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BEAM TRANSPORT OF SHORT BUNCHES*
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Abstract The problems related to the CSR effect in bends are:

. . What are the curvature induced longitudinal and transverse
Designs for next-generation accelerators, such as future

. . . . sélf-interaction forces? What are their parametric depen-
linear colliders and short-wavelength FEL drivers, requir . . . .
. dence, their transient and steady state behavior? What is
beams of short (mm-length or smaller) bunches and hi - i
. : . e effect of shielding by the vacuum chamber surrounding
charge (nC-regime). As such a high charge mlcrobunct

’ X ; . g

traverses magnetic bends, the curvature effect on the bung 5 bea_m ? Whatis the impact of the curvature induced se!f

self-interaction, by way of coherent synchrotron radiatioﬁnteracnon on the short bunch transport through magnetic
' : ... bending systems? What is the present understanding of the

(CSR) and space charge force, may cause serious emittance . .

degradation. This impact of CSR on the beam transport ggncellatmn of the centrifugal space-charge force (CSCF)

. . ) . : i
short bunches has raised significant concern in the desi\é]vr'%h the particle potential? What is the role of the non

: L o ertial space-charge force? How does one simulate the
of future machlnes and led to extensive |nvest|gat|ons. Thbsunch dynamics in a curved trajectory with the presence of
Paper reviews some of the recent progress in the und%-e CSR effect? How does one handle the retardation and
standing of the CSR effect, presents analysis of and Comp%‘lff]gularity which is intrinsic to the problem? How does

tational work on the CSR impact on short bunch transpor s :
and addresses remaining issues. agne r_nodel_the beam so as to_ maln'Faln self-consistency of
the simulation? How do the simulation results benchmark
with analysis? Finally, how do the analysis and simulation
1 INTRODUCTION compare with experiments?

The designs of future accelerators often require creation Th|s paper reviews some of the main results in the anal-

and manipulation of beams with high phase space densitiés'S: c;iscu;ses r:hf self-_consistgr;]t_ sri]rpurl]?tion of :he CS.R
This incorporates short bunches with high charge being Cip_npa;c on bunch dynamics, and highlights recent experi-
culated or compressed by magnetic bending systems [1, Q?.en S:

The strong requirement of these designs on the preserva-
tion of small emittances makes it crucial to understand the 2 OUTLINE OF THE CSR PROBLEM

evolution of beam phase space as a high charge microbungss \ve outline the fundamental equations governing the
traverses magnetic bends. curvature induced bunch self-interaction.

When an electron bunch goes through a bend, each electgnsider a source electron with chargeelocitys and
tron gives out synchrotron radiation. When the radiatiogcejerationy. The electromagnetic field generated by the
wavelength is longer than the bunch length, the radiation$, , ce electron at its retarded space-tiriet') on a test

from individual electrons add constructively to form co-gjactron al(r, t) is described by the Efiard-Wiechert for-
herent synchrotron radiation (CSR). This coherent syn;, jia: E, = ];38 +Ej, By = BS + B}

chrotron radiation is a result of the curvature induced elec-

tromagnetic self-interactions within the bunch. These self- n—p3 c c
interactions may have detrimental effects on beam phas@ — ¢ [72(1 -B- n)st} ot Bi = mxEg)er, (1)
space: the longitudinal collective self-force could induce .

energy spread on the bunch, which further causes dispgrs — £ | 2 x {(n—p) x B} Bl = (n % E})res, (2)
sive displacement of the particles due to the nonzero dis- ¢ | (1 —=B8-n)’R |

persion in the bend region, whereas the transverse col- .

lective self-force could directly drive the transverse mowhere@ = v/c, 3 =v/¢,y=(1-*)"", R=r -1/,
tion nonuniformly across the bunch. Both the longitudif2 = |R|, andn = R/R. The subscript “ret” denotes the
nal and transverse self-interaction forces can cause enfigtardation condition

tance growth. Even when the bunch is transported through , ,
an achromatic system, since the curvature induced energy t'=t—|r-1/c, ®)
deviations occuduring the bends, emittance degradationyhicp, requires the fields to travel from source to test elec-
could still be a potential problem. tron with the velocity of lightc. HereE§ andBj, are the

“This work is supported by the U.S. Dept. of Energy under Contraceoulomb fields, andgj and By are the radiation fields
No. DE-AC05-84ER40150. caused by the acceleratighof the source electron. The
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Lorentz force applied on the test electron by the singl&his equation shows that the longitudinal force is bigger
source electron is therefol& (r, t) = F§ + Fy, with for smaller bend radius and shorter bunch length, and it
¢ e o o o ; causes energy spread by accelerating the bunch head and

