adhiving pulse cannot be arbitrarily short since the pulse, hav-
dressed in any type of high gradient accelerator. Thes@)are ing a group velocity less tham can slip behind the acceler-
radiation beam guiding over extended distand@é$,phase ated electrons. This effect is referred to as group velocity
coherencéphase velocity slippagéetween the accelerated slippage or pulse lethargy and places a lower limit on the
particles and the electromagnetic field, diid material ion-  pulse duration. The combination of ionization and pulse leth-
ization arising from either the driver fields or from the accel-argy effects imposes severe limitations on the energy gain in
erated particles. inverse Cherenkov accelerators. For sufficiently high current

In this paper we analyze and discuss the fundamental idensities, the self-fields of the accelerated electron beam may
sues as they relate to the inverse Cherenkov acceleratatso result in ionization. Self-field ionization processes will
(ICA) [12-18. The electromagnetic driver in the ICA can be not be considered in this paper.
an intense laser or millimeter wave pulse. In free space and This paper is organized as follows. In Sec. Il we derive
in the absence of boundaries the phase velocity of the accednd discuss various limits of the dispersion relation for
erating field exceeds the vacuum speed of light,As a transverse-magneti@M) modes of a dielectrically lined op-
consequence, particles continually phase slip relative to thécal waveguide. This TM mode consists of a radial and an
field, i.e., phase velocity slippage and, after a slippage disaxial electric field as well as an azimuthal magnetic field.
tance, acceleration ceases. In the ICA the phase velocity dfhe axial electric field, which is responsible for acceleration,
the accelerating field is reduced by introducing a gas in thés peaked on axis, while the radial electric field vanishes on
accelerating region or by lining the interior of a waveguideaxis. In Sec. Ill we derive the critical average plasma den-
with a dielectric material. sity. When the average plasma density reaches this critical

A dielectrically lined or gas-filled waveguide ICA con- value the dispersive properties are modified and the phase
figuration (i) avoids diffraction of the driving electromag- velocity of the electromagnetic wave is significantly altered,
netic beam,(ii) overcomes electron slippage, afid) the resulting in phase velocity slippage. In Sec. IV the buildup of
acceleration in the dielectrically lined ICA is in a vacuum. plasma density within the dielectric material is analyzed.
However, the large electric fields associated with short, inHere we assume that ionization takes place within the dielec-
tense electromagnetic pulses can readily ionize the dielectritic, i.e., surface effects are neglected. This analysis is based
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FIG. 1. Schematic of a dielectrically lined optical waveguide.
The dielectric material with dielectric constastlies between the
vacuum (Gsr=a) region and perfect conductor atb.

100

on a rate equation for plasma generation, which includes FIG. 2. Axial and radial components of the electric field for a
tunneling and collisionalavalanchg ionization. In Sec. V dielectrically lined waveguide supporting an axially symmetric TM

we obtain an expression for the limit on the electromagneticfno‘igg :g:ﬁ;ﬁ;;ii;‘;'sg;ypsﬂgﬁl g‘;t;zee;?:gé‘i?éfg?]gr”r;‘;‘;Zde‘z o
pulse duration in terms of the accelerating gradient. The cast%e peak radial field at—a. The parameters are—10 um. a

of a gas-filled waveguide ICA is analyzed in Sec. VI. The:30 M. b—a=50um. ande—3
maximum accelerated electron energy imposed by group ve- s p '
!ocny slippage, e, pulse lethargy and ionization, is obtalnedverse wave number within the inner regioa= (s w?/c?
in Sec. VII. Section VIII presents numerical results for the_kz)l/z is the transverse wave number within the outer re-
pulse duration and accelerating gradient, limited by ioniza- . . ) ;
tion and pulse lethargy, for a 1@m, 1 mm, and 1 cm wave- gion, ¢ is the dielectric constang,, A, B are the constant

length driver in the two ICA configurations. The summary ?mplltl;dez,\]n(x) gnd Y”d(x) atlre :Ee ordln?ry Bes_sel Iun_?_'r]
and discussion is given in Sec. IX, ions of ordem and c.c. denotes the complex conjugate. The

accelerating axial electric field given by Ed.b) is peaked
along thez axis.

For application to electron acceleration we will consider
the regime where the phase velocity is neari.e., vy,
=wl/k=c. For phase velocities equal tg i.e., k, =0, the
A. Axially symmetric transverse-magnetic mode axial electric field is independent of radial position and given

Il. FIELDS AND DISPERSION RELATION
FOR INVERSE CHERENKOV ACCELERATOR
WITH DIELECTRIC LINER

The dispersion characteristics of a dielectrically Iinedby
waveguide are analyzed in this section. A dielectrically lined A
waveguide can support an axially symmetric transverse- E,=i — Eqf(z,t)+c.c,, ©)]
magnetic mode. The cross-sectional view of the dielectri- ma
cally lined waveguide is shown in Fig. 1, where the inner
surface of the dielectric is at=a and the conducting outer
surface is at =b. The particular TM mode under consider-
ation consists of radial and axial electric fields as well as a
azimuthal magnetic field. The field components within the
central vacuum region (Qr<a) are

where \=2mc/w is the wavelength. The axial and radial
components of the electric field for phase velocity equal to
rg: are shown in Fig. 2.

