Nuclear Instruments and Methods in Physics Research A272 (1988) 457-466 457
North-Holland, Amsterdam

THE AXIAL-VELOCITY DISTRIBUTION FUNCTION AND THE LONGITUDINAL
SUSCEPTIBILITY OF AN e-BEAM IN A PLANAR WIGGLER FEL

E. JERBY
Faculty of Engineering, Tel-Aviv Unwersity, Ramat-Avw, 69978, Israel

This paper introduces a development of a normalized axial velocity distribution function and a susceptibtlity term for an electron
beam n a planar wiggler FEL. The model includes the independent contributions of the energy spread and the angular spread, the
emuttance and the betatron motion, to the axial velocity distribution function.

In the case of an emittance dominated spread, the resulting distribution function 1s a skewed, asymmetrical function. The e-beam
susceptibility is described in this case by the first derivative of the complex error function (the plasma dispersion function), convolved
with a decaying exponent.

The “exact” distribution function and the susceptibility integral that are represented in this paper may be used in any linear,
kinetic FEL model to improve its accuracy 1n cases where the angular spread, the emittance or the betatron motion, are dominant
spread sources.

1. Introduction

Kinetic, linear models of the free electron laser interaction [1-4] are usually involved with a susceptibil-
ity integral that has a typical form as follows

X (s +inky, )= _i_ez_f_w 3/ (P.)/3p:

w P:=_oos+inkw—iw/5zdpz’ (1)
where s and o are the complex wave number and the angular frequency of the electromagnetic wave, p,
and o, are the axial momentum and velocity, averaged over z, of a single electron. The wiggler wave
number is ky, and # is the harmonic order. f( p,) is the e-beam distribution function of the averaged axial
momentum component of the electrons. In the cold beam limit, f( p,) = 8( p, — P,.). the pole s, + iky —
iw,/U,. = 0 represents the full synchronism condition of the FEL interaction, i.e. the phase velocity of the
ponderomotive wave v, =iw/(s, + ik ) equals the e-beam velocity vy,. In a realistic case, the distribution
function f(p,) has a finite width, hence the susceptibility integral represents a continuous spectra of
synchronism conditions between the EM wave and the various components of the e-beam. The “spreading”
of the susceptibility poles due to the finite e-beam distribution function leads to an inhomogeneous
broadening of the FEL spontaneous emission and to a reduction of its stimulated amplification [7-13].

Various functions have been chosen for the e-beam longitudinal momentum distribution function
f(p.). These are the “window” function [7] and the Lorentzian function [9], both provide easy analytical
solutions for the susceptibility integral, and the Gaussian function [3,10,11,13] that leads to the complex
error functions representation (the plasma dispersion function) of the susceptibility integral x.(s, w).
These distribution functions are symmetrical and can be useful to describe the energy spread effect, or any
other symmetrical spread effect. However, the emittance (the angular spread multiplied by the e-beam
width) and the betatron motion [5] are e-beam spread causes that are substantially asymmetrical, i.e. the
electron that propagates on-axis determines the maximum value of p, for the longitudinal momentum
f( p,) while the other electrons, that are subjected to an angular spread, contribute a tail of lower p, values
of the distribution function. This effect of the emittance was demonstrated numerically by Goldstein et al.
[12] and has been recently discussed by Colson et al. [13]. The present paper describes in detail a
development of expressions for the normalized axial velocity distribution function and the longitudinal
susceptibility of an electron beam in a planar wiggler FEL.
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2. The normalized axial-velocity distribution function

A normalized axial-velocity distribution function for an e-beam, propagating in a planar wiggler field, is
developed in this section. The axial velocity is considered as a random variable that is a function of two
other random variables, the electron energy ymc? and the generalized electron off-axis angle ¢. This axis
integrates the spread contributions of the transverse phase-space components ., ¢,0, Xo, ¥ and of the
betatron motion. The fundamental random variables v, @4, ¢, X, ¥, are considered as independent
Gaussian distributed random variables. Using the known formulae of the probability theory, the distribu-
tion function of the generalized random variables ¢ and v, are developed.

