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Abstract

We present a design of the injection low energy transport line for the pro-
posed NSLS UV-FEL. The main concern is to control the beam transverse
emittance dilution due to space charge, energy spread and non-linear forces
introduced by magnetic elements. In this paper, we discuss the design con-
siderations to optimize the transport line including the deleterious effects of
space charge and energy spread as modeled by the particle code PARMELA.
The results from PARMELA are analyzed and the concept of slice emittance
is used to examine the causes of emittance growth.

I Introduction

The National Synchrotron Light Source (NSLS) at BNL is proposing the construction
of a UV free electron laser (UV-FEL) radiation source capable of providing tunable,
coherent radiation from 3000 A to 750 A at near gigawatt peak power. [1] Such
a source with peak energy near 1 mJ per pulse is well beyond conventional laser
technology and could have an immediate impact on a large number of experimental
studies in a varied of fields in physics, chemistry and biology. [2]

The proposed FEL is a subharmonically seeded single pass FEL using harmonic
generation techniques, which utilizes two wiggler magnets separated by a dispersion
section. [3] This technique can provide short wavelength, high peak power and very
stable radiation.

The FEL is expected to be driven by a 300 A conventional seed laser and a 260
MeV energy electron beam with 87 mm-mrad normalized rms emittance and a local
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0.1% energy spread. The accelerator used to achieve such a beam is a superconducting
recirculating linac system. An schematic of the machine shown in Fig. 1 consists
of a 10 ~ 20 MeV injector, a superconducting linac segment, a recirculator, and a
separating/matching section.[4] The electron beam is recirculated to make up to three
passes through the linac segment. The linac accelerates the beam with an energy gain
of 80 MeV per pass to a final energy of 260 MeV. There are two recirculation lines (100
MeV and 180 MeV) to transport the beam back to the linac for further acceleration.
Each recirculation line consists of two arcs and a transformer. The final part of the
transport line is used to switch the beam to different wigglers and to match the beam
at the entrance of each wiggler to the required FEL parameter.

In this paper we are focussing on the low energy beam injection line which starts
from the exit of a photocathode electron gun to the entrance of the superconduct-
ing linac segment. The design considerations concerning emittance are discussed in
section II. A detailed optics design of the line based on the code PARMELA (5] in
conjunction with code TRACE2D [6] is presented in section III. In section IV, the
result from PARMELA are discussed and analyzed making use of the concept of slice
emittance.

II Design Consideration

The physics of free electron laser requires the electron beam emittance e, < A. The
emittance growth in the entire transport line is mainly taking place in the low energy
transport line. Therefore, a major conce:n in the design of the low energy injection
line is to minimize the electron beam emittance growth. The emittance discussed
here is the rms normalized emittance defined by

€& = \/< 22 ><pl> - <zp, >? [rmm — mrad]

in the projected {wo-dimensional phase space. In a licear system, in which horizontal
(x), vertical (y) and longitudinal (z) motion are decoupled, the emittance is a invariant
in absence of energy spread. The emittance dilution is the result of nonlinearity of
magnetic elements, energy spread, space charge, and the coupling between x, y and z
phase spaces. In addition the emittance growth can also be caused by a mismatched

beam.
The magnetic nonlinearity can be caused either by nonlinear devices or by the

edge or end effects of linear devices without considering the distortion or error of
the magnets themselves. The coupling of the phase space planes is intrinsic to the
dynamics of the RF electron gun and to the external magnetic focussing forces. To
minimize the emittance dilution due to nonlinear magnetic field, the transport line is
designed with only linear elements with no coupling and the size of the beam is kept
small in the good field regions.

The canonical definition of the emittance makes it non-constant even in drift
spaces when the beam has energy spread; this fact is not present in the unnormalized
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definition . The emittance variation arisiug from energy spread depends on the the
transverse velocities of the beam. To minimize the emittance dilution, it is best to
maintain the beam parallel to the propagation axis, over focussing should be avoided.