B. Dispersion relation

Applying the appropriate boundary conditiong ata and

Er=EolJa(k. )/ h(k @)]f(z)+c.c., (18 1 we obtain the following dispersion relation for the TM
E,—i(k, /K Eq[Jg(k. 1)/3y(k, @) ]f(z.)+cc., (1by o9
Jo(k,a) a
Bg:((,l)/Ck)Eo[\]l(klr)/\]l(kia)]f(z,t)+C.C., (lC) 1 Jl(kLa) = Z F(a)! (4)

and within the outer dielectric regiora&r=<b), where o2= £ w?/c2— k2= k2 + (e — 1)w?/c? and
1

E,=[AJi(ar)+BY; (ar)]f(z,t)+c.c., (29 4o

ea

Jo(ab)Yo(aa) —Jo(aa)Yo(ab)
Jo(ab)Y (aa)—Ji(aa)Yo(ab)/

Fla)=

E,=i(a/K)[AJo(ar)+BYy(ar)]f(z,t)+c.c., (2b)
B,=e(w/ck)[AJy(ar)+BY;(ar)]f(z,t)+c.c., (20 In addition, the amplitudes andB in terms ofE, are

where o is the frequencyk is the axial wave number, A:—E Yo(ab)
f(z,t) =3 exfdi(kz— wt)], k, =(0?/c®—k?¥ is the trans- g Jo(ab)Y (aa)—Ji(aa)Yq(ab)’

(5a)
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B=—AJy(ab)/Yy(ab). (5b) The dispersion relation in Eg8) can be solved explicitly
in three cases. To obtain the frequencies associated
For phase velocities close t0 the dispersion relation can be with these cases it is convenient to rewrite the dispersion
simplified by takingk, a to be small on the left-hand side of relation in Eq.(8), for phase velocities equal to, in the
Eq. (4), giving form

w?/c?—k?=8/a’—F(ay), (6)
tan é=2¢(b—a)/(aé), (10
where ay= (g —1)Y?w/c. In obtaining Eq.(6) the small ar-
gument formsJy(x)=1—x?/4 andJ;(x)=x/2—x%/16 were
used.

The dispersion relation in E@¢6), which is valid for phase
velocities nearc, can be further simplified by considering
several limiting regimes. A relevant regime corresponds t . ; g
the limit where the waveguide is large and/or the dielectri arge compared to unity. In case 2 the right-hand side is

H H _1\1/2
constant is far from unity, corresponding to the inequalitySmall compared to unity, i.er/a<m(e—1)"7e, and &
aga>1, ie. ~l, wherel is a large integer. Note that the inequality

defining this case is more restrictive than that in Ed.
Finally, case 3 corresponds #<1, i.e., when the liner is

where é=ag(b—a). In case 1 the right-hand side of Eq.
(10) is much greater than unity, i.ex/a>m(e—1)YY¢,
andé~ (1 +1/2)m, wherel =0,1,2... . This case is compat-
ible with the inequality in Eq(7) providede is sufficiently

Ma<2m(e—1)Y2 (7)  very thin, b—a)/\<(e—1)" "% (27). We emphasize that
_ _ S S the inequality in Eq(7) applies to all three cases. The wave-
The dispersion relation in this regime is given by lengths associated with these cases are obtained from Eq.
(10),
022~ K= 8Ja?— ~ o wo(b—a) ] ®)
ca 0 ‘ (1+1/2)71 (113
_ -1
In obtaining Eqg. (8 the asymptotic form F(ag) Egzb a (e—1)1? ! ” a |12 (11b
=(4ay/ea) tafag(b—a)] has been used. The components@ > , (110
of the electric field within the dielectric are (2¢)"<\b—a
cog ag(b—1)] where Eq.(11a corresponds to case 1 withnodes in the
£ 12| 7t O—b— f(z,t)+c.c. (93 liner, Eq. (11b) corresponds to case 2 withnodes in the
( r) ~E, a ) QOS{QO( a)] liner, and Eq.(11¢ corresponds to case 3 with no nodes in
E, r iN sifag(b—r)] (9b) the liner. The radial component of the electric field inside the

f(z,t)+c.c.

7a siM ag(b—a)] dielectric material is given by

b—r
(—1)'()\/7-ra)[s/(s—1)1’2]cos(§b—)f(z,t)+c.c. (129

E. (a2 ] —a
e T (—1)'cos(§bT;)f(z,t)+c.c. (12b)
f(z,t)+c.c., (120

whereé in Egs. (123 and(12b) is given by Eq.(10) in the appropriate limit. Similarly, the axial components of the electric
field inside the dielectric liner are given by

(—1)" sin §%)f(z,t)+c.c. (139
a\Y2 ix | oy | BT
E,~Eq 7l a < (=) (malN)[(e—1) /s]sm(gm)f(z,twrc.c. (13b)
b—r
\ b_a f(z,t)+c.c. (130
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Using these expressions one can readily verify that the field The critical average plasma density can be evaluated in

components satisfy the appropriate continuity and boundarthe limiting cases discussed in connection with the disper-

conditions at the surface of the linera) and at the sion relation in Sec. Il. The critical average plasma density in

conducting wall ¢=Db). the three cases is
Other regimes of the dispersion relation in E6). can be