The average axial momentum p, of an electron can be related to its randomal initial values y, p,, and

Dg- by [5]

b= (=1 = Tpw. P 1po. = 11y I (2a)

where ymc? is the initial energy of the electron, is its initial canonical momentum and 1s the
Y gy Po. Pg

transverse momentum component of its betatron motion, all are considered as random variables. The
transverse momentum of the wiggling motion, py,, , is related to the wiggler strength ay, by ay
=y|pw, | /mc, and p, is conserved along z. The canonical angles of the electron trajectory are defined
as

Pox Do,
N » 0= » 2b,C
Do 7o 0 7o ( )

and eq. (2a) becomes

, 12

b= (v = )m*?(1 = 0l — o2 — kj.x3 — kp, i) — agm’®] ", (2d)
where kg, and kp, are the betatron wave numbers in the X and J directions, respectively The variables x,
and Yo are the initial off-axis coordinates of the electron. The relation | pg|*> = (v> — )m’c*(kjx§ +

kB\ y¢) that is given in ref. [5] was used to obtain eq. (2d). The variables v, @,,. P,0, Xg. Vo are assumed to
be independent random variables and a new generalized random variable that integrates the angular
deviation of the electron, is defined as

o= + ol + @l + kjoxd + k3,0 - (3)

In general, a distribution function of a random variable z that is a function of two other independent
random variables x and y (i.e. z=g(x, y)) is related to the distribution functions f, (x) and f,(y) as

N
3y, (x, z)
)= X [A0n )P ax (4a)
where the inverse function, y(x, z), can be in general a multivalued function that satisfies
z=g(x. y) =g(x, )= =glx, yy). (4b)

In practice, the contribution of the energy spread to the axial-momentum spread is much greater than the
contribution of the angular spread, since

A¢? < Ay /v, (5a)

while for a practical electron beam, the angular spread and the energy spread contributions to the
axial-velocity spread are typically of the same order,

Ay
a¢t~ 2L (5b)
Yoy
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Hence, in order to properly evaluate the effect of the angular spread, the axial-velocity distribution should
be examined. Using eq. (4a), a relation between the axial-velocity distribution and the axial-momentum
distribution is obtained as follows

1+ ay
H{P) = =05, (6a)
)
where the average axial velocity v, is given by
=y(1—y )A(1—-¢*) -y "y’ (6b)
The axial-velocity distribution is written, using eq. (4a), as
_ /2 _ 8v(<1>, o) | 4
fu8.) = [~ S(&),(x(9 8| =g (7a)
and an assumption is taken that the energy spread is described by a Gaussian distribution function
1 ( Y~ Yo )2]
= exp| — . 7b
o= o] (5 (1)
Eq. (6b) yields
_ 1+ay — ¢
)=ty 8
v(6. 3) \/1_(#2_53/62 (82)
and consequently
3v(¢, o, v’5,
( 5 ). 2 2 2\ (8b)
a0 c (1 +ay—¢ )

In practice A¢? < 1, thus eq. (7a) becomes

L ¥’ (9, 5.) %)’
I iy werreny f f¢(¢)exr>[( A )]dqs, (8¢)

and eq. (8a) is approximated by
- 1+ay
v(o, 0.) =+ \/;_2—2 , (9a)

—¢
where ¥, is defined as

(1—2/c?) " (9b)
Eq. (9a), expanded to the second order in ¢*, yields

y=yl+ay (7. + 179 + 79"), (102)

and similarly

1

Y:

v = (1+a§ )(¥ + 75" +77%°). (10b)
The argument (y — v,)>/Ay? in eq. (8c) becomes
Y=Y\ (Y . VoY
~ z 4 z
( v )_(2Ay)¢+ o u+u?, (10c¢)
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where the normalized random variable, u, is defined as

R
u= [\/ . yo}/Ay. (11a)

The energy spread contribution to the axial-velocity spread, i.e. the standard deviation of the axial-velocity
distribution due only to the energy spread, is deduced from eq. (6a) and is defined as
A
dy= 5, (11b)
YozYo

where v, 1s given by
Yo

Yo = ’ﬁ E_Y_:’ (llc)
V +ay

and eq. (8c) is written in the form

_ ¢t e,
= U — c—u—u"|de¢. 12
The normalized distribution function f,(u) is related to f. (0.) by
_ . du.
fulw) = 1) 5 (132)
and the derivative dv,/du is obtained from eq. (11a) as
do,  ¢?