A major cause of emittance growth in low energy beam is the space charge
force. This Coulomb self force is complicated because the field depends upon the
time(phase)-varying charge density of the beam; in general, it is nonlinear and time
dependent. It also enhances energy spread and generates coupling between the tkree
phase space planes. In turn these nonlinearity, energy spread and coupling produce an
emittance increase. The emittance increment due to the space charge is proportional
to beam size and inversely proportional to the third power of the beam energy. To
minimize the space charge effects for emittance preservation, it is desirable to go to
high energy immediatelyafter the gun and to keep the beam size small.

IIT Transport Line Description

The low energy beam transport line from the end of the photocathode rf gun to the
entrance of the superconducting linac is shown in Fig. 2. This 10 meter long line can
be separated into two distinct parts, an accelerator section and a 45° bend section.
Each section is about 5 meter long.

The input beam is adopted from simulations of a 3-} cell photccathode RF
gun,(7] as generzted by the particle-in-cell code MAGIC [8]. The parameters of the
input beam are listed in Table 1[9]. The initial beam profiles in phase space are shown
in Fig. 3 where the average slope < rr' > / < ? > has been substracted to exhibit
the fan-like structure of the beam. The output of MAGIC is used as an input to
the three-dimensional code PARMELA with a two dimensional space charge model.
PARMELA is the chosen design code for the low energy transport line in conjunction
with the transfer matrix base code TRACE3D.

The accelerator section consist of a solenoid and a superconducting RF cavity.
The solenoid is needed to provide equal focusing in both transverse directions and
convert the divergent beam into a convergent beam. The superconducting cavity has
two 4-cell accelerating parts separated by a one rf wavelength drift distance. This
cavity is used to increase the beam energy from 10 MeV to 20 MeV in crder to reduce
space charge effects.

The length and strength of the solenoid is adjusted to present a convergent
beam to the superconducting cavity and to focus the beam to a waist at the first
dipole of the bend. This arrangement smooths the beam envelope and reduces the
emittance growth; also, it provides a necessary matching for the beam entering the
bend. In Fig. 4, we show the electron envelope for the accelerating section.

The initial beam pulse length is about 2 ps which is equivalent to 0.36° of RF
phase at 500 MHz. Since the pulse length is just one-thousandth of the RF wave-
length, the energy spread induced by the cavity is negligible. To have the maximum
acceleration, the beam is placed on the peak of the RF field. This gives relatively
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Table 1: Injected Beam Parameters

Energy, [MeV] ' 9.5
Charge, [nC] 1.0
Normalized RMS Emittarce x,/mm-mrad] | 3.23
Normalized RMS Emittance y,/mm-mrad] | 2.92
Longitudinal RMS Emittance,[KeV-deg] | 2.78

Horizontal Beam Radius {mm)] 3.50
Vertical Beam Radius [mm)] 3.55
Pulse Length [ps] 1.87
Horizontal Beam Div.[mrad] : 8.16
Vertical Beam Div.[mrad) v 8.30
RMS Energy Spread {%)] 0.39

smaller transverse emittance but larger energy spread arising from longitudinal space
charge forces. A different choice is to place the beam off peak field, accelerate the tail
of the pulse with the field larger than that of the front to compensate the effects due
to longitudinal space charge; however, this in turn gives larger transverse emittance.

The 45° bend section is necessary to reinject the beam into the superconducting
linac. This bend consists of three 15° dipoles, which is needed for an isochronous
condition. The last dipole is a common dipole used in both the injection bend and
the reinjection chicane. A 0.8 meter long drift space is required before the last dipole
to avoid physical interference between the two lines. There are quadrupole triplets in
between the dipole magnets to provide proper focusing and to achieve achromatic and
isochronous bending. The beam envelopes for the bend are shown in Fig. 5. Without
space charge, the section is symmetric about the center of the middle dipole. The
system is tuned to be achromatic and isochronous. The symmetry is broken when
space charge is taken into account. In order to make first order transport elements
Ri¢, Ros and Rse to be zero with space charge, the quadrupoles are decoupled and
retuned. This study has been completed using the code TRACE3D and verified with
PARMELA. With 500 mA beam current, which is equivalent to 1 nC in the bunch,
the system is almost achromatic and isochronous. The envelope of the beam remains
small and smooth. The emittance dilution due to mismatching caused by linear space

charge is insignificant.