L 2 2
evaluated but do not lead to phase velocities equat.to ) (77_)(_ (1+1)2 (163
Simplification of the dispersion relation in E¢6) in the e 1 a 2¢%/ b—a 2

regime of long wavelengths may be made by takingh anit:ZaZ_reﬁ 2¢71 (16b)
<1, i.e., N/b>2m(e—1)Y2 This regime is incompatible 1 (160)
with phase velocities equal to, as is shown below. The ’

dispersion relation, in this regime, takes the form where Egs(16a—(16¢) refer to cases 1-3, respectively. As

an illustration we take=2,a=100um, a/(b—a)=2 and
find that the critical density for phase slippage in case 2 is
o= 6 -3 IS i
The solution of this dispersion relation when the phase ve["“"_":’><101 cm, and is |_ndepenc_ient of the wavelength.
o . . For a 10um wavelength, this value is more than two orders
locity is equal toc can be written in the form ! .
of magnitude smaller than the plasma density for complete

112 reflection (~10'° cm™3).

w?/c?—k?=8la’— &~ Y(2ap)?loge(b/a).

a/b 1/2]

2¢

loge(b/a)

A
& _ 13172
2w(e—1) b/a

b

IV. IONIZATION IN SOLIDS

To be consistent with the inequality defining this regime we
require A /[27b(e —1)Y?]>1, which is impossible since

>a ande>1. Hence there is no solution to the dispersion
relation as\ becomes large compared to the dimensions of an

the outer conductor. The final regime that we identify explic- &_tp =S+Wn,—vn,, 17
itly corresponds targa<<1 andagb> 1. Again this regime is

incompatible with phase velocities equaldasince the dis- \yheres is the photoionization source due to electron tunnel-
persion relation reduces 102 — (aoa) l0ge(aod). In the ing \w s the collisional ionization rate, ang is the recom-

limit «o—0, the right-hand side vanishes and hence no sopination rate. The photoionization source acts as an initial

lution to the dispersion relation exists. source of free electrons which are further increased in num-

ber by collisional processes, i.e., by electron avalanche.

lll. CRITICAL AVERAGE PLASMA DENSITY Typically, for parameters of interest here, the recombination

The large fields needed for acceleration can ionize théate is small compared to the collisional ionization rate, i.e.,
dielectric material and change the dispersive properties of th5%<V\Gland_\éwll %e ne_%lected. Nt_otel thSte(ljnd\_/l\IIQave un_lft_sd
waveguide. If the dispersive properties change sufficient! tsecThcm Iatf‘ sech, rtlespgc Ively, and will be speciie
phase velocity slippage will occur and the acceleration willl 217~ The solution of Eq(17) is
cease. As ionization takes place the dielectric constant from

. L n,=(S/W)[exp(Wt) — 1]+ ngexpWt), 18
£ 10 e+ 85, Where de = — w3/ w? is the contribution to the p=(SW)LexpW = 1]+ Npoexp W) (18

dielectric constant due to ionizatiom,= (47q%(n,)/m)*? wheren,, is the seed electron density and it is assumed that

is the average plasma frequengyis the charge anthis the  the plasma density remains small compared to the neutral
mass of an electron, ar{ah,) is the average plasma density density.

within the waveguide, i.e{n,) is the peak plasma density

times the ratio of the cross-sectional area of the plasma to the
cross-sectional area of the waveguide. When the change in o o . ]
F(ayp) in Eq. (6) due to ionization equals 8/a2, the optical The collisional ionization rate can be estimated by using a
properties of the guide change significantly and phase velo&lassical free electron model for the electron energy gain.
ity slippage disrupts the acceleration. lonization in the di-1he rate of change of energy of an electron undergoing col-

electric material will not disrupt the acceleration provided lisions in the presence of a temporally periodic electric field
is given by[21,22

The rate of change of plasma dengidgnsity of free elec-
trong is given by

A. Collisional ionization

— 2y 2 2 2 -1

| 68| = wpl w*<(8fa)|dF/de| . (14 dqU PE2y. om
This inequality defines a critical average plasma density dt  2m(w?+ yrzn) M vmU, (19
within the dielectric,ng;;, given by

whereU is the electron energ) is the peak electric field
amplitude,v,, is the momentum transfer frequency, avids

the mass of the neutral atoms. The first term on the right-
hand side of Eq(19) represents the rate of energy increase of
wherer,.=g?/mc®=2.8x10 '3 cm is the classical electron an electron undergoing collisions while being accelerated in
radius. If the average plasma density,) generated within the alternating field. The second term represents the energy
the dielectric exceeds,,;; the acceleration is disrupted be- damping due to inelastic collisions between electrons and
cause of phase velocity slippage. neutral atoms. Note thdE in Eq. (19 refers to the peak

2

2
|oF/9e| L, (15

Tle

wl/c

Nerit= a
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electric field in the dielectric. Equatidd9) indicates that the 20 — i .
electron energy increases monotonically and saturates be- 10 !
cause of inelastic electron collisions with neutral atoms. | !
Solving Eq.(19), we obtain —~ 1018 [
'YI) | '
U(t)=Ug[1—exp(— vot)], (20) o h
IE 1016 B ; B
!
where Ug= (vim/vo)(1+ v4/0?) "1Ugs is the saturaton & '
(maximum electron energylJ os= mvﬁslz is the electron os- w 1014k !
cillation energyp os=gE/muw is the oscillation velocity, and ,l:\
vo=2mv,,/M is the energy damping frequency. Typically, = 2'
in solids v,,~ 10 sec* [23] and v~ 10'* sec’*. When the = 10!%}
electron energy reaches the ionization enddgy the elec- I
tron collisionally ionizes the atom. The time for this to occur 1010 e o
is the ionization timew . SettingU=U, andt=W! in 0.0001 0.0010 0.0100
E/Ey

