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LASER FOCUSING OF HIGH-ENERGY CHARGED-PARTICLE BEAMS*

Paul J. Channell
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

ABSTRACT

It is shown that laser focusing of high-energy charged-particle
beams using the Inverse Cherenkov effect Is well suited for applica-
tions with large linear colliders. Very high gradlent (> 0.5 MG/cm)
lenses result that can be added sequentially without AG cancellation.
These lenses are well understood, have small qeometrlc aberrations,
and offer the pos?ibillty of correlating phase and energy aberrations
to produce an achromatic final focus.

INTRODUCTION

The very large electromagneticfields available In laser beams
have led many people to consider their use In accelerating particles;
In fact, experimental Investigationsare still under way.1 In
addltlon to accelerating particles, which can be done In various
ways, it is also necessary to focus particles, and in some cases,
such as the final focus for a large llnear collider, very large fo-
cusing gradients may be required, which lasers might provide. The
lasers required for focusing particle beams need not have the high
efficiency required for acceleration and thus are likely to meet the
repetition rate, control, and opttcal-quality specifications.

In this paper, I wI1l extend the analysis of particle-beam fo-
cusing by laser beams begun In Ref. 2 to include the evaluat~on of
phase, chromatic and geometric aberratlcns, and the effects of varl-
ous errors and gas scatter. What emerges from this analysts ts the
conclusion that Inverse Cherenkov focusing does provide accurately
controlled, high-gradient, low-aberrationfocusing well matched to
the transversely small, very short bunches required for a large lln-
ear colllder; In addltlon, there is the posslblllty of an achromatic
final focus more tolerant than conventional systems to beam energy
spread from the llnac. Inverse Cherenkov focusing will not, however,
be us ful for beams with extremely low emlttances (C normalized <
w*lo-9 mrad) because of the effects of gas scatter,

If a particle interacts with th~ far field of a laser In vacuum
with no other fields presant, the strength of the interaction 1s
proportional to l/y2 (y IS the relatlvlstlc factor of the particle)
and 1s thus extremely small for the energy range of Interest, In
order to obtatn a slgnlflcant InteractIon,one can use near fields
(gratings, droplets, foxholes, etc.),a add other fields (IFEL),4
or add a medtum that can be e~ther active (plasma beatwave)l or pas-
sive (lnv~rse Cherenkov)ts I w1ll concentrate on the use of the
Inverse Cherenkov effect for particle focusing because (1) lt 1s
known to work (at some level); (2) it 1s straightforward to analyze,
(3) lt preserves th~ laser virtues of fast, accurate control because
no solld or active medium Is near the particle, and (4) lt 1s the
only one I have studied.

*Work supported by the U, S, Dept. of Energy,



Adding a gas to the region of InteractIon between a laser beam
and a particle beam has four effects: (1) It unbalances the E and B
fields so that the Interaction Is now of order (c - 1) (C Is the di-
electric constant of the gag) instead of order l/y2, (2) It reduces
the speed of llght so that the InteractIon length IS limited because
of the phase shift, (3) It llmits the peak electric field to values
below breakdown, and (4) it Introduces emlttance growth In the beam
caused by gas scatter.

The value of the breakdown field Is i,heleast understood aspect
of Inverse Cherenkov focusing. The breakdown limit depends on many
things, most Importantly,the length of the laser pulse, A conser-
vative value for the breakdown field, appropriate to a 20-ps pulse,
would be 20 GV/m;S a more optimistic value, possibly applicable
to a l-ps pulse, would be 100 G’J/m.

In the section below I present a model for the laser beam, which
Is a Gaussian solution of Maxwell’s equations, and indicate how the
Born expansion of the equation of motion for a particle in these
fields proceeds. Then, I examine the llnear lens port!on of these
solutlons, evaluating the resultfng focal length, the parameters
required, and the laser power needed. In the followlng section, I
examine the variation of focal length with phase and particle energy
and point out the possibility of correlating these variations to
form an achromatic lens. Next, I evaluate the various geometric
aberrations and show that in ~Jst cases they are negligible. In the
succeeding sect!on, I examine a variety of effects lncludlng phase
jitter, pressure fluctuations, and, most Importantly, gas scatter
and note that these effects are not a problem except for extremely
low emittance beams. In the final section, I summarize my arguments
and results.

