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Diamagnetic fields due to finite-dimension intense beams in high-gain free-electron lasers
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High-gain, self-amplified spontaneous emission free-electron I6S&SE FEL'9, with proposed operation
in wavelengths extending down to x rays, require intense relativistic electron beams, which under certain
conditions can generate large diamagnetic fields. The action of these fields has the potential to seriously
degrade FEL performance. It is shown here by both analysis and simulation that the finite size of the electron
beams diminishes this effect so that it is negligible for proposed SASE FE$1€63-651X98)50709-X

PACS numbd(s): 41.60.Cr, 41.60.Ap

The proposal to use high-gain, self-amplified spontaneous eBB, a,
emission free-electron lasefSASE FEL'S as coherent, high e= WzyT<a' 2
power radiation sources with wavelengths extending into the Vil Kw W

x-ray region[1,2] has been the subject of intense scrutiny . ) )
recently. Initial laboratory result§3—5] have, within the One additional strong inequality should be noted here, that

range of experimental certainty, verified many of the basidhe radial beam size is always much smaller than th'e W|ggler
theoretical and computational models for the SASE procesd¥avelength,k,a<1. It should also be stated at this point
There are many diverse phenomena important in SASF_t;hat this analysis (_Jllffers_ln two funqlamer_ltal ways from that
FEL's, such as start-up from noise, fluctuations, and bearfl! Refs.[7] and[8] in addition to the inclusion of finite beam
microbunching 6], to name a few. All of these effects have radius effects. The f|r§t is that the wiggler, I|I§e all present
been investigated seriously, and included in theoretical mog2nd Proposed high-gain SASE FEL magnets, is planar in our
els, but recently a new issue has been raised, that of tHe?Se: and not hellcal,.as in earlier analyses. Thg second is
possible generation of a diamagnetic field by the transversf1at We assume, and justifx post factpthat the diamag-
current associated with the beam’s undulating motion. Thid€tic effects are very small, and thus we may ignore their
possibility, recently brought to the fore by Freund and An-POSSible effects on the beam motion. .

tonsen[7], introduces potentially serious physics issues that | ne Smallness of the beam centroid oscillations allows us
are outside of the current model of the FEL interaction. Thd® model the beam charge distribution as merely the uniform
initial calculation of the diamagnetic fields for present anddensity beam, with a surface charge density that is sinusoi-
proposed SASE FEL'’s, which was performed for a beam thafi@!ly varying in the main direction of propagatian

is infinitely wide and long, predicted field values that would

have completely degraded the SASE FEL action. An exten- p=potpoe Cogkyz)cog P)d(r—a), r<a. (3

sion to this calculation, in which the finite length of the beam

is taken into account, was recently performed in a harmonidhe current density distribution associated with this charge
analysis by Freund and Tatchy®8]. They found that the distribution is

value of the diamagnetic field is diminished in the pulsed

beam case by a factor of approximatély/\,, with respect J— + —a)l5
to the infinite beam, where,=2x/k,, is the undulator I=poBcillte COf(sz)cos(¢)6(r 2z
wavelength and_,, is the bunch length. This analytically +kye sin(ky2)x}, r=<a. (4)
predicted effect has been verified here using numerical simu-
lations, which are discussed below. A,

We begin our analysis of the diamagnetic field generation il >

by examining the effects of the finite transverse extent of the
beam on the field produced. The physical model used in the
beam-wiggler(or undulatoy magnet interaction is displayed

in Fig. 1. The relativistic electron beam of energy.c? and model\

uniform charge densitypy out to a hard cutoff radiug view )
passes through a planar wiggler of midplane field ©‘\fhg
‘/
By w=Bocogk,2). (1) <>

2a

In response to this field, the beam performs sinusoidal FIG. 1. Geometry for the model calculation, with a uniform
undulations in thex dimension, which for all cases of interest density beam undulating at an amplitude smaller than the beam
have amplitude much less than the beam size, size, and polarization of the beam charge developing.
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It is straightforward to show, by examining the relation- ferent from rectilinear space charge—the diamagnetic fields
ship between the electrostatic potential and longitudinabf present interest. To solve for these fields, we first write the
component of the electromagnetic potential, under conditioquation for the horizontal component of the vector potential
of time-independent flow, that all charges involved in creat-
ing longitudinal currents produce electric fields, | with an

assocjated magnetic fieB,,, such that the net horizontal [V*i_ka’]AX: _ 4—7Tp0,BCkW8 sin(k,2). )
force is ¢
ek, This equation has a particular solution inside of the beam,
Fx,I:_e(Ex,I+BBy,I):_ ,yz’ . (5
These are the so-called vglocity f.iellds that are familiar from Ap= 477’)0'8 sink,z), r=<a, (8)
the theory of charged particle radiatif®]. It should also be Ku