Eqg. (20) determinesW,

W= —vo/10ge(1 U, /Usq), (2D FIG. 3. Plot of tunneling ionization source functi@and col-
[sional ionization ratéWW as a function of normalized electric field
E=E/Ey. In this plotU,=8 eV, A=10 um, v,=10"° sec’?, and

vo=10" sec’L.

for U;/Ug<1 andW=0 for U, /Ug>1. ForU,/Ug,<1,
Eq. (21) becomesW=(Uys/U,) v/ (v3/w?+1). Note that
(U, /Uqo) Y%=y, is the Keldysh parametd4] and y,<1
corresponds to the tunneling ionization regime. As noted ear- - .
lier, we assume that the ionization takes place within e ectric field. For pulses that are shorter than a Eew ;3|§:osec-
dielectric material. The minimum electric field for ionization, onds, coII.|s.|onaI |on|zafuon is negligible def4101 Sec
associated with long pulses, can be estimated from(Zy. "€ Precipitous drop iV below E=2x10"" occurs as

U max approached); in Eq. (21). The tunneling tern® does

by takingU(t—=)=Ujy:
not lead to significant ionization fdE<5x 103, but ion-

E=(2m/M)¥q (w2+12)Y%0,]UY?, (22)  ization increases rapidly for higher fields.

whereU,=U|/UH is the atomic ionization energy, nor-
malized to that of hydrogeny,=q%/(2a,)=13.6 eV, E

=E/E, is the peak electric field normalized to the hydro-

genic electric fieldE=|q|/a3=5.2 GV/cm, Qy=47Uy/h
=4.1x10%sec! is the atomic frequency, a,
=(h/27q)?/m=5.3x10 % cm is the Bohr radius, anh is

V. LIMITATION ON LASER PULSE DURATION
AND ACCELERATING GRADIENT

To avoid modifying the dispersive properties of the wave-

guide the average induced plasma density must be less than
the critical average density,;, i.e.,(ny)<ng;. Using Eq.

Planck’s constant. Irregularities on the surface of the dielec¢18) for n, we find that
tric liner may permit surface plasma formation at electric
field amplitudes substantially smaller than that implied by
Eqg. (22). The results, in this paper, for maximum accelerat-
ing fields are therefore expected to be upper bound estimates.
The rough estimate for the collisional ionization rate in Eq.
(21) is used, together with the tunneling source tesmto
obtain the plasma density in E(L8).

<np>: <(S/W)[quW7'L) - 1]>+ np0<equTL)><ncri(t215)

where( ) denotes the average over the cross-sectional area of
the waveguide and, is the laser pulse duration. The average
plasma density in Eq25) consists of a tunneling and colli-
sional ionization term and a contribution from the seed elec-
tron density. To perform the cross-sectional average we note

The ionization source in solids, averaged over times muckhat in the ionization part, the source functiris a highly
longer than the field period2/ w, in the tunneling regime  sensitive function of the field amplitude through the expo-
7= (U, /U9 ?<1, is given by[25] nential dependence on the fidlsee Eq.(23)]. Because of
this sensitivity, the spatial average of the ionization term in
Eq. (25) is applied only to the functiors while the colli-
sional ionization rat&V is evaluated at the peak field ampli-
tude. The cross-sectional average of the contribution from
the initial plasma electron density can be written as
(expWr))=f expW,,7.) wheref is a filling factor due to
the spatial variation of the field within the dielectric. Em-
ploying these approximations, E(®5) becomes

B. Tunneling ionization source

S=AE%%ex(] — B./E], (23

where
A=1.5x10°0%, (249
Bs=0.560%2. (24b)

In Egs.(23) and(24), A, has units of sect cm ™3,
Figure 3 shows the tunneling ionization source term and
the collisional ionization rate as functions of the normalized

W, [ exp Wi 7 ) — 11(S) + Fnpo@Xp( Wy 7 ) <N
(26)



55 IONIZATION AND PULSE LETHARGY EFFECTSN.. .. 5969

whereW,, is the maximum value ofV, i.e., W evaluated at g2 1 a b?
the peak electric fielE,, inside the dielectric. The filling To=Nerit (S)= a— 72— 7= 2
. . 8w a‘rob—a a‘S,
factor f is found to be given by
ale |* 2 3 [F \12
. (274 b=a (214+21)*(7°Bs/E) (323
2
f= (7T/8)1/2(Wm7'|_)_1/2 (27b) X 16 a = 12
2(b—a)/b, (279 =% b-a (Ps/Er) (32D
Bs/Em, (320

where Eq.(279 refers to either case 1 or case 2 when
W,,7 <1, Eq.(27b refers to either case 1 or case 2 whenWhere Eq.(323 refers to case 1, Eq32b) refers to case 2,
W,,,7.>1, and Eq.(270) refers to only case 3. and Eq.(3gc) refers to case 3. From EQ8), \{alues Of.’TO.