IV PARMELA Results

In this section, PARMELA results based on the optics described in previous section
are discussed. We begin to examine the emittance dilutions due to different effects.



We then analyze the results introducing the concept of slice emittance.

In the Fig. 6 the beam envelopes from PARMELA in both horizontal and
- vertical direction are shown. These are in a good agreement with the results from
TRACE3D (Note there is a factor of v/5 difference between the radius given by
PARMELA and that given by TRACE3D.). The pulse length and absolute energy
difference are displayed in Fig. 7 and 8. The pulse length increases from 1.87 ps to
2.25 ps in this low energy beam line; the value of the global energy spread is 37 KeV
at the start and 181 KeV at the end.

The cause. of the emittance growth in low energy injection line were discussed in
general in section II. Using the code PARMELA, we are able to examine the emittance
dilution due to each of those effects. We start with a beam with no energy spread and
zero space charge, the only source of emittance growth is coming from the nonlinearity
of the magnetic elements and the couplings present at the end of the rf electron gun
(1). We then add natural energy spread (2) back to the injected beam but not space
charge to examine its effects on the emittance. Finally, the space charge self force
is turned on and we investigate first the effects due to the space charge nonlinearity
and coupling (3), then the effects due to the space charge induced energy spread (4).
To examine these different effects on emittance growth we show the horizontal and
vertical emittances vs longitudinal distance in Fig. 9 and 10 respectively.

As expected, the effects due to the initial coupling and the nonlinearity in
the magnets on transverse emittance growth is weak, since there is no nonlinear
element in the transport line. If the errors of magnetic elements are introduced, some
nonlinearity will show up and this effect may become stronger. The emittance growth
due to natural energy spread (about 0.4%) is responsible for the initial fast emittance
growth. This effect depends on both the energy spread and the transverse divergence
of the beam, which is about 8.3 mrad in both transverse plane for our case. To reduce
this effect, the beam with small energy spread and small angle divergence is desirable.

When the space charge effect is included, the strengths of the solenoid and the
quadrupoles are readjusted to achieve the beam waist at the first dipole magnet and
isochronous condition. A similar behavior of the emittance in both horizontal and
vertical planes before the bend is observed with or without the space charge induced
energy spread. Therefore, the emittance dilution in this part is mainly due to the
nonlinear forces and coupling introduced by the space charge. Inside the bend, the
vertical emittance grows almost linearly with axial distance.

The difference between the case’ when we include space charge induced energy
spread and the case of excluding it, is coming from the chromatic effects due to
the space charge, since the focussing strength is energy dependent. The horizontal
emittance is different from the vertical one because of dispersion.

When the beam passes through dipole magnets, the emittance was observed to
jump. The value of the jump depends on the energy spread and phase space shape of
the beam. In the case with space charge induced energy spread, the energy spread at
the first dipole is 0.57% instead of 0.17% for the case without space charge induced



energy spread. And the energy spread increase to 0.71% at the middle dipole and
to 0.83% at the last dipole. In this case the energy spread makes strong chromatic
effects. Furthermore, the achromatic and isochonous conditions are difficult to achieve
in this case. As a result, the emittance is hard to be totally recovered after the final
bend. To minimum these effects, it is desirable that the beam has a waist at each
dipole magnet. A shorter achromatic bend and small dispersion are preferred, which
translate into an smaller bending angle and radius. Finally, over focussing should be
avoided for the emittance increase due to energy spread and large angle divergence.

