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Abstract.

This paper presents developed results of investigation of the transverse emiftance
dilution in the TESLA FEL bunch compression system. The calculations for the
quadrupole and sextupole field component of the bending magnet are performed. The
requirements for the bending magnet field of the dipole magnets of the 2nd bunch

compressor are determined.
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The second bunch compression system for the TESLA Test Facility FEL
consists of four rectangular magnets with adjusting focusing system. The bunch
compressor has to decrease the bunch longitudinal rms size from 0.8 mm to 0.2 mm at
an energy of 144 MeV [1].

In this report the main parameters of the second bunch compression system
are determined to get the required compression. The transverse emittance dilution due
to the quadrupole and sextupole components of the bending magnet field in the bunch
compression system is calculated for the energy dispersion about 0.5 %. The main
requirements for the bending magnets of the 2nd bunch compression system are

determined.

Introduction.

In the TTF bunch compression systems the C-type dipole magnets will be used.
For this type of magnet field can be presented as combination of dipole, quadrupole
and sextupole components. As is shown in the report [2] the quadrupole (sextupole)
field component in dipole magnets of the bunch compression system will dilute the
horizontal emittance. First of all it is necessary to investigate influence of the

quadrupole magnet field component on beam emittance growth.

1. Analytical approach.

The main peculiarity of the bunch compression system is the following. Each
particle of the bunch moving in transverse magnet field spends time determined by own
energy and bending magnet field value. The magnet field is not uniform in a working
region due to magnet field errors which can be presented as some quadrupole and
sextupole magnet field components. In this case calculation of the time should be
made accurately to investigate longitudinal and transverse particle motions.

Let's consider the particle motion in the Cartesian coordinate system {x,y,z).

The dipole magnet field has the dipole and quadrupole components and one can present

this field as {B,.By.B,}, where B, =gyB, , B, =B,(l+gx), B,=0, g=G/B, ,
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G =aBy/8x. Using these assumption the particle motion equations can be written in

the following form

"=a (1+gx)z

2" =—-0 (1+gx)x'+ o gyy’, : (D
y'=-o gyz’,

IelBo

mgYc”

where all values are functions of the "time" s=ct, ¢ - the light velocity.
To investigate the emittance dilution due to the non-uniformity of the bending
magnet field let's consider coordinates of an arbitrary particle of the bunch as some

combination

x=x,+&+0,
Y=Y, +O0+A 2
z=2,+M+€

where (x,,y,z,) are the coordinates of the "reference" particle, (£,¢,n7) are the
additional correction of particle coordinates, connected with real .particle energy,
(c,Ae) are the additional correction of particle coordinates, connected with the
quadrupole gradient of the real bending magnet field. The "reference" particle is the
particle with some fixed energy (for the second TTF bunch compressor this energy is
144MeV). Using this approach the analytical solutions of the particle motion equations
are defined.

The solutions of the equations (1) for the "reference” particle in the case of
uniform magnet field are

, sin{o,s) , 1—cos(os)
+2z

X, =Xq+X .
r 0 0 ar 0 ar
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sin{Q.8) 1—cos{o s
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where (X4,Y4,24),(X4,¥0,Zo) are the initial coordinates and velocities of the “reference”
. |e:|B0 . . . :
particle, o, = myy.c? is proportional to the inverse value of the curvature radius of
0lr

the "reference” particle in the ideal bending magnet field By, v, =1+E_/(mc?) is the
relativistic factor of the “reference” particle, E, is the energy of this particle. Using these
solutions one can define the coordinates of an arbitrary particle in the case on the
uniform bending magnet field
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The initial values (£3,£5,M,15,00.05) are determined for each.particle of the
bunch from distribution in the 6th dimensional ellipsoid before injection into the first
magnet of the bunch compression system.