Fo=e(Eq + 8 xBg), Fo =e(Eq + 8 xBg).  (4)  gecelerating the bunch tail. For example, for= 1 m,
Given the above single particle forces, we can now movgs = 1 mm, andN = 10°, we have|Fy|max ~ 8keV/m.

on to discuss the collective forces generated by a bunchhe steady-state CSR power in free space (fs) is [5, 6]

For a bunch moving ona circular orbit, Istdenote the « N2e2¢ 31/672(2/3)

initial offset of a particle from the bunch center, and the P® = — [ Fy(s)\(s)ds ~ Y 5

particle’s trajectory as(s,¢). Then the bunch density p*3as T

diStribUtiOﬂn(I‘, t) can be expressed in terms of its initial Using Eq. (7), the transverse collective force y|e|ds

density distributionA(s) with respect to the bunch cen-

troid: n(r,t) = [dsA(S)3(r —ro(s,t)). Atestelec- g O@=B-A) dd  , der g

. (10)

tron in the bunch will then experience the collective self- or cdt cdt’
interaction forces, which are the integral of the single paiwhere the third term on the right of the equation contains
ticle Coulomb and radiation forces in Eq. (4) generated bthe rate of change of the transverse direction, which is

all the electrons in the bunch, purely due to the curvature effect. For circular motion, this
F(r, £) = [ FS(r.t,8')A(s')ds’ term gives the centrifugal space-charge force (CSCF) [7]:
g (5)
{ Fcr(r,t) = fFB(I‘,t, S/))\(Sl)dsl FCSCF: eA - dZ; — eﬂeAH (12)
C

whereF°¢ stands for theollective Coulomb forgeandF¢'
for thecollective radiation forceThe two collective forces With r the distance of the test particle from the center of the
have distinctive features. For steady-state circular motioflesign circle. It can be shown th&fSCFis dominant inF,

F° is negligible at high energy whilE® is still effective.  of Eq. (11). For arigid 2D Gaussian ribbon-bunch on a cir-
However, even at high energy, both are important for trareular orbit with density distribution(s, o5 )\(2, o) , with
sient interaction. Therefore they should both be included(s,os)) given in Eq. (8) and: being the vertical offset
when considering the feedback to the bunch dynamics from design orbit, one has [8]

d(ym¥)/dt = F + F* + F, ©) Ap(s,z =0) ~ NeX(s,05)In (po2 *P° (1+2)
. Y »ys 0_/‘% O'S
whereF® stands for the external force. (13)
Instead of the integration of single particleebérd- Fqor example, forp = 1 m, 05 = 1 mm, o, = 1 mm,

Wiechert fields as described above, it is often easier to ang- — 102 e have|FCSCR, .., ~ 3 keV/m. Similar to

Iyze the bunch self-interaction forces in terms of the poteqpe coasting beam case [7], the logarithmic dependence of
tials FCSCFwith respect to the transverse offset= » — p also

F=-eV(®-B-A)—edA/cdt. (7)  exists for a bunched beam. This highly nonlinear behavior
However, associating the potential approach with thwith transverse offset makes its impact on the transvese dy-
Lienard-Wiechert approach often can help us identify theamics worrisome for machine designers. This topic will
nature of a potential term — if it is originated from the col-be further discussed in Sec. 4.1.

lective Coulomb forcé&“° or the radiation forcd'. 3.2 Shielding of Steady-State CSR
The mechanism of shielding of steady-state coherent syn-

3 ANALYSIS OF SELF-INTERACTION chrotron radiation by two parallel conducting plates is well

In this section we study the curvature induced bunch selZ—nderStOOd [9, 10, 11]. Denoting the gap size between the

interaction of a rigid Gaussian line-bunch on a circle in fre wo plates being,, and the shielding factor as

space, with the particle density function 2 (mp\3/2 [0
2 20 1=y3(5) <—> ’ 14)
s, 05) = €75 /2% |\/270,. (8) p

Heres is the longitudinal distance from the bunch center'© ¢an show [12] that for strong shieldiig > 1), the

- . h
ando, is the rms bunch length. The radius of the circlélatlo of the shielded CSR powét™" to free-space steady-

) L
is p and the number of electrons in the bunchMs The state CSR poweP™ (Eq. (10)) is given by
velocity of the bunch is, andj3 = v/c. PSP ~ 4. 975/6720, (15)

free-space case correspondsite= oo, orn = 0, where

The longitudinal collective force on the bunch is [3, 4, 5] psh/pfs — 1. As the gap becomes narrowgrgrows big-