THE BASIC INTERACTION

Let us first derive a model for a laser “waist,” I.e., a laser
beam converging to a focal spot and subsequently divei-ging. I begin
with Maxwell’s equations

$nd

(1)

(2)

where c is the dielectric constant of the gas. Assuming & radial
mode of a cylindrically symmetric beam, the fields have the compo-
nents



B-8$ , (3)

and

(4)

Substituting the fornlsof Eqs, (3) and (4) into Eqs. (1) and (2), It
is easy to,see that a set of solutions can be written as
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dk ~(k) cos(kz -Ut) J,(Kr) ,

0 -ii-
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Ez.- / (jk~ sln(kz - ~t) JO(Kr) ,

where

and Jo and J1 are the Bessel functions of zeroth and first order,
respectively. i4edeterm!ne the funct~on ~(k) from the ln!tlal-
boundary value condltlon
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wnere w Is the radius of the optical beam and Ep is the peak electrlc
field. Substituting Eq. (5) into Eq. (9), one can show that

~(k) ~kK@ E w3e(-w2K2)/2
P

. (10)

The fields given by Eqs. (5), (6), (7), and (10) describe a laser
waist with a Gaussian decrease for large r, transverse fields that
are linear In r for small r and that decrease away from z = O with a
decay d?stance L, given by the Raylelgh range

where

(11)

(12)

15 the optical wavelength.
I will now evaluate the InteractIon of a high-energy particle

travellng near the optical axis with these fields using the Born
approximation. The equatlon$ of motion of a relatlvlstlc particle
are

and

C&d”?
dt # ‘

~here

(13)

(14)

(15)

Is the momentum and q Is the particle’s charge, Shlftlng the lnde-
pmient variable to z, the longltudlndlposlt~on, the equations of’
motion can be wrlttan as
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mc Vz
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and
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we wI1l expand the solutions In both I/y (and ignote l/y2 terms)
and in the field strengths. The zeroth ordar solutions are

Y-Y() *

‘z-c’

t.f+~
c’

and
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(19)

(20)

(21)

(22)

where ~ 1s the time the particle arrives at z = O, ~AO Is the trans-
verse poslt!on at z = - ~, and YO 1s the energy at z = - ~. The
first-order corrections to these tra~ector!es (denoted with a sub-
script 1) satisfy tha equations

‘1-0 ‘ (23)

‘21=0 ‘ (24)

dyl C!EZ
rm~ ‘ (25)



and

(26)

whsre zeroth-order trajectories are used in the arguments of the
fields. Substituting the zeroth order trajectories [Eqs. (19)-(22)1
Into the fields [Eqs, (5), (6), (7), and (10)1, puttfng the results
tnto the right-hand sides of Eqs. (25) and (26), and integrating, we
find that

and

(27)

(28)

where r = Ixlol and ~ ■ (u/c) &~l, and where A (“) denotes the
?change n the quantity (*) from z = - L=to z M + ~. The Born expan-

sion can be readily carried to higher order In a straightforward but
tedious manner.

A LINEAR LENS

Because we are Interested in focusing, let us ignore the energy
change, Eq. (27) (whlcn ~s small for the cases of Interest), and ex-
pand the angular kick, Eq. (28), for small ro; the result, using
Eq, (10), tS

(29)



The net effect of the interaction is that the laser waist looks like
G lens to the particle. Note that the strength of the lens first
increases with (s - 1) (the quadratic factor), then decreases with
(c - 1) (the exponential factor), and thus has a maximum. This
maximum is achieved when

X2c.1+~
L2’lrw

where the angular kick has the form

(30)

d;
{

+
x\qEX10; p

‘i#”- 1.78 Cos @t .
\ ‘,/ YO mcz

The minimum focal length (t =0) of this lens is thus

(Fk=0.56 w&\ .
p/’

As an example. let us assume

)iw !0 pm (C02 Laser) ,

w - 100 pm ,

qEp = 100* ,

and

yOmc2 =l,5TeV .

We then find that

FL=84m

a remarkab
equivalent

(31)

(32)

y small focal length for such an energet’c beam. This is
to about 0.5 MGlcm focusing gradient.



Note that because of the symmetry cf the focusing In x and y, we
could, without AG cancellation, have a ~equence of n of these inter-
actions (laser waists) with the same relative phase along the parti-
cle path and reduce the focal length by a factor n. Of course, more
InteractIonregions require proportionatelygreater laser power; the
peak power required in a single interaction region is

- , 36 ~E2w2P.
P“

For the previous example this Is

P =4.54 *lo ‘2W .

(34)

(35)

A laser pulse of this power Iwel Iastlng a picosecond would have a
few joules of energy; this is a quite substantial but not unrealistic
laser energy.

The laser waist in the above exampl~ Is 0.2 mm In diameter and
about 6 mm long. The dielectric constant required can be evaluated
using Eq. (30) and Is given by

c- 1 = 1.013 ● 10-12 , (36)

a value that would result In about four atmospheres of hydrogen.

PHASE AND ENERGY ABERRATIONS - AN ACHROMATIC LENS

Examining Eq. (31), we see that the focal length varied propor-
tionally to

Yo
‘kaa’ (37)

Let us first consider the varlatlon cos ~t, The allowed varlatlon in
focal length AFQ Is llmlted by

AFQ ,

—<R ‘
‘Q

(38)

where M {s the magnlflcatlon destred. BecaLse a magnlflcat!on of 30
Is probably required to havo an lnt~restlng lens, we see that the



relative variation in focal length is limited to about 3%. The var-
iation in the cosine term will certainly exceed 3% unless the parti-
cle bunch is very short (=lpm for a C02 laser). Note, however, that
such short bunches may be required6 to avoid excessive beamstrahlung,
so that this scheme is well suited to a large linear collider.