To simplify the solution of the general equations (1) in the case of non-uniform

unhomogeneous bending magnet field one can consider only values proportional to the

first order of g, becanse goc107* . Using this assumption one can get the equations on



the additional part of the particle coordinates defined by

of the magnet field and the own particle energy

o =0 + goz,X,
&' =—00 —ga X, X, + 80 Yy, Y,

A =—goly,z,
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some quadrupole coefficient

)

Solutions of these equations may be written in the form

o
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a,,b,,D;, D, are values related with the initial conditions for the reference particle, the

uniform value of the bending magnet field, the quadrupole coefficient of the magnet
field and the energy of each particle

o
b, =g—z,(x,+-2)
1 gar o\ %o o,

a ! r o
b2=g?@(x02—zo°)

o
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The solution for the y-direction one can write in the following form

o | YoZo  2YoXo . L 2¥0% |
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where C = g (yoxa Ycﬂ) ; szga (-2 ;yo"'Yoa)

. Using these solutions the
I

(3 r

calculation of the partlcle motion in the magnets of the bunch compression system is
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performed and the emittance dilution due to the quadrupole coefficient of the bending
magnet field is estimated.
To define the beam emittance one can use the general definition of the .rms

beam emittance

€= 0, (x;— X2/ N (v, = v IN = D [(x, = x)(v; =P IN 7

where X;,V; are the coordinates and velocities of i-particle, x,v are the average values.

To get particle distribution in the bunch before the TTF bunch compression
system one can use the microcanonical distribution in the transverse phase ellipses with
some defined half-axis’s and the Gaussian longitudinal distribution with special
arrangement along the bunch to get a “linear” correlation between the particle kinetic
energy and longitudinal position (see Appendix). The special arrangement is used to

investigate the longitudinal bunch éompression.

2. Longitudinal particle motion in the 2nd TTF bunch compression
system.

The main dimensions of the second bunch compressor are the following. The
dipole magnet length is 50 cm; the distances between the first and second magnets and
the third and fourth magnets are 50 cm, the distance between the second and third
magnets is 100 cm. The energy of the “reference” particle is 144MeV , the initial
longitudinal rms bunch size is 0.08cm and the energy dispersion is 0.005. The bending
angles are changed between 18 degrees and 23 degrees [1]. The corresponding dipole
magnet field corhponents are 2968.617 Gs and 3753.616 Gs respectively. The working
region length of the dipole magnet in the x-direction in this case should be 18.5 cm.
The reference particle trajectories for these values of the bending magnet field are

presented in Fig.1.
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As a first step the longitudinal particle motion in the bunch compression
system is considered. Using the developed program the bunch compression without
space charge effects (for the “cold” beam) in the maghct chicane is analyzed. In Fig.2
the relative longitudinal bunch size as a function of the bending magnet field is shown

to demonstrate the longitudinal bunch size compression.
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Longitudinal Compression as a function of bending angle

0.025

0.02 /
<\
0.015

5

%..

;]

E 0.01

N \

N~
. \/
10 12 14 16 18 20

alfa (degree)

Fig.2

3. Transverse emittance dilution in the bunch compression system.

The transverse emittance dilution may be estimated by the PARMELA
program. Obviously that the transverse emittance for the system with an * ideal”
bending magnet field is constant before and after the bunch compressor. Using the
PARMELA program one can get this result with 1...2% accuracy. |

Using the described algorithm the special program is made to investigate
emittance dilution due to quadrupole magnet ficld component in the bending magnets
of the second TESLA FEL bunch compression system. This results is checked by the

PARMELA program. And as the next step, the transverse emittance dilution due to



TESLA FEL Report 1996-11

sextupole component of the bending magnet field is estimated by the PARMELA

program.

3.1 Transverse emittance dilution due to quadrupole magnet field component. |

To estimate transverse emittance dilution due to quadrupole component of the
bending magnet field of the 2nd bunch compression system one can use the developed
program. The particle bunch can be presented as some slices in the transverse direction.
Each slice has the own energy. The energy of the slices are in the range 144+0.720 MeV
(0=0.005). The transverse coordinates and velocities of the particles in the slice are
generated to get the microcanonicat distribution. Before and after the bunch
compression system the transverse emittance is determined using the general definition
(7) for all particles of the bunch.