The emittance discussed so for is the overall emittance of the entire electron
bunch. However, the more important quantity for an FEL is an axial slice emittance
and the corresponding current. The concept of slice emittance of the beam has been
emphasized in Ref.[10] and [11]. In the case we are studying each slice has a very
small emittance, but the overall emittance of the beam is larger as different slices
project ellipsis of different orientation in the transverse phase space (x,x’), yielding a
significant larger total ellipse.

The main responsible for the slice emittance differences is the space charge
which acts differently as we move along the length of the pulse. The back and the
front of the electron pulse have in general larger ellipses than the core of the beam.
In our studies we have divided the electron pulse into five slices of equal extend and
computed the transverse and longitudinal emittance and the current carried by each
of them.

The beam at the end of the injection line is shown in Fig. 11. In x-y plane, the
beam is seen as a solid spot with a halo. If the beam pulse is divided longitudinally
into five equal slices, the particles in the halo are mainly from the last slice. In the
transverse phase space, these particles occupy a much larger area in phase space and
consequently they makes a significant contribution to the total emittance. In Table
2, the emittance and current of each slice at end of the transport line are listed. If
the last slice containing about 6% of the particles is discarded, The beam satisfy the
['EL emittance requirements although the current is still below the specified value of
300 A. Present studies with 2 nC indicate that it will be possible to satisfy the FEL
constraints on current and emittance.

Table 2: Slice emittances and current.

slice | ; (mm-mrad) | €, (mm-mrad) | €, (KeV-deg) | Ly (A)
1 2.486 4.524 5.980 61.8
2 3.382 3.215 5.110 115.3
3 6.913 1.843 8.097 158.4
4 7.052 7.989 4.627 115.0
5 13.337 10.955 4.099 28.7




V Conclusions

We have presented the design of a low energy transport line for the proposed UV-
FEL at BNL. We have used the output of the 3-D fully relativistic code MAGIC
as an input for the simulation codes which include space charge, PARMELA and
TRACE3D. Detailed simulations show that is possible to transport a 1-nC electron
beam without serious emittance dilution if we ignore the contribution of the back of
the pulse (less than 6% of the charge).

ACKNOWLEDGEMENTS

We would like to thank R. B. Palmer and 1. Ben-Zvi for illuminating discussions,
and G. D. Warren for providing MAGIC output files. The authors would also like to
acknowledge the contribution of S. Kramer in the initial stage of this work.

References

[1] I. Ben-Zvi, et al., Mucl. Instr. & Meth. A318, 201(1992).
[2) L. Ben-Zvi, et al., Nucl. Instr. & Meth. A304, 181(1991).
(3) L. H. Yu, Physical Review A 44 5178(1991).

(4] X. Zhang, et al., Proc. of 3rd EPAC, 1530(1992).

(5] L. Young, Private communication.

[6] K. R. Crandall, Trace 3-D version on VAX/VMS, LA-UR-90-4146 Los Alamos
Accelerator Code Group, second edition Dec. 19990.

[7] L. S. Lehrman, et al., Nucl. Instr. & Meth. A318, 247 (1992).

[8] G. D. Warren, et al., Proc. Conf. on Computer Codes and the Linear Accelerator
Community, Los Alamos National Laboratory, Jan. 22-25, 1990, ed. R. Cooper,
LA-11857-Z.

(9] G. D. Warrén, Frivate communication.
[10] J. C. Gallards, «t al., IEEE J. of Quantum Electron. QE-28, 1328(1990).
[11) R. L. Sheffield, et al., Nucl. Instr. & Meth. A318, 282 (1992).



bending magnat-——

pholocathode laser
from leavel above

/-H electron gun

R— refrigeralion planl

/

r
=

| = LR

T T T

1 [ L [

LI L b

L]

e o

1 ! Z:l | fo f I

1 1 | 1 1

T S | T T |

:_:’:_l = 1

LE'.__I & {_._':_:_I_.';_'_._J anargy madulaior

Bsom from X-21

reloy opHcs
to uyurplub:

UV Free—Electron Laser

wiggler

DISCLAIMER

Elactron Speciromater
Oump

and

Figure 1: Schematic layout of NSLS UV-FEL.