The normalized distribution function gets the form

1 = ¢ 9
u)=-— exp| — — ——u—u"|de. 14
fulw) == [ fu(#) p[ PPl ¢ (14)
It can be easily verified that in a case of zero emittance, i.e. when
folo)=6(9), (15a)
eq. (14) is reduced to a normalized Gaussian distribution function
1 :
Au)=—e™ ", 15b
fu(u) = (15b)

as expected.
An ideal planar wiggler field is described by

By = By[ § cosh k, ycos k,z—Z sinh k, y sin k,z]. (16a)
In a case where no means are taken to focus the e-beam in the x—z plane, one may assume that
Agp, > Agp,, kg, =0. (16b.c)

x

and therefore eq. (3) becomes

=, = + ol +kj, )5 - (16d)
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The distribution function for ¢, is given by eq. (9a) as

£08) =2 fe (o000 )| 2 dro (172
where eq. (16d) yields
72
Yo @0, &) = %_;;@ : (17b)
By
and consequently
Do _ —¢y (17¢)

d¢y kBy ¢ (pyO

It should be noted that the singular point ¢, = ¢, (due to the electrons with y,=0) is considered as a
removable singularity for a particle e-beam. Assuming that ¢, and y, are both Gaussian-distributed with
standard deviations of A, and A y,, respectively, and both have zero means, eq. (17a) becomes

2¢ — ¢, -1 ) 1 1
ex ol — ex — de,,.
fe (¢y) A kg, Ay, P kﬁy Ay? )f ( Y q‘)}O) Pl o kéyAy2 A(pﬁo ¥ro
(18a)
Changing variables, ¢, = ¢, sin a, the integral is represented by
2¢, 1 1 1 1
Jo\®y) = T—F—r-eXp —( + )¢ /2|1 ( /2], (18b)
¢‘( V) A okp,A ¥, Aq)_so kl%yA 7 0 A‘on kéyAy2 ?
where [,(x) is the modified Bessel function of order zero, generated by
1 r2n .
Iy(x) = ﬁ,/(; exp(x sin 8) dé. (18c)

It is previously known that the e-beam width, A y,, and the angular spread, A¢,, are optimized with the
betatron oscillation wave number, k4, when the electron beam is represented on the phase space, y—¢,,
by a circle that its radius is conserved along the wiggler axis [S]. The width of the e-beam is given in this
case by

At
Ay, = 2 2 (19a)
By

Consequently the argument of the Bessel function in eq. (18b) becomes zero in this case. Substituting
1,(0)=1, and kg, 4 y, = Ag,,, into eq. (18b), it becomes a Rayleigh density function as follows

2¢ ¢ |
fo(9,) = —5-exp| — ., $,>0. (19b)
T T
Substituting eq. (19b) into eq. (14), the normalized distribution function becomes
2 o — ¢; u 1 2 2
Nu)=—— exp| — -+ —u | do,. 19
f( ) \/;A(Pyzo L=0¢y p 4872 (87 A‘P&o)% ¢, ( c)
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Changing variables, ¢f = @, results in the integral

2 o0 62 u 1
Au)=—— exp| — =+ 6—u’|de, 19d
) \/;A‘P\zvo '/(;:0 P[ 48y? ( dy A‘Plzo ) ] (154)

of which the standard solution is given by

) 8 8 )
fi(u)= }; exp }; Z +2u) erfc( ]; +u), (20a)
Ay Agio \ Agy A(Pyo
where the complementary error function, erfc( p), is defined as
2 © 2
erffe(p)=— [ e “dx. (20Db)
i),

