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Abstract

Earlier experiments at Fermilabs A0 Photoinjector Lab-
oratory demonstrated successful transverse-to-longitudinal

Table 1: Initial beam parameters.

emittance exchange (EEX) using a transverse-deflecting Parameter symbol ~ Value  Value  Units
cavity (TDC) located between two identical doglegs. Such (case 1) (case?2)
adesign has the disadvantage of transversely displacing théor. emittance ¢, ¢ 10.0 1.0 m
beam. An alternative is an EEX beamline designed out ofvert. emittance ¢, 10.0 1.0 pm

a variableRs¢ bunch compressor chicane. In this paper, long. emittance ¢, 39.1 10.0 1m
we present designs and simulation comparisons for sev- bunch length 020 0.8 0.4 mm
eral emittance-exchanger beamlines, including the double- LPS chirp C.o 0.0 0.0 !

dogleg and chicane designs, as well as variations of the chi-

cane design that allow for increasing its dispersion which

proportionally decreases the field-strength requirements on

the TDC. These comparisons are performed with PIC mod- OVERVIEW OF PHASE SPACE

els of space charge and coherent synchrotron radiation. EXCHANGER DESIGNS
In this Section we summarize the properties of the three
INTRODUCTION beamlines considered through out this paper. Each of

the designs must generally satisfy three different require-

Transverse-to-longitudinal emlttanc_:e exch’angersments [7]. For the dispersive section upstream of the TDC,
(EEXSs) allow for the exchange of a particle beam’s trans- . . C
e ... M_, we must control of the upstream dispersive section’s

verse and longitudinal phase spaces. An early emittance. . ) S
. - . z dispersion,n_, and its derivativey)_s. For TDC sec-

exchanger design consisting of a transverse deflecting cgys

ity (TDC) between two identical doglegs, each comprisedon’ MfDC’ we must control the .strength of the TDC as
L . = ——, operated at zero-crossing. For the downstream
of two opposite dipoles and a drift, was demonstrated at -

Fermilab's AO Photoinjector Laboratory [3] 4]. A major section, M, the dispersive section’s transfer matrix must
disadvantage of such a configuration is its resulting of'fsae finely controlled such that the properties satisfy

of the beam’s direction, which has significant impact

. . . . . R11_+ R12+
on linac design as an elaborate dispersion correction D, = R21/ R227 D_,and (1)
scheme would be needed to operate the beamline in its non o+ +
emittance-exchanging configuration. Ko= =1/ )

A modification of the original design, based on Qvhere the+ and — signs refer to values associated to re-

Va”.ab.le?% Ch'tf]aphe’ .a"OWS_ forbthe exgmnge?r:n to re'spectiverN the downstream and upstream dispersive sec-
main In-iné wi € incoming beam [5]. Fur €IMOre, iions andD = (n,n" = dn/ds) is the dispersion vector.

this design allows for almost-arbitrary adjustment of the The most basic design is the Double Dogleg EEX

dispersion at the TDC location, which reduces its powe(rDDEEX) of a design similar to that implemented at AO.
requirements. In this paper, we present three phase-sp '

X X e dispersiom) of each dogleg is 0.5 m, and the TDC is
exchanger designs and performance comparisons bew"eceerhtered between the upstream and downstream doglegs.
them.

_An accelerating-mode cavity is placed immediately down-
We use two sets of beam parameters for these studiggream of the TDC to correct for th&gs; term [8]. The

The firstis based on a study of partially compressed beargg, s jes are rectangular, and the exact lengths and distances
at ASTA [6], while the other is a smaller set of emittances,;a gescribed in FigJ 1.

used for comparisons with reduced second-order effects. o gimilar design is a the Nominal-Dispersion EEX

Both are presented in Table 1. (NDEEX), in which the bend angles and geometry of each

*Work supported by LDRD project #20110067DR and by the U.S.dOgleg are the same, e>_<cept the ber?d angles of one of the.m
DOE Contract No. DE-FG02-08ER41532 with NIU and No. DE-ACo2-are reversed such that it forms a chicane rather than a pair
07CH11359 with Fermilab. of symmetric doglegs. Quadrupoles are placed inside the




chicane between each of the existing elements, which ¢  30—; 06 55

low for specific tailoring of the transfer matrix of the up- 2 20 1.08
stream and downstream doglegs. The quadrupole magn Ejﬁ N 1 Hoe
are used to adjust the sign of the dispersion the upstres = 1 10 /10 108
dogleg, while those of the downstream dogleg are use °® u‘ 5 5 no
to meet the new requirements on the transfer matrix. Fc 3 S0 e 12?
the simplest case, we choose the new dispersion of the L _ iz | ;Z o 4 oo
stream dogleg)/_, to have the same magnitude as thato £,/ N R vors
the DDEEX, i.e.n_ = —0.5. Diagrams of the DDEEX <1 10 10 0'%4
and NDEEX designs are presented in Fig. 1. s N 5 . 5 '
-30-20-10,0 710 20 30 0 5 10 15730 5 30-5 0 5 1015 70 25 0.95
5 @ 30y 30 © 30y @
40| 25| 25| 25 1.4 . )
E 30 20 20 20 ., Figure 2:  Contour plots comparison of three models
S 13 15 15 .. (DDEEX (a,d), NDEEX (b,e), and BDEEX(c,f)) with
10 1 - Y 1|, MPACT-Z for 0 nC for bothF,_.. (a-c) andF,_, (d-f),

5% 5|1, as functions of the C-S parameters at the EEX entrance,
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As a way to measure the relative performance of the