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any lcgal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein 1o any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, ot favoring by the United States Government of any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.

cryosial with two

superconducting
cavities

|~ quadrupole lans

sesd laser |
from Isvel abova



rf electron

recirculated beam to linac

Figure 2: Schematic of the low energy beam transport line.



xp [mrad]

y [cm]

LOW ENERGY INJECTION LINE

0.4~ 0.4 :—
0.2 — = 0.2 :—
- g s
0.0~ g 0.0
-02 2 -0.2
-0.4F . - :
=l - l Lt .l | [ Ll LI Lt 1 —0'4 -I-l 1 I 1t 1.1 I b I TS | l 11 1
-0.5 0.0 0.5 -0.5 0.0 0.5
x [em] y [em]
Xp Vs. X element= 1 YP Vs. ¥
E 50 —
05— r
X 5 X
- &, o
00— ” N
L ?’ e
X 3 .
. ~50 }—
-051— o
: I.-l 1L l Ll : | -} ] | S A | | | I | I |‘l' L
-0.5 0.0 0.5 -0.5 0.0 0.5
¥ vs. X x [em] e-¢3 vs. phi-phis phi-phis [*]

Figure 3: Phase space plots at the exit of the gun (MAGIC outﬁut).

10



BEAM AT NEL1m 1 ‘

H
v

Ax -183.29
As -176.19

89.96
75.4

10,4808 mm X

20.008 mrad

Az 4.0886

8= 37.924

1.0860 Dag X

0.50 Kev

NP1= 1

Is H
Wn 9.4978
FREQ= 588.98uWHz
9.a7%
8.4e8
Ni= 1

PR;NTDUT

P pt b gt 3t D
ol

N

<

MATCHING T
DESIRED R-MA
R1§ = 8.80
R26 = 0.90
RE6 = 0,80

MATCH YARIAB
MPP MPE
1 25

1 27
1 29

0. 6mA
21.5127 MeV
Wiz 599.59mm
9.837 0.9
8.378 g.61
N2= 8

VALUES

1.32187

YPE = 18

TRIX YALUE
0CR2OLE+00
P0000E«00
2006OE+20

LES (NC=3)
VALUE
1.32187

=-1.17599
8.308506

CODE: TRACE3D v
FILE: 5813.DAT;8
DATE: 9-DEC-92
TINE: 15:09:48

H
v

BEAM AT NEL2= 8

Az €.28714
Az O.41427

(h

8x 0.408731
B= 0.46390

2.500 mm X

\

)

2.500 mrad

Az 967.7

B= 39.881

1.000 Deg

X

200.80 \KeV

NP2= 8

5.8 Deg

Horiz, Longitude

Yart

Lengthz 525@,80mm

11

Figure 4: Beam envelope in the accelerating section.



BEAM AT NEL1= 28 1= 560.0mA ! BEAM AT NEL2-= 44

As 5.73006E-63( Bx 0.75625 Wa 21.5230 21.5230 MeV A= -9.6782 Bs 4.3578

Ax 9.37900E-02) Bx 8.77028 FREQ= 500.00MHz WLz 599.59mm A= -8.5908 Bf 7.578

EMITI= ©.933  £.849 0.09 = §

3 EMITO= ©.935 £.849 0.24

AN Nlz 26 N2z 44 K

.