noted here that these fields are all derivable from the longi-

tudinal component of the vector potenti®). The “space- and a vanishing potential outside of the beam. This is of

charge” force given in Eq(5) has a strongly diminishing, course the infinite beam width solution, which gives the im-

well-known dependence on energy, and is for our case, in thpressively large diamagnetic effect predicted by Freund and

limit k,a<<1, Antonsen[7]. Fortunately, inclusion of the homogeneous so-
lution,

2mepg
Fy = . [x+& cogky2)]. (6)

Clo(kyr), r<a,
olkyl), r=a ©

The first term in this expression is the usual defocusing " DKo(kal) +Elg(kal),  r>a,
space-charge force, while the second is a polarization term

due to the transverse charge displacement. Because of théereC, D, andE are constants determined by application
vy~ ? dependence of this force, for the high energies emof the appropriate boundary conditions, lowers this value
ployed in short-wavelength FEL{3/=1000 it is not of great  dramatically. To see this, we invoke continuity of the poten-
importance. tial and field ar =a, and use vacuum boundary conditions at

In contrast, thetransverse(horizonta) currents produce r =<, which gives(again takind,a<1) the potential inside

the so-called acceleration fields, which are qualitatively dif-the beam,

A= TP 1k aky(k ot sin(k,2)
__4mpoBe (kwa)? wa .
=k—w(1—{1+ 7 [ZI ( 5 +01544% ])sm(sz)
kya
In( 5 )Zq-rpo,BskWa sin(k,,2)
=8mpoBekya’sink,z). (10

In the last expression in Eq10) we have suppressed the by Eq.(10) is thus approximately
radial dependence of the potential, as well as the gentle de- _ 2
pendence of the logarithmic factéwhich is near 4 for typi- By.a=~8mpofe(kya)"codky?)
cal design parametgrsand given the approximate on-axis 8mpoay,Kya®
value of the potential. It can be seen that the magnitude of =- fcos(sz). (11)
the potential is lowered by inclusion of finite radial dimen-
sion relative to the infinitely wide beam case by a factorlt is most instructive to write this diamagnetic field normal-
proportional to k,a)2, which is by assumption very small. izéd to the wiggler field,
Inclusion of a conductingnormal magnetic field excluding Byg4 87Tep0a 8Ib ) 41repg
boundary at a cylindrical beam pipe of inner radlusloes B = " ym.cZ ~ 4I, =T 20vka)% kp B2y mc?’
. e . w e

not significantly affect the result of EL0), as it introduces (12)
a correction factor of % 3[In(k,b/2)+0.577)(k,a)?, which
is very close to unity. and|,=17 kA is the Budker current. The ratio is thus, for

The diamagnetic field associated with the potential giverhigh energy, always much smaller than unity. Physically, the
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TABLE |. Diamagnetic suppression factors for various current

and proposed SASE FEL'’s. 100 F

FEL B, a/Byw

UCLA/LANL 6 x10°* g ¢

VISA 1x10°4 ™ : |

TTF-FEL 1X10°5 >~ r

LCLS 3x10°7 _1 ;

: % ’

fields here have a natural radial spreadpt, as seen in Eq. O S
(9), and thus are proportional kﬁ, but in Eq.(12) k,, has, 04 1 10
ignoring logarithmic dependence, canceled out of the expres- y/yO,L b/LbO’a/aO’k /k 0
sion for the normalized diamagnetic fields. This is ultimately veow
because the beam displacement in &), which gives rise FIG. 2. On-axis diamagnetic fields obtained frorepi simula-

to the diamagnetic current, is proportional k3. In the  tion of a uniform density beam traversing an undulator, with ap-
approximations employed here, only the transverse beam dproximate power-law predictions of E¢L3) given by solid lines.
mensions normalized to;/kp)‘l remain. The quantitygl is  Parametric simulations L, U; a, O; ky, A; vy, X) were
known commonly as the plasma skin depth, and is a measuferformed in the neighborhood of nominal UCLA/LANL experi-
of the length over which the beam, through its oscillatoryment, Lyp=3 mm, 8,=0.5 mm, ko= cm %, and y,=36. The
plasma response, can naturally shield out external electr¢hargeQ=1.5 nC for this case was scaled to keep a constant den-
magnetic fields, and is also a measure of the strength of th&ty for a andL, variation.