The pulse duration of the driver in the ICA must not ex- for the various cases can be used to determine the limits on
ceed a critical pulse duration,;,. Substituting Eq(16) into  the pulse duration and the accelerating gradient.
Eq. (26) we obtain the following inequality on the pulse
duration; VI. GAS-FILLED INVERSE CHERENKOV ACCELERATOR

1 Another configuration for the inverse Cherenkov accelera-
7L< Terit= Wiy 10Ge (oW + 1)/ (14 fnpoWn /(S) ], tor consists of a waveguide that is filled with a neutral gas.
The presence of the neutral gas modifies the electromagnetic
properties of the waveguide, making the phase velocity of
wherery=nc/(S). If the laser pulse duration is small com- the accelerating electric field equal to the speed of light. For
pared to the collisional ionization time, i.er, <W,.*, and  sufficiently low gas densities, the collisional scattering of the
the initial plasma density is zera,,,=0, the inequality in  accelerated electrons can be negle¢26).
Eq. (28) becomesr < 7g=n.;/{S). The inequality in Eq. In this section we consider the limitations on electromag-
(28) places a limit on the pulse duration, which is a functionnetic pulse duration and accelerating gradient of an ICA con-
of the accelerating gradier,= (\/am)E,. If the pulse du- sisting of a gas-filled cylindrical waveguide of radias For
ration exceeds the value given by EB8), sufficient ioniza- the TM mode the fields are given by E@l), with k;
tion will take place to modify the dispersive properties of the = (¢ w?/c?—k?)2, wheree=1 is the dielectric constant of
waveguide, causing phase velocity slippage to terminate théhe gas. The dispersion relation for the TM mode is given by

acceleration. k,a=pgn, Or

The critical timerg;; in Eqg. (28) must be determined ex- o s )
plicitly for the three cases. The average ionization source o /c—k*=(pon/a)*, (33
term is

wherepg, is thenth zero ofJy. Writing e=1+Ae, where
b Ae>0 is the contribution of the neutral gas to the dielectric
<s);277f Sr dr/(7b?), (29  constant, from Eq(33) we find that, for the phase velocity to
a equalc, the wavelength is given by

where the radial variation i arises from that of the electric NMa=(2m/pon)As™, (34)
field. Since the ionization source tei@is a highly sensitive ) )

function of the electric field due to the exponential factor inSince Ae<1 for gases at moderate pressures, i.e., a few
Eq.(23), the integral in Eq(29) can be approximately evalu- atmospheres, the expression in Eg84) implies thati/a
ated. In the limit defined by the inequality in E(7) the  <1. Noting thatE,=(A/ma)E, on axis, the accelerating
electric field is given by Eqs(12) and (13). Making use of field is necessarily small compared to the field amplitude
these expressions in E€9) and expanding about each of Eo-

the | peaks for case 1 or 2, and about the peak=ah for To determine the critical average plasma densiy in
case 3, we obtain the gas-filled ICA, we proceed as in Sec. lll. Accounting for
the ionization of the ambient gas, we write=1+Ae
(b—a) — —wg/wz and obtain the critical plasma density
3.2 71_1/2 a7 (Em/ﬂs)llza (303)
(=opzSm) _ 2 Ngri= A el (r A2) = p3 J4ma’r,. (35)
8E/Bs, (30b
Typically As~10"* for a gas at atmospheric pressure, and
where Eq(30a refers to either case 1 or case 2 and Eq'for a)\:].O,LLm laser-driven gaS'ﬁ”ed ICA, the critical den-

—~ . . —~ 5
(30b) refers to only case 3 an8,, is S evaluated a,,  SIy iS found to ben;= 10" cn’. o
—E./Ey, ie. The development of plasma in the gas, undergoing ioniza-

tion due to tunneling and collisional processes, is given by

~ — Eq. (17). The ionization source term in E@L7) for a gas is
Sm=AE ” exd — Bs/Enl. 3D given by[24]

Using Eq.(30) for (S) and Eq.(18) for ng;, we obtain S:A@,Efl’zexp(—ﬁgJ /E), (36)
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where
(379

(37b

Ay=1.6x1070{"n,,,
By=0.67U572,

Nno is the neutral gas density in units of cAy andA, in Eq.

(379 is in units of sectcm 3. The collisional ionization
rateW is given by Eq.(21). Similarly, the rate of change of
electron energy is given by EqL9), where, the momentum
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where

1 (449

G=(g—1) Y 1+eal2(b—a) (44b)

1+cald(b—a). (440

In obtaining Eq.(41) we have neglected the effects of the
induced plasma, i.e@,=0. For a gas-filled ICA, discussed
in Sec. VI, the group velocity, neglecting transverse effects,
is given byvg/c~s*1, which, upon substitution into Eq.

transfer frequency, in a gas is proportional to the pressure (40) yields the limit on the interaction length,

and is on the order of ®sec! at atmospheric pressure
[21,22. The limitation of the pulse duration and accelerating

gradient in the gas-filled ICA is given by E@R8). For a
gas-filled ICA, mo=n/(S), where n.; is given by Eq.
(35), (S) is

(S)=Sn(2mE/ B2,

and S, is the value ofS evaluated at peak electric field
Ey, i.e.,Eq=E,/Ey. The filling factorf in Eq. (28) for the
gas-filled waveguide ICA is

(38)

1

f={?

( 7_’./2) l/Z(WmTL) - 1/2, (39)

where the uppetlower) value is forW,,7, <1 (>1).

VIl. GROUP VELOCITY SLIPPAGE (PULSE LETHARGY )

L<(e—1)"tcr, (45
which is identical in form to case 1, E¢l43a, of the dielec-
trically lined configuration.

