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Abstract

The radiation from a transverse optical klystron (TOK) is calculated by far

ficld approximation equation and numerical integration, in which the effects of clectron-beam
cmittance and energy spread are considered. Accurate clectron-beam profiles have been ex-
perimentally determined and modeled by the Monte Carlo method. The calculated spectra
illustrate the emittance of Hefei storage ring imposes on the spontancous radiation of TOK.

Keywords

1 Introduction

The 2m long TOKM (shown as Fig.l) is
made for gencrating coherent harmonic of short
wave length to meet the requirement of exper-
imental study on the electron storage ring in
Hefei. Before the TOK operates in storage ring,
the spontaneous radiation spectra are numeri-
cally simulated.

Fig.1l The structure of the TOK

We developed software to calculate the
spectra of insertion device having an arbi-
trary magnetic-field distribution, including the
affects of finite electron-beam emittance and
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We may assume that 7 ; is a constant inde-
pendent of £. For a distance detector at spher-
ical polar angles # and ¢ with respect to the z
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Spontancous emission, Monte Carlo simulation, Emittance, Energy spread

energy spread. Realistic modeling of elec-
tron beam is an essential requirement. Thus,
electron-beam profiles should be determined ex-
perimentally and used in the calculations. We
modeled the observed electron-beam profiles us-
ing a Monte Carlo method. In this paper we
report briefly the modeling of electron beam,
and present the calculation spectra influenced
by the properties of clectron beamn.

2 Computation of the spontaneous
radiation

Let us now consider independent N clec-
. . . nd
trons in arbitrary motion and let r; (t) and

B;(t) be the position and the velocity of the
electron 7 at time t. We assume that the clec-
tron radiations are independent of cach other.
In far field approximation, the general form of
the power radiated per solid angle A, in the
direction 7_1,}, in the frequency range Aw, and in
terms of an integral over the trajectory of an
electron isl?

(1)

axis, i.e. ,

(2)

and then Eq.(1) becomes the following approx-
imation equation:

— . - Py . o~ -
n= sin @ sin T + sin d cos py + cosHz
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A, = B, sin? fsin’ ¢ + By, sin® f cos psing + B sinfsinp cos§ — G,
A, =0 sin® @ cos psinp + B, sin® @ cos® p + B. sinfcos p cos § — G, (4)

A, = Brsinfsinpcosf + By sinfcospcosf + 3. cos? 8 — g3,

The position integral of Eq.(3) nceds the
detailed trajectory. When the clectron’s start-
ing position and divergence relative to the ideal
orbit are known, the electron trajectory can be
caleulated by solving the associated differential
equation using the measured magnetic field of

thie TOKBI.

3 Realistic modeling of the electron
beam

Taking the beam emittance and energy
spread effects into consideration, we usc the
Monte Carlo method in tlie numerical calcu-
lation. The Monte Carlo method realistically
models the actual physical system. Let us con-
sider the distribution of electron displacements

1

P(z,j,as;g) =

where:

OBx = / B,

the amplitude func-
Note

that (:c,:z:’) in these equations can be replaced

£, 18 the emittance, G,
. S A .
tion “and v, is the Twiss paramecter.

cqually well by (v, y') .

Wlen the cuergy of an electron changes,
there result in clectron displacement z., and an-
gular divergence z. given byl4]

(M

£
Le = ana T, =

where 7 is the dispersion function. The proba-
ble density Wi(e), wherc € is an energy deviation
from the most probable value of an cnergy F,

1 T3
, = CXp | — v | 5
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and angular divergences from the ideal clectron
orbit. The total radial displacement z (and sim-
ilarly, the divergence z’ ) from the ideal electron
orbit 1s the sum of two parts: the betatron dis-
placement z respect to the closed orbit and the
displacement z, of the off-energy closed orbit.[4]
Conscquently, one writes,

'

T =3+ 2, B (5)
It is assunied that tlie betatron displace-
ment and betatron slope have a standard bino-
mial distribution in botl the horizontal (z) and
vertical (y) directions. The probability distri-
bution in one planc (either z or y) is (5.6]
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1s a distribution according to

Wie) = (8)
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The parameter o, is the root-mecan square, of-
ten called the standard deviation, of the energy
distribution.

It is possible to generate an electron-beam
model from the probability densities given by
Eqs.(6) and (8) with Twiss parameters, the dis-
persion functions, the beam emittance, and the
energy spread. Although not measured dircctly,
those parameters can be determined from tle-
oretical calculation and experimental obscrva-
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tion. We adopted calculated valucs of the Twiss
paramcters and dispersion functions from the
computer code.