The initial bunch parameters are the following:
o, =0.08(cm), o =0.005, " =1-(x)-mm -mrad or

" =2-(n)- mm-mrad, B, =150m, f, =80m, o, =0, =0.rad, B, =144MeV, where

G, are the rms longitudinal beam size, Og is the energy dispersion, €" is the
normalized transverse emittance.

Fig.3 and Fig.4 show the relative emittance dilution De, = (¢ —ginitial) s ginicial
as a function of the average quadrupole component in the working region of the dipole

1 dB

magnet {(g)= <B—E}> for the dipole magnet field 2968.617 Gs and 3753.616 Gs for
0

different initial emittance.
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Fig.3 presents the relative emittance dilution as a function of the .quadrupole

component of the bending magnet field for different values of the normalized initial

transverse emittance : 1pi mm.mrad- the dashed line, 2pi mm.mrad - the solid line. The
dipole magnet field is 2968.617 Gs.
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Fig.4 presents the relative emittance dilution as a function of the quadrupole
component of the bending magnet field for different values of the normalized initial
transverse emittance : 1pi mm.mrad - the dashed line, 2pi mm.mrad - the solid line. The
dipole magnet field is 3753.616 Gs.

Fig.5 shows the comparison of the results of the emittance growth calculation
due to quadrupole field component for the dipole magnet field value 3200Gs
corresponding to the 20 degrees bending angle. To analyse the transverse emittance
dilution using the PARMELA program particles of the bunch are generated randomly
in a four dimensional transverse hyperspace with uniform phase and random energy
(INPUTS®6). The initial parameters are the same as mentioned above. The obtained
result corresponds to the emittance with the 90% of the particles. To present the
bunch 1000 particles is used. To include the quadrupole field component in the

bending magnet the magnet can be presented as a few “short” bending magnets.

12
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Between the “short” magnets the quadrupole and sextupole lenses can be installed to
model the “real” magnet field of the dipole magnet with dipole, quadrupole and
sextupole components. Length of the lens should be small so that the emittance .

behavior does not change due to additional drift space.

Comparison with the PARMELA program (for 1pimm.mrad)
Emittance difution
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Fig.5

As one can see from obtained results to get the 10% dilution of the x-
emittance in the 2nd TTF bunch compression system with the dipole magnet field
between 2968.617 Gs and 3753.616 Gs the avérage quadrupole component of the

bending magnet field in the working region should be:

13
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7.0e-5 (1/cm) for the 1pi.mm.mrad initial transverse normalized emittance and
2968.617 Gs magnet field;

1.0e-4 (1/cm) for the 2pi.mm.mrad initial transverse normalized emittance and
2968.617 Gs magnet field;

4.0e.5 (1/em) for the lpi.mm.mrad initial transverse normalized emittance and
3753.616 Gs magnet field; a

6.0e-5 (I/em) for the 2pi.mm.mrad initial transverse normalized emittance and
3753.616 Gs magnet field.

3.2 Transverse emittance dilution due to sextupole magnet field component.

To estimate the emittance dilution due to the sextupole magnet field
component in the bending magnet the PARMELA program is used. In this case the
quadrupole component is fixed. Fig.6 demonstrate the relative emittance dilution as a
function of  the sextupole field component of the bending magnet field for the dipole
magnet field value 3200 Gs. The quadrupole field component is g=5.0e-5 (1/cm) that
corresponds to the 9.5% emittance growth of the 1pi mm.mrad beam without the
sextupole field component . To estimate the difference of the sextupole component for
the another initial condition the extra calculation is made for the 2pi mm.mrad beam

with g=7.5e-5 (1/cm) that corresponds to 8.5% emittance growth.
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Relative emittance dilution as a function of sextupole
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One can see from Fig.6 for the average

sextupole field component of the

bending magnet field about (2..5)e-4 (1/em*cm) the relative emittance diluiton is less

that 15% in the case the some quadrupole field components, as is indicated above.

4. Magnet field requirements .

The main parameters on the dipole magnet of the second bunch compression

system are collected in the Table 1.