By adding harmonics to the laser, one can increase the phase ex-
tent that falls within the allowed focusing variation, but probably
not by enough to justify the effort Involved.

A magnlflcatlonof 30 would also limit the allowed energy spread
to less than 3%, a figure that might be hard to achieve if there are
significantwakefield effects. Let us note, however, that only the
ratio of the energy and the cosine term enters into the focal length,
so that the numerator and denominator can vary by significantly more
than 3% if this ratio has a small variation. That this might be the
case can be seen from the fact that the energy spread will probably
be determined by the accelerating fields, or, more likely, by wake-
flelds, both of which effects result in a particle energy strongly
correlated with longitudinal position. Because we are considering
bunches of the order of a micron long, the particle energy varies
systematicallyover this distance, as does the cosine term; thus, by
a relative phase adjustment, it should be posstble to achieve an
adequately cmall variation in the focal length.

GEOMETRIC ABERRATIONS

If we kef+ the next order term in ro in the expansion of the
Bessel function in Eq. (28), we find that the thin-lens geometric
aberration can be expressed as

(39)

Requiring a relative variation in the focal length of less than 3%
implies

For the example we Rave been considering, the particle beam radius is
thus bounded by

rO<24pm , (41)

a bound that is not stringent for the very high energy beams being
considered (even the present Stanford Linear Collider (SLC) almost
satisfies this at 50 GeV).



Thick-lens geometric aberrations can be evaluated by keeping the
next (second) order in the Born axpansion. As one would expect for
such small lenses, thick-lens geometric abberations are four orders
of magnitude smaller than the th~o-lens terms for TeV beams and can
thus be Ignored.

One might be concerned that particles at different radial posi-
tions, deflected through different angles might have sufficiently
different path lengths to shift their relative phases by an optical
wavelength in a multiple lens system. A simple geometrical estimate,
however, shows that this effect Is completely negligible.

ERRORS AND OTHER EFFECTS

A systemof n lenses will each, in general, have a random
relative phase error, al, wnere

{

\
‘1/ = 0 ‘

and

(42)

(43)

where the brackets denote average and where a = 2 w130 is probably
achievable for the large focal spots (20 wavelengths) we have
assumed. The
approximately

net focai length from such a system of lenses is
given by

+
~ cos(wt + al) .

i-l

When a Is small, It is then easy to see that

and that the standard devlat!on is given by

(44)

(45)

(46)



fThus, the average focusing force is reduced sllghtly (~out 2%), and
the standard deviation 1s small because of the I/in and because sin
wt is small for maximum focusing. As an example, if we let
ut = 30”, u = 21r/30, and assume 20 lenses, we find about a 3% stan-
dard deviation.

Inverse Cherenkov focusing is quite insensitive to pressure and
temperaturefluctuations because of the maximization of Eq. (29) with
respect to c and the resulting lack of first-order dependence on c
and thus the pressure and temperature on wtlt~h~ depends.

Inverse Cherenkov focusing is limited by emittance growth caused
by gas scattering of the partic’
effect, we consider the ratio R
to the angle from emittance, wh

16.4~ rc9rb
R = 9

‘n

e beam. As-a rough mea~ure of this
of net scattering angle in the gas
ch is given by

(47)

where
Zgas density,

~ s path length in gas,
re = classical radius,
rb = beam radius, and
~n = normalized emittance.

If we assume

n = 1026 m-3 (4 atmospheres hydrogen),
d=lm,
rb - 0.3 pm, and
En = 10-7 m rad,

we find that

R=l.4 , (48)

a value that would yield a just barely acceptable 50% emittance
growth. Thus ,inverse Cherenkov focusing is unlikely to be useful
for beams with emittances smaller than about 10-7m rad,

SUMMARY

I have analyzed a scheme to use inverse Cherenkov focusing fcr
particle beams likely to be encountered in large linear collider$ and
I have shown that high-focusing gradients (-0.5 MG/cm) are
achievable. The cylindrical symmetry of the fccusing allows one to



use lenses sequentially without the usual AG cancellation and thus
to achieve small focal lengths ai~dfast, accurate control with lasers
that seem pract!cal both In performance specifications and in power
requirements. This focusing is achieved in a system that is 3[iffi-
ciently well understood (and known to work) to determine that
geometric aberrations are small and that tolerances on phases,
pressure, and temperature are acceptable. In addition, there iS an
Intriguing possibility of correlating phase aberrations and energy
variation to produce an achromatic lens more tolerant to energy
spread from the linac than are conventional systems. It should be
noted,
however, that the inevitable gas scatter that accompanies ifWerSe
Cherenkov focusing precludes the use of particle beams with extremely
low normalized emittances (< 10-7 m rad).
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