At the entrance of the TOK, clectron beain
phase space can be simulated by the standard
Moute Carlo method:

z=z9+0,vV—2lnu (\/1 — p%cos 27wy 4 psin 271'1))
z = xé] + ooV —2Inusin 27v

wlere u, v are random variables and uniformly
distributed between(0, 1).

The beam size measurcnients were carried
out on Hefei storage ring (at 200 MeV) at one
of the bending magnets. The synchrotron ra-
diation from the bending magnet was focused
with a lens and the transversc becam profile
was imaged on the detection surface of a CCD
cameral”. Fig.2 shows the CCD image of the
synchrotron radiation from the bending mag-
nect. The transverse beam sizes in the horizontal
and vertical directions (o, 0y) were then calcu-
lated from the CCD image. Combining the cal-
culated values of the Twiss parameter, we can
calculate the emittances which are €, = 1.27 x
10~7 mrad and ¢, = 8.45 x 10~® mrad. Then
the transverse beam sizes at entrance of the
TOK can be calculated from the emittances and
the calculated values of the Twiss parameter.
Therefore the source points at the bending mag-
net and TOK are characterized by the param-
eters given in Table 1. And the energy spread
o/ E is measured to be 0.05% approximately. (8!

31—

24 0:=1.63mm

1{ 0:=0.67mrad

z' /mrad
o

z/mm

(9a)
(9b)

z. and z! can be neglected because o, /E is
much small. Fig.3 shows the clectron-beam
model at the entrance of the TOK, and Fig.4
shows the spread of electron-beam simulated by
the Monte Carlo method.

Table 1 The characteristics of the bending
magnet and TOK

or/mm oy /mm B; /mrad”" By /m-rad”’
0.677 1.028 2.4 20.86
1.63 0.59 12.5 4.09

Bend magnet
TOK

Fig.2 CCD image of the synchrotron radiation
from the bending magnet

2 i 0y =0.59 mm 4

oy =0.4Tmard

y' /mrad

y/mm

Fig.3 Monte Carlo simulation of the electron beam in (a) horizontal and (b) vertical phase space at the
entrance to the TOK at ring encrgy of 200 McV

4 Results and discussion

Fig.5 shows the simulation result of the
first harmonic spontaneous emission for an op-
tical klystron, with electron beam emittances.
The calculated spectra show the asymmetry of
the modulation rate, which is typical of this

B e

kind of dispersion and in which the wavelength
emitted by an electron is proportional to 67
consequently, the side corresponding to higher
wavelength is jumbled. According to theoreti-
cal result, the modulation rate can be calculated
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from the following formula:!?]

k; g2
fi=exp [—— (1 + 2—;')J
2 T4,

(10)

wlere ¢ stands for z or y direction; k; = 7(d +
700 —— v " 3577 -
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Fig.4 Monte Carlo simulation

064 066 072 076 080 064 068
Afpm

Fig.5 Spontaneous emission for

L) \/5092,-//\. This result can be used to measure
the angular spread of the beam by simply mea-
suring thie modulation rate on the spontaneous
ermission off-axis from the clectron beam.

o= 163mm
0“ =0 67mrad

g =058mm
Y

o =0 47mrad

o /E=005%
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Fig.6 Spontaneous emission for

of the electron beam in energy the TOK including electron the TOK including only eclee-
spread beam cmittance and ecunergy tron beam cnergy spread
spread

On the other hand, the energy spread in-
duces an inhomogeneous decrease in the modu-
lation rate for the spontaneous emission in the
TOK. Fig.6 illustrates the influence of electron
beam energy spread on the spontaneous emis-
sion spectra. The modulation rate imposed by
energy spread can be calculated from the fol-

lowing formula:[?!

2
f =exp |87 (N + Ny)° (%) J (11)

Therefore, the electron beam energy
spread can be determined by simply measur-
ing the modulation rate of spontaneous emis-
sion spectra.

The simulation results include the influ-
ence of the transverse distribution of magnetic
field and field errors. In realistic measurement,
the spectra include these influences also, and
these influences should be subtracted. Thus the
measurement of spontaneous emission spectra
provides a way to diagnose electron beam.

The simulation results show that the prop-
erties of electron beam in Hefel storage ring

impose sharply on tlic spontancous spectra of
TOK , and limit the effective gain of TOK.
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