B\ PRINTOUT VALUES g
\ PE VALUE

1|

<X
<X

25 1.37356 4

27 -1.11893
6.23471 /
35 0.24264 .
37 -1.11893 o
38 1.33339 .

o |
]

[

0

MATCHING TYPE = 18
DESIRED R-MATRIX VALUE
1.500 mm X 1.500 mrad R16 = ©.0000080E+88 18.298 mmn 5.880 mrad
R26 = B.00000C0E+00
RS6 = ©.0002006E+«00
Z[A= 2.3851 Bz 7.3375 (A= 441.47 8z 2.7285
MATCH VARIABLES (NC=3)

MPP WPE VALUE

1 25 1.37956 R

1 27 -1.11093
P 1 29 €.23471

<] =T CODE: TRACEID v
M- ~ FILE: 3B5613AS1.DAT;S
- DATE: 9-DEC-92
TIME: 14:27:18

1.800 Deg X 1.88 KeV 1.80¢ Degq X 208.20 KeV

NP1z 20 NP2= 44
16.060 mm 2.0 Deg Horiz, Longitude

o—~Jal 6 [o] [e] :

ot o [d
4 = -
2ﬁm__u\_3_s_ 26 {27] 20 |29 30 33 34 35 3 lul.-ai‘tﬂ w\~\4t|'l;m

Cd — o

. e
e

Vert Length= 4B14.16mm

Figure 5: Beam envelope in the bend section.

12



05 | ! ' ' ]
o, '
0.4 - | N —_
{ '\\‘
. $ \ i
‘£0.3 § -—-X _
= \ -y
) y " |
0.2 - \\ 1\ _
> \ ! \
N (] 2 ! \‘ i
\ /.'\i‘ ".\ J, \
. /7 ry <+’ : \ »f
- \'\_ / .8 \../ \. /.\’I
\,.#.’ ‘\/. -
0 _
1 I | 1 {
0 250 500 750 1000
z [mm]

Figure 6: Beam envelope from PARMELA.

13



2.4 T T , |

2.3r

2.2 [~

(ps]

2.1 r

rms
>
>

2.0 - e

1.9' a

.8 ' ' | |
0 250 500 750

z [mm]

Figure 7: Pulse length in the injection line.

14

1000

1230



0. 200

0.175

0. 150

0. 125

AT [MeV]

0. 100

0.075

0.030

0. 025

(4

w

250 500

750 1000

z (mm]

Figure 8: Energy difference in the injection line.

15

123



(&3]

€. [cm~mrad]

N

B+ 00 G028 38 AR BB ES- . -40
P 1T ELRRR IV R RRRR L) [ 2] .
s om o odp r e et ol v o dlrm A ol Bt = frdie o = e v A —hA = Adr Ay drde = > bk &

|
0 250 500 750 1000 1250 -
z [mm]

Figure 9: Horizontal emittances vs distance z.

16



1.2 |-

o
o)
]

[cm-mrad]

5
o
|

Xl

€

L
- am _..-..l.-"'l-ll-.

@090 -8 R & LR

o’

o
~
]

*.—...-.-H""-'-A"'i'.-°—'M-'—'“'“'“~-ﬂ—“““'—°'ﬂh

€2
| L

| | 1
0 250 500 750 1000
z [mm]

Figure 10: Vertical emittances vs distance z.

17

1250



xp [mrad]

1.0

0.5

0.0

LOW ENERGY INJECTION LINE

: .
E o
-_LJ Ill |‘L'4| LIL'JJ o
-0.5 0.0 0.5
x [em]
Xp Vs, X element=
L.l r | JE N 1 ' | 2 S I | . . |
-0.5 0.0 0.5
gve x x [em]

0.50
0.25
0.00

yp [mrad]

-0.26

llllll’lllll‘llllllllllllll

-0.50

PIDIIIJII

.
-

L

-1.0

-0.5 0.0 0.5

¥ [em]

33 YP VsS. ¥

1.0

400
200F

0

e—es [KeV]

-200

~400 F

e—es vs. phi-phis

-0.6 00 06
phi—phis {*]

Figure 11: Phase space plots at the end of the injection line.

18