plasma fields,E,B~k>2. In the case of a diamagnetic re-

sponse, however, the fields do not scale as the more familigfy|ys would have a large, measurable effect on the frequency
plasma oscillation. The extra factor of multiplying the spread of the LCLS radiation output.

usual plasma wave number in E@.2) can be traced to the 15 \erify the predictions of the analysis developed here

fact that the static diamagnetic fields, unlike space—charggmd in Ref[8], we have performed numerical simulations of

fields, do not have an opposing electric field that cancels thg,, diamagnetic fields using a multiparticle, three-
_2 - 1

net force asy” <, as in Eq.(5), and therefore the strength of ginensional Lienard-Wiechert field-solving computer code

. . . . 2
the magnetostatic fields is proportional tekp)“. _ namedTREDI [11]. In the simulations, a uniform density cy-
It is informative to attempt to include the suppression fac'lindrically symmetric beam of radius and lengthL, is

tor from longitudinal effects found in Ref8]. This analysis  |5unched into a wiggler field, with the diamagnetic fields
contains useful, physically interesting results, which are apg,ajyated on axis in the beam’s longitudinal center afte 3
parent after some inspection, such as a diminishing of the¢ oronagation, in order to remove the effects of transient
diamagnetic fields with frequency aboke,~1, except for  fie|gs that dissipate with an observed characteristic length
an expectedzenhanc_ement of the fields near the FEL resQ- The simulations are limited by numerical accuracy to
nance,k~2yk,,. Using these results, the maximum nor- ,,oqerate energies<100 MeV): the energy and other rel-
malized diamagnetic field within the bunch, including longi- g\ ant physical parameters varied over a range of values. The
tudinal as well as radial effects, can be estimated as results of these parametric studies are summarized in Fig. 2,
in which we plot the dependence of the calculated fields in
KL the neighborhood of the nominal operating point of the
Zyd _Tw b(ykpa)z. (13 UCLA/LANL experiment [5], for which we calculate
yw T By,da/Byw=2X 104, in fairly good agreement with the ana-
lytical estimate of 6<10™“. It is apparent from inspection of
Because of the dependence of the plasma frequency on thieis log-log plot that the appropriate power laws are approxi-
beam density, it can be seen that the relative diamagnetimately obeyedBy,docaz, Ly.Ky,y L, providing rough veri-
field is, in the approximation given here, independent offication of the current analysis and that of Rf]. A more
beam dimensions, and depends only on the beam chargéetailed report of this numerical work, in which deviations
energy, and wiggler wave number afQ,k,, /. from analytical results are studied, will be given in a forth-
To illustrate the degree of diamagnetic suppression givecoming paper.
in laboratory situations, we summarize in Table | the ex- In conclusion, we have shown, by extending the results of
pected relative amplitude of the diamagnetic field of severaRef. [8] to include examination of radial effects, when all
present and proposed SASE FEL'’s: the UCLA/LANL ex- finite beams are taken into account, that the diamagnetic
periment 5], which has achieved the highest single pass gaitiields generated by the intense relativistic electron beam used
to date, the proposed visible SASE FEL experiment at BNLin all relevant SASE FEL'’s are negligibly small. The conclu-
called VISA[10], the TTF-FEL[2], and the LCL91]. Inall  sions of this analysis have been verified by use of numerical
cases the diamagnetic fields have a negligible effect on aBolutions of a finite beam distribution-derived fields, which
major aspects of the FEL operation. It should be noted, irinclude all time-dependent phenomena, such as finite pulse
contrast, that inclusion of only the longitudinal effects length and transient effects due to finite undulator length. A
caused Freund and Tatchyn to conclude that the diamagnetimore systematic analysis of these effects will be undertaken

Jos)

o8]
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in the future, with particular attention paid to understandingods used in this analysis, in particular the numerical simula-

the radiated fields that are explicitly forbidden in the analyti-

tions, to give insight into this problem, which has the poten-

cal model given here, but are present in the numerical simutial to seriously degrade the performance of devices using

lations[12].

compressors, such as FEL’s and linear colliders.

The problem analyzed here is also related to another as The authors acknowledge useful discussions with H.Fre-
yet poorly understood effect in high-intensity electron-beamund, L. Giannessi, M. Hogan, and C. Pellegrini. The work
physics, that of the forces encountered by the beam electrongas supported by the U. S. Department of Energy under
during bending, especially the wigglerlike bends encountere@Grant No. DE-FG03-93ER0796, and the Alfred P. Sloan

in chicane compressof42]. We also intend to apply meth-

Foundation under Grant No. BR-3225.
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