15
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Table 1.
Main requirements to the dipole magnets
of the second TTF bunch compression system
( C-type dipole magnet )
Bending angle for the reference particle | 18.0...23.0
with the energy 144MeV (degree) |
1
| Length of the bending magnet (cm) | 500 |
!
____________________________ ! —— o —— — — ———— ST S — A —————— — — —— i
Gap size (cm) H 22.0
I
____________________________ I ——— — — — iy prr S —— ——— — — T T B ik Bk i o o o e ]
Length of the working region (cm) T >18.5
| :
———————————————————————————— : ————— ——————— — ———— — — — — o W S t—— —
Dipole component of the magnet field , BO | 2968.617...3753.616
(Gs) :
____________________________ L

Average quadrupole component of the |
bending magnet field in the working |
region to provide the transverse emittance ! ~7.5-10 (1pi/ 2968.617Gs)

dilution about 10% without sextupole i ~10-107(2pi / 2968.617 Gs)

|

|

|

|

|

t .

lconggme“ ~4.0-107 (1pi/ 3753.616 Gs)

g= Y [ 1 ) ~60-107° (2pi/ 3753.616 Gs)
B0 ox cm

Average sextupole component of the |
bending magnet field in the working |
region to produce the transverse emittance !

dilution about 15% for 1 4 )

fixed g-values ! ~2-107" (2 pi mm.mrad)
1
|
|
|
|

~5-107* (1 pi mm.mrad)

1 9B, ( 1 J
> BO ox? cm?

16
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Appendix.

Particle generator.

Initial conditions for the bunch particles are defined to present the stationary system with the
following distribution function in the 4th dimensional phase space

2 2 2 72
rd ’ x y X y

F(,X,y,¥) = A- Q| o + 25+ -+

( y,¥") ¢ PR ILENS R

! ’ . s . .
where (X,X » Y, ¥ )~ the transverse coordinates and velocities of the particles in the bunch, -

(a, C; b, d) - the half-axis of the phase ellipses.
To generate the particles with required initial bunch sizes it is necessary

(1.1}

I. to put the bunch particles in the 4th dimensional phase space in according with the distribution
function {1.1) and .
2. to provide in the longitudinal direction a “linear” correlation between pdrticle energy and particle
longitudinal position.

Let's use the polar coordinates to generate the particles in the 4th dimensional phase ellipse.

In this case one can write the relations
x=a-r-cos(6,) (1.2)
y=b-r-sin(0,;) -rcos(Oz)
x"=c-r-sin(8,) sin(8,) - cos(8;)
y' =d-r-sin(0,) sin(0,) - sin(0;)
where 0 S1r<ee , 00, €7 (i=12),0£6;<2n, 1,0 ,(i =1,2,3) -

the polar coordinates of the particle.

In these coordinates the normalized distribution function is a function of T’

2
fry = O

- (1.3)
2m*abed [ @(r?)r’dr
0

and an element of the 4th dimensional phase volume can be presented as

dV=a-b-c-d-r’-sin*(0,) sin(,)-dr-d6, -db, -d6, (.4

Number of  particles in an elementary  cell with coordinates

(I‘i,l‘i +Ar),(9ki,8ki +A9k),k =1,2,3 one can define as

18
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M

dN, = —2{[A91 —sin(AB,) - cos(26;; + A8))]-sin(6,; +é§—2)'siﬂ<&
T

5 A93)}><

I, +Ar

[ @@?)r’dr

3

T(p(r2 )r3dr
0

X

where M is the coefficient to get an integer part of le

For a microcanonical distribution /3/ when number of particles per a cell is not a function of
T and

() =87 ~ 1) s

one can use the following algorithm to get the initial particle distribution.

The number of particles in the elementary volume is
. : AB, . .

Angle numbers 91 ,92 are defined equal and 93—coordinatc of the particle on the surface of the

hypersphere is an accidental coordinate.

To provide some symmetry in the particle distribution the particles are generated in the first
coordinate quarter and after this the particle coordinates are reflected relatively coordinate axis’s.

To get the longitudinal coordinates of the particles to model the compression mechanism in
the bunch compressor one can use the following method. As the first step one can generate gaussian
distribution of longitudinal coordinates and energy of the particles with given parameters and after
this define the longitudinal velocity for each particle using the result of generation in the transverse

directions.
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