The ratio U = 8y/Ag¢?, gives a measure for the relation of the contributions of the energy spread and the
angular spread to the axial-velocity spread. It can be related to the e-beam emittance

e, =7y de,, (21a)
by the expression

Sy 7 Oy
Pro By S

Finally, the normalized distribution function for the axial velocity in a planar wiggler is given simply by
f(u) = Uexp[U(U+ 2u)] erfc(U + u). (22a)
The normalized variable u, given in eq. (11a), can be approximated to the first order in 0, by

5: N l_)Oz

I

(22b)

! 50187 '

thus it relates the axial-velocity deviation of an electron to the standard deviation of the axial velocity due
only to the energy spread.
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Fig. 1. Curves of the normalized axial velocity distribution function f,(u) = U exp[U(v +2U)] erfc(U + u), eq. (22a).
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Fig. 1 shows curves of the noralized distribution function f,(u) for various values of the ratio U. It is
shown that for U > 1, when the energy spread is dominated over the angular spread, the distribution
function tends to be a Gaussian, as expected. In the other extreme, for U << 1 when the angular spread is
the dominant spread effect, the normalized distribution function becomes asymmetric. The positive slope
of the curve is more moderate than the negative slope and this may further reduce the gain in the
warm-gain regime.

3. The e-beam longitudinal susceptibility and the FEL parameters

The longitudinal susceptibility integral eq. (1) is solved in this section, using the normalized distribution
function eq. (22a) that brings into account the energy spread, the emittance and the betatron motion
effects. The solution of the susceptibility integral leads to the definition of the FEL parameters; the
synchronism parameter @, the space-charge parameter .§p and the thermal-spread parameters.

The longitudinal susceptibility x,(s, w), given in eq. (1), can be written in terms of 7,, using eq. (6a), as

e’ny(1+ay) ;= 3f(o.)/90, )/av
Xz(s,w)=——m<y3>s—2f5 L T—iwss do,, (23a)
or in a normalized form, using eqs. (13a,b), as
e’ng(l+ay) df(u)/du
x:(s, @)= - 30(2 - N 2,[ fz(4 _)é du, (23b)
m{y”)s(09.8y)"
where the complex variable { is defined as
¢ = 1w/Vy, — 8 — inky (23¢)

(s+inky )8y

The normalized integral in eq. (23b) is sometimes defined as G'({) [3] and maintains
ey = (S w)/du f(u)
G'()= [=7% dgf (23d)

The first derivative of the normalized distribution function f, (u) (eq. (22a)) is:

%fu(u) =2U%exp[U(U + u)] erfe(U+u) — 2 U exp(—u?). (24a)

Vr

Curves of f(u) for various values of U are shown in fig. 2. These curves can be related to the FEL gain in
the warm-beam limit [3]. Substituting eq. (24a) into eq. (23b) results in

’2

w, o0
x5 @)/eo = —"2[202 e [ 2% erfe(U + u) du - 20Z(1)]. (24b)
SZ(EOZSY) x=0
where «;, the relativistic plasma frequency, is defined as
ny{l+a
w =e L}—W) (24c)
mco<yo>

and Z({) is the complex error function that is also known as the “plasma dispersion function” [6]. It is
defined as

Z(¢) - dz. (24d)
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Fig. 2. Curves of df,(u)/du, eq. (24a), for various U values.