The limitation on the pulse length due to ionization, Eq.
(28), together with the limitations imposed by pulse lethargy,
Egs. (43), present a severe constraint on the interaction
length, and therefore the maximum energy gain, in the ICA.
The limitation on the interaction length can be stated in
terms of the maximum electron enertly,,., and the accel-
eration gradienE, . In practical units the maximum electron
energy gain in the ICA in terms of the acceleration gradient
and pulse duration is

UmalMeV]<3x10°G(¢,a,b)E,[MV/m]r [sed,
(46)

where the values o, and 7, are obtained from Eq(28).

lonization effects place an upper limit on the pulse dura-Using Eq.(28) the pulse duration in Eq46) can be written
tion of the electromagnetic driver, see Hg8). Group ve- in terms of the accelerating gradient. Hence the maximum
locity slippage or pulse lethargy, on the other hand, places glectron energy, given by E¢16), can be expressed in terms
lower limit on the pulse duration of the driver. That is, the Of only the accelerating gradient.
distance the pulse slips behind the accelerated electrons must

be less than the pulse length,

(vgt—c hHL<m, (40)

where v is the group velocity and. is the propagation
distance. Using Eq(8) the group velocityvg=dw/dK is
given by

B 1+ (N4m) (e — 1) Y29F day
T (W Ame(e—1) VaFloay’

Vg (42

whereF = (4ay/ea)tan ag(b—a)]. Making use of Eq(41),
the group velocity in the three cases is given by

le (429
1+2(b—a)l(ea)

vylc~{ 1+2(b—a)la (42b
1+4(b—a)l(ea)

1+4(b—a)la (429

VIIl. RESULTS

We first describe the results for the ICA configuration
with a dielectric liner for three wavelength drivers,
=10um, 1 mm, and 1 cm. The plots principally show the
scaling of the critical time with the accelerating gradient as
the parameters are varied. The minimum value gf shown
in all the figures corresponds to a pulse duration of 30 wave
periods. Technological issues as well as longitudinal disper-
sion limit the pulse duration to several tens of wave periods.
For an=10um, 1 mm, and 1 cm wavelength driver, the
minimum value ofrg,;; used in the figures is 1 psec, 0.1 nsec,
and 1 nsec, respectively.

Figure 4 is a plot of the critical time as a function of the
accelerating gradient, fotr=10 um, as the inner radius of
the waveguide is varied. The dielectric layer thicknéss
—a=50um in all three cases, wita=30, 50, and 10Qwm
for the three curves. Figure 5 shows the variatior gf as a
function of E,, for A=10 um, for various values of initial
electron density in the dielectric liner. The addition of a

Note that Eq.(42a, which corresponds to case 1, indicatessmall number of electrons to seed the collisional ionization

that the group velocity=c/e. This is consistent with the
relationshipvphug=02/s for a completely filled waveguide.
Substituting Eq.(42) into Eq. (40) yields the limit on the
interaction length due to pulse lethargy,

L<G(e,a,b)cr, (43

process reduces the allowable accelerating gradieribr a
given value of ;. Figure 6 shows the variation of.;
versus the accelerating gradient, for-10 um, for several
values of ionization energy associated with the dielectric
liner material. For a given critical pulse time,;, higher
ionization potentials permit higher accelerating gradients.
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FIG. 6. Plot of critical pulse timer; versus the accelerating
gradientE, for a laser of wavelengtih =10 um. The ionization

=30 um (solid curve, 50 um (dotted curvg, and 100um (dashed potential U;=4 eV (dotted curvg 8 eV (solid curve),. 12. eV .
curve, b—a=50um. In addition,e=3, U,=8 eV, nyy=0, vy, (dashed curve The other parameters are the same as in Fig. 5 with

=10 sec’?, andvy=10" sec’™. Npo=0.

FIG. 4. Plot of critical pulse timer.;; versus the accelerating
gradientE, for a laser of wavelengtih =10 um, inner radiusa

Figure 7 plots the critical time as a function of the acceler-limited to E,~20 MV/m. This rather low value of acceler-
ating gradient, foin=10 um, as the dielectric constaatis ating gradient corresponds to the onset of collisional ioniza-
varied. As the dielectric constant is increased, the electrition (see Fig. 3 for these parameters.
field in the dielectric decreasé® maintain continuity of the We now consider the example of a millimeter wave
displacement field E, across the vacuum-dielectric bound- driver. Figure 9 shows the variation ef;, with E,, for A
ary), and thus the ionization level is reduced. It should be=1 mm, as the radius of the inner wall radius is varied. The
noted, however, that for high values afionization is likely ~ scaling here is similar to the=10 um case shown in Fig. 4,
to occur at the surface rather than in the bulk of the dielectridut the allowable accelerating gradient is lower. The longer
layer, and thus the high gradients predicted for large valuepulse lengths, compared to the Afn wavelength example,
of & result in surface breakdown. are the principle reason for the lower accelerating gradients.
Figure 8 is a plot of the maximum electron enetdy,,,  Recall that the minimum value oty;, in all the examples, is
as a function of the accelerating gradi&jtfrom Eq.(46). In  taken to be equal to 30 wave periods of the driving field.
obtaining this plot the driver pulse duratieq is set equal to  This is an arbitrary but technologically reasonable lower
Tt given by Fig. 4. For energy gains abovd,, limit on the pulse duration. Figure 10 is a plot af; versus
~10 MeV, Fig. 8 indicates that the accelerating gradient isE, for A\=1 mm, as the seed electron density is varied. This
case is similar to tha =10 um case shown in Fig. 5. The