Figure 1: The DDEEX (top) and chicane-like (bottom) °. ' ) -
emittance-exchanger configurations. The TDC is centere\éarlous configurations, we performed scans of the initial
' ourant-Snyder (C-S) parametefs,, ando, o at the en-

betweep B2 gnd B3, and an accelerating mode cavity {Pance of the EEX. This is required to account for varying
placed immediately downstream.

optics between each of the configurations and the second-

The boosted-dispersion EEX (BDEEX) uses the sar‘nf%er Sﬁ; ig(;(étss of varying strengths that result from the dif-

components and configuration of the NDEEX chicane.
Rather than using the quadrupole magnet®into change We compare the core emittance exchanger designs for
only the sign of its dispersion, we increase its magnitudequivalent doglegs with dispersion pf.| = 0.5m, and

as well, while correspondingly adjusting the downstrearthe BDEEX design fotrn,| = 1.0m. Units for the color
transfer matrix.. This has the crucial advantage of descales arggm when presenting the normalized emittances,
creasing the requirement on the cavity kick-strength, as perm for RMS bunch sizes, and unit-less when presenting
Eqg..2. As the dispersion_ increases, the requirements onthe “exchange quality”F,_.. = Z‘O andF,_, = ?—g

74 become more difficult to satisfy while keeping the beamvhere perfect emittance exchange occursFat 1. We
envelope well-constrained. We explore boosted values @fso define the term “acceptance” with regards to the range

2n- to 6. over which the emittance exchange quality is near unity.

In Fig.[2, the DDEEX, NDEEX, and BDEEX are com-
Table 2: Beamline parameters of the EEX configurationgared for the case of no collective effects. Boosting the

in Fig.[1 dispersion causes a notable decrease in the acceptance of
_ initial C-S parameters, as the quadrupole settings within
Parameters Value Units the chicane cause the transverse beam sizes to be more er-
Dipole Length 0.30 m ratic along the beamline.
Bend Angle +18 degrees When SC+CSR are introduced for a 1 nC bunch, as
Beam Energy 50 MeV I .
shown in Fig. 3, the acceptance is reduced for all three
-] [0.5,1.0, 1.5,2.0,2.5,3.0] m i . C X h lots f
| 00 m cr(])n igurations. or:nparlsonsl_o; tot elconftou_rf_p ots OIor
] [2.0,1.1,0.66,0.50.4,033 T the emittance exchange quality reveal a significant degra-

dation to the emittance exchange quality that occurs when
the beam size is at its minimum, i.e. when the final LPS is
ellj_pright, a vital part of achieving optimal beam shaping.

The exchanger beamlines were optimized in the simul
tion codeELEGANT [9], and then imported intoMPACT-  This indicates a significant barrier to achieving optimal
z [10], which allows for the implementation of SC ef- shaping while also achieving optimal emittance exchange,
fects with a three-dimensional PIC model, and with a oneand that there is some significant trade-off that must be de-
dimensional model of CSR [11]. termined when setting the EEX settings.



@ 3 (b) 2 (@ b Table 3: Quality of Emittance Exchange for various dis-
£Y 2 13 1% persions using the BDEEX configuration, along with which
< m iy 1 / igé emittances were used.

- 1.09

3: /25 - by n_ (m) BeamType F,_.. F._.

@ S0 O 0.5 1 1.00 1.00

“ 2 : 0.5 2 1.00 1.00
1.0 1 1.04 1.02

A : 1.0 2 1.01 1.00

B : 1.5 1 1.08 1.01
Z 15 2 1.01 1.000

£ 2.0 1 2.407 1.05
j 2.0 2 1.22 1.000

v o 2.5 1 10.42 1.12
730720710“?“ 10 20 30 0 5 10 ul;:y 20 -5 0 5 “1;,,(()\ 15 20 25 2'5 2 3.43 1.01
3.0 1 79.98 1.75

Figure 3: Contour plots comparison of three models 3.0 2 2535 1.04

(DDEEX, NDEEX, and BDEEX(Z) with IMPACT-Z for
0 nC for bothF,_,, and F,_,,, as functions of the C-S

arameters at the EEX entrangk,, anda, g. ) )
P B0 0 quirements on the TDC, so while the quadrupole strengths

are increased, the transverse beam size is less dominated
by the TDC kick. The trade-offs that must be considered
re not simple, and depend greatly on both initial bunch

Boosting the dispersion up to 6x of the nominal valu th and t it Di ion-boosti
(in this case, 3.0 m) introduces significant complications t NYth and fransverse emitiances. LISPersion-boosting up
to 3x of the baseline dispersion is possible with ASTA-

beam control. As the transfer matrix in the second dog- le b i but ter di ion is feasibl
leg must be controlled to specifically satisfy the basic rgocal€ beam parameters, bul greater dispersion Is feasible

guirements for perfect emittance exchange jtldgnamics for lower emittance regimes.
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Figure 4. Horizontal dispersion, (left), o, (middle), and
o, (right) along the NDEEX and BDEEX designs fpr =
0.5 m (blue), 1.0 m (red), 1.5 m (green), 2.0 m (magenta),
2.5 m (yellow) and 3.0 m (black).

The key difference between these simulations and those
of the nominal-dispersion and double-boosted-dispersion is
thato, is large and divergent, in addition t,, which is
large and divergent due to the kick from the TDC. Switch-
ing to smaller emittances reduces the beam size and the
resultant emittance growth from second-order effects; see
Table 3.

The key feature of dispersion boosting is the reduced re-
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