Using the definition for erfc( p) (eq. (20b)) and changing variables, eq. (24b) becomes

12

Wy % 1 2 * 2
x.(s, 0)/€g= ————[2U2 ——e U = e (rriT gy du—-ZUZ({)]
(25a)
Changing the order between the integrals over u and y leads to
72
€0 4 * oy [ I —o+w?
x.(s, w)=———[——U e 2V — e Oy dy - 2UZ($)]. (25b)
s2(50,87)" L vVm /y=o ./,;:,wu—f
The inner integral (over u) is replaced now by Z({ + y) (eq. (24d)), and eq. (25b) becomes
,2
@p
oo = 2w [ 2 ) 4 7)) (250)
( Oz )
Using the identity
Z'(§+y)= d§2(§+y)— Lzt +y), (25d)

and integrating eq. (25¢) by parts, one obtains an expression for the e-beam susceptibility as follows

x-(s, w)/eg= 2( 87) 2Ufy e ?Z'(§+y) dy. (26)
Vo

In practice, the FEL interaction of an electromagnetic wave with a wiggling e-beam is not strong
enough to change the wave number of the EM wave substantially. Thus the s variable in eq. (23c) can be
written as [4]

s=iky, +i8k (27a)
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where kg, is the longitudinal wave number of the central component of the angular spectrum of the initial
EM plane-wave group. It is assumed that

|6k | < ky,, (27b)
and therefore the shifted (™) parameter can be written in terms of the FEL parameters as
8, — 6k
§ = =, (28a)

th
where 8,, the detuning parameter, is defined as

b, = w/Vy. — ko, — nky, (28b)
The detuning spread parameter due to the energy spread, 85°, is defined as

05° = (ky, + nky )8y, (28¢)

or in a condition of near synchronism operation, where 8, ~ 0, as

w
€S __
.

3v. (284d)
U

The detuning parameter, §,, measures the synchronism between an electron of which the axial velocity

equals the average, v,, and the nth harmonic of the ponderomotive wave. The detuning spread parameter,

05", shows the standard deviation of the electrons (due only to the energy spread) from the average

detuning value 6,. Another constitutive parameter of the FEL interaction is the space-charge parameter 6,

that is defined as

_ e (1+ay) ;
P 5Oz m6063 <Y($><Bz3> v

where J; is the on-axis e-beam current density.

The FEL parameters, 6,, 5" and 6,, multiplied by the interaction length L., can be interpreted as
phase variables with respect to the ponderomotive wave.

The shifted e-beam susceptibility, x{”) = x,(s + inky,)/¢,, that is modulated in the s-plane by +inky,,
is written in terms of the FEL parameters 8,, 5>, U and {(8,, 65°) as

6?2 -
X = —L2U [ eUZI (5 +y) dy. (29)
(0th ) y=0

One can easily verify that in a case that U > 1, i.e. in a case that the angular spread is small with

respect to the symmetrical energy spread, eq. (29) is reduced to the known expression [3]

(28¢)

2

0]3 ’
(n = 7' (§™) {30a)
(65°

In the cold beam limit, 8y =0, 65° — 0, and {— oo (for any s +# iw/3,.). The infinite limit of the
complex error function (24d) is Z({ — o) = —1/¢{ and the susceptibility term is further simplified to

2
013

e B
(8 —8k)°

X (30b)

The effect of the asymmetrical contribution of the angular spread is seen in the susceptibility integral
(29). This can be regarded as a convolution of the known Z’({) solution, with a decaying exponent e ~2Y"
that represents the angular spread effect, as a tail spreading of the e-beam susceptibility.

I1I(b). BEAM TRANSPORT
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The ratio 0;/(0315 )? can be related to be Debay wave number which is defined as

’

kD=ﬁm§ (31)

thus the coefficient 87 /(85" )* = (kp/(ko. + ky))?, appearing in eqs. (29) and (30a), can be regarded as
the ratio between the ponderomotive wave wavelength and the e-beam plasma shielding radius.

The susceptibility integral eq. (30) can be easily computed by any standard integration method. The
convergence of the decaying exponent e 2" is determined by U and is typically fast. The computation of
Z'($) is based on its asymptotic expansions and continued fraction representations [6] and is usually
provided by computer mathematical libraries. The evaluation of the susceptibility term x!™ enables
obtaining solutions for the gain dispersion equation [11] and for its higher-harmonics and three-dimen-
sional versions {4].
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