100
[ 100 T
@
o,
~ 10 w
2 £
= - 10| 3
g X
0.00 0.10 020 030 040 0.50 s . <
E; (GV/m) 0.0 0.2 04 06 0.8 1.0

E; (GV/m)

FIG. 5. Plot of critical pulse timer.;; versus the accelerating
gradientE, for a laser of wavelength =10 um. The initial elec- FIG. 7. Plot of critical pulse timer; versus the accelerating
tron densitynyo is 0 (solid curve, 1 e (dotted curvg and  gradientE, for a laser of wavelengthh=10um. The dielectric
10° cm 3 (dashed curve In addition,a=30um, b=80um, & constante =1.5 (dotted curve 3 (solid curve, 9 (dashed curve
=3,U,=8¢eV, v,=10% sec?, andy,=10" sec’’. The other parameters are the same as in Fig. 6 Wjth 8 eV.
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FIG. 8. Plot of maximum electron energy versus accelerating F|G. 10. Plot of critical pulse time; versus the accelerating

gradient for the parameters in Fig. 4 wigh=30 um (solid curve,
50 um (dotted curvg and 100um (dashed curve

gradientE, for a millimeter wave driverA=1 mm. The initial

electron density,g is 0 (solid curve, 1 cm 3, (dotted curvg and

10° cm 2 (dashed cunje The parameters are the same as in Fig. 9,

addition of a small amount of seed electrons reduces theith a=3 mm andb=8 mm.

accelerating gradient significantly. A case 1 example is

shown in the next figure, where the driver wavelength isUmaX~10 MeV the accelerating gradient is less thEp

larger than the inner dielectric radius>a. Figure 11 shows 100 MV/m, due to the onset of collisional ionization.

Terit VErSUSE, for =1 mm and initial(seed electron den- Figures 14 and 15 show the critical pulse duratigp,

sity npo=0 and 1 cm®. The lower limit onE, is due to the  versus the accelerating gradie®y for a gas-filled ICA. The

sudden turn on of collisional ionization rat¥ as a function gas is taken to be helium having an ionization potentia| of

of electric field, see Fig. 3. Figure 12 shows the maximumy,=24.6 eV. The variation of the critical time.;, with the

electron energyJ max as a function of the accelerating gradi- accelerating gradienE,, at A=10um, is shown for gas

entE, for the millimeter wave example in Fig. 9. Figure 12 pressuresP, of 3, 10, and 30 atm. Since—1=Ae=7

indicates that for energy gains in excessUfa,~20 MeV %1075 at 1 atm for helium, the dispersion relation for the

the accelerating gradient is less thiap~20 MV/m. lowest order modep,,=2.4, givesa=265, 145, and 84
The solid curve in Fig. 13 shows.; versusg, for a  ,m, respectively, for the three pressures. This gas-filled case

driver wavelength of\ =1 cm anda=0.2 cm, correspond- has a lower accelerating gradient than the dielectric liner

ing to case 1. The dashed curve in Fig. 13 shows the maXcase shown in Fig. 4, because for phase velocities equal to

mum electron energy o, as a function of the accelerating ¢, the dispersion relation requires the wall radius to be so

gradientE,. Figure 13 indicates that for energy gains abovejarge thatE,<E,(r =a). In the dielectric liner case&, can

1007
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- 1.0F g
l:a i

0.1 N T 1 ..1 1

0.00 0.02 0.04 0.06 0.08 0.10
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FIG. 9. Plot of critical pulse timer.;; versus the accelerating
gradientE, for a millimeter wave drivern=1 mm. The inner ra-
dius a=3 mm (solid curvg, 5 mm (dotted curvg, and 10 mm
(dashed curvye whereb—a=5 mm. In additiong=3, U,=8¢eV,
Npo=0, vy=10"sec?, andvy=10" sec™.
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FIG. 11. Plot of critical pulse time;; versus the accelerating
gradientE, for a millimeter wave driverA=1 mm. The initial
electron densitynp,g is O (solid curve and 1 cm® (dashed curve
The parameters ar@=0.2 mm,b=0.283 mm,e=10, U,=8 ¢V,
vm=10" sec?, andry,=10"sec’.



55 IONIZATION AND PULSE LETHARGY EFFECTSN. .. 5973
100 "7 100 T e
[ 1 [
i
1
]
:
% ‘- 0
= | &
x 10F \ E =~ 10F -
g i 5 I 1
g -
]
1 " | P 1 1 PR il AT f ' .
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.10 0.20 0.30 0.40 0.50
E; (GV/m) E; (GV/m)

FIG. 12. Plot of maximum electron energy versus accelerating
gradient for the parameters in Fig. 9 wil=3 mm (solid curve, 5
mm (dotted curve and 10 mm(dashed curve

FIG. 14. Plot of critical pulse time;; versus the accelerating
gradientE, in a gas-(helium filled ICA with laser wavelengttx

=10 um. The gas pressures and corresponding wall radii are 3 atm
and 265um (solid curve, 10 atm and 14%m (dotted curvg and

30 atm and 84 um (dashed curve with U,;=24.6 eV,
vml/Py=10" sec Y/atm, and vo/Py=(2m/M)vy,/Py=3x10°

sec Yatm.

be the larger field component. Figure 15 is a plotmgf;
versusk, for a A =1 mm driver with the same three helium
gas pressures shown in Fig. 14. The wall radius26.5,
14.5, and 8.4 mm for gas pressuiggof 3, 10, and 30 atm,
respectively. The allowable accelerating gradient is a few
MV/m. This is due in part to the larga/\ ratio required to The analysis in this paper implies that the combination of
have phase velocities equal ¢o In addition, the collisional ionization and pulse lethargy effects impose severe limita-
ionization (avalanchgtime 1MW even at these modest fields tions on the energy gain in inverse Cherenkov accelerators.
is much less than the pulse duration. Figure 16 shows théWo configurations for the ICA have been considered in
maximum electron energy ., as a function of the acceler- WhIC.h the electromagn_etlc drivée.g., .Iaser, m|II|meter, or
ating gradieng, for the gas-filled ICA using the parameters c'en.t|mete_r wave sourﬁ:.es Pfopa?ga‘e.‘.’ n a wayegwde that is
in Fig. 14, with gas pressures 3, 10, and 30 atm. Compariné) lined with a dielectric material afii) filled with a neutral

. R ! . gas. Using a dielectrically lined or gas-filled waveguidg,
Fig. 16 with Figs. 8, 12, and 13 we find that higher aCCeIeraavoids diffraction of the electromagnetic driver beafin)

tion gradients can be obtained in the gas-filled ICA to reacr})vercomes phase velocity slippage, diid the acceleration
a given maximum energy as compared to the dielectrically '

lined ICA configuration.

IX. SUMMARY AND DISCUSSION
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0.0 0.1 0.2 0.3 FIG. 15. Plot of critical pulse time,;; versus the accelerating
E, (GV/m) gradientE, in a gas-(helium filled ICA with laser wavelength

=1 mm. The gas pressures and corresponding wall radii are 3 atm
and 26.5 mn{solid curve, 10 atm and 14.5 mrtdotted curvg and

30 atm and 84 mm(dashed curve with U,=24.6 eV,
vm/Py=10%sec Y/atm, and vo/Py=(2m/M)v,/Py=3x10°

sec Yatm.

FIG. 13. Plot of critical pulse timer;; versus the accelerating
gradientE, (solid curveg andU,,,, versusE, (dashed curvefor \
=1cm anda=0.2 cm. In additionp—a=0.0833 cm,e=10, U,
=8eV, ny=0, r,=10" sec?, andv,=10" sec™.
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driver pulse duration, accelerating gradient, and maximum
accelerated electron energy, due to ionization effects and
pulse lethargy, have been obtained.

To obtain these limitations a dispersion relation for

10000 £

1000§ E transverse-magnetic modes of a dielectrically lined and gas-

% filled optical waveguide has been derived. The TM mode

= consists of a radial and an axial electric field as well as an
> 100 ¢ o E azimuthal magnetic field. The axial electric field, which is

E Tl ] responsible for acceleration, is peaked on axis, while the ra-
= dial electric field vanishes on axis. It is shown that when the

10F 3 average plasma density reaches a critical value, due to ion-
; ] ization, the optical properties of the waveguide are modified
and the phase velocity of the electromagnetic wave is signifi-

;[ I . et . cantly altered, resulting in phase velocity slippage. The
0.0 0.1 0.2 0.3 buildup of the plasma within the dielectric material is ana-
E, (GV/m) lyzed using a rate equation which includes tunneling and

collisional ionization. We have obtained an expression for

FIG. 16. Plot of maximum electron energy versus acceleratinghe limit on the electromagnetic pulse duration in terms of
gradient for the parameter in Fig. 14 with,=3 atm(solid curvé,  the accelerating gradient for both the dielectrically lined and
10 atm(dotted curvg, and 30 atm(dashed curve gas-filled waveguide ICA configurations. To avoid the ef-

fects of ionization, the pulse duration of the electromagnetic

is in vacuum(for the dielectrically lined configurationin driver 7,_in the ICA must be less than a critical pulse dura-

either configuration the electromagnetic driving field has anti_o_n time Terit given by Eq.(28). The yalue Oferi IS @ sen-
axial electric field with phase velocity equal ¢ The inten- sitive function of the peak electric field and thus the accel-

sity of the driver in the ICA, and therefore the acceleration_erating gradient. The limitation on the pulse length due to

gradient, is limited by tunneling and collisional ionization ionization, Eq.(28), together with the limitations imposed by

effects. Partial volume ionization of the dielectric liner or gaspUISe lethargy, Eqd43) and (45), present a severe limit on

can lead to significant modification of the electromagneti the_ interaction length and therefore the maximum energy

properties of the waveguide, altering the phase velocity offdn Eq.(46), in t’;he ICA. Thz maximumfacc:ale[]ated eklac-
the accelerating field and causing phase velocity slippagd!©" €nergy can be expressed in terms of only the accelerat-

thus disrupting the acceleration process. lonization effect{'9 gradient. Our results indicate that relatively modest ac-

therefore impose an upper limit on the driver pulse duration.ceIeratlng gradients can be achieved in the ICA.

The (_jnvmg pulse, however, cannot be arbltrar_lly short in ACKNOWLEDGMENTS

duration since the pulse, having a group velocity less than
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