INe2 < ddy O (/oaeby)? ger, and the CSR is gradually shut off. For example, for
Fy(s) ~ ﬁ/ —5—¢ 2 .9 p=1m,o,=1mmh=2cm, we have; = 1.6, and
Var(3p2ad)s Jo 3 O P/ P’ = 0.25.
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4 |IMPACT ON BUNCH DYNAMICS

- - - asymptotic expression Eq. (15) 41 General Formahsm
0.8 = — imagecharge method
A osl e summation of power series In the previous section, we discussed the curvature induced
g,; 04l ] bunch self-interaction forces. These forces feed back on the
02l e 1 bunch dynamics through the equation of motion in Eq. (6).
00 ‘ ‘ ‘ A — Let 6 be the angle of an electron into the betfd, be the
o005 10 15 20 25 30 design energy; = (r — p)/p be the relative offset from the

K design orbit, and the design bending field be the only ex-

Figure 1: Steady-state CSR power with shielding, witiiernal field. Then the first order equation for the transverse

free-space case correspondingte: 0. motion of an electron in the bunch is [8]
2
| o O vo=n 4 B, (16)
3.3 Transient Self-Interaction with Shielding do® Eo — Fo

The free-space transient self-interaction for a bunch entevy-he.reF’“ s given by Eg. (11), and denoting the initial po-
ntial of the electron a®,, one has

ing a bend from a straight path was recently studied bt)?
Saldin [13]. Later we studied the transient self-interaction 4 , AP —pB-A)
in the presence of shielding [14]. To illustrate the duratio®Z = / AFypdf'—e(®—&), AFy = Tt
and magnitude of the transients, we plot in Fig. 2 the in- 17)
stantaneous powd?s"(t) (normalized byP™ in Eq. (10)) It is instructive to further write Eq. (16) as

radiated by a line Gaussian bunch as a functiah wfhich

is the angle of the bunch center entering the bend from a 612_93 fp= e®g Ll
straight path. Here we use the typical paramegers 1 de? - Ey  FE

m, o, = 1 mm. Fig. 2 shows that the free-space power

increases from zero and saturates to its steady-state vafif€G is the residual function in which the logarithmig
as the bunch moves into the bend. Fot 2 cm, the tran- €M (Sec.3.1) irt;, is largely cancelled with the potential

sient power oscillates and saturates to its steady-state vaffidn EQ. (17), as shown by the underlined term:

[
/ AF,d0' +G|. (18)
0

after = 30°. For machine designs intending to reduce the ed
CSR effect by using a narrow gap size, one should noticeG = Fr — —
tha_lt in a certain bend region, the_ transient |_nteract|on with 8(®—B-A) dA, Bpdy B
shielding has much bigger amplitude than its steady-state = —-—e————— —e—— +¢( - —) (19)
o or cdt p
counterpart, as shown by the = 2 cm curve in Fig. 2
aroundd ~ 10°. =Go+ Gz + ...
for Go = Gl.—0 andGy = 52| _ .
_____________________________ The general formula in Eq. (18) applies to both the coast-
. ing beam case and the bunched beam case. For a coasting
— free space . .
777 e00sm 1 beam with constant densify one can show that
s 1=0.02m ]
AFy; =0, Go= constant (20)
4 5 6 70 8 9 Glzo[%]«aFr 21)
0 (deg) p or |,

Figure 2: Transient power loss of an ultrarelativistic bunchys studied by E. Lee [15]. For a bunched beam, in steady
due to the curvature-induced self-interaction in the prestate, the driving terms in Eq. (18) are

ence of two parallel plates, with=1m, o, = 1 mm, and

various plate spacinyy. Here# is the angle of the bunch AFy =F, (FyasinEq.(9)
i A
center entering the bend. G X _ e% _Bede (22)
p  pox p

Our study [14] also shows that the collective Coulombyith 1, = ¢ — B Ag. Note that unlike the coasting beam,
force from the straight path upstream of a bend makes gfhere G, is a constant which only modifies the equilib-
important contribution to the transient self-interaction ofj;m orbit, here for a bunched beafy(s) andG (s) are
the bunch. This is because when the bunch turns into th@n_yniform across the bunch, so they both could cause

arc, the pancake-shaped Coulomb field from the straig@tnittance growth. Using the result & [8], one has
path shines right upon a portion of the bunch just turned

into the arc, causing the transient collective Coulomb ef- |Go|max os 1/3 |Gilma @ (0 -3
fect comparable in magnitude with the transient collective| A Fy[nax ~ \ p " AFlmax p \p '
radiation effect. (23)
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Foros/p ~ 107%to 103, one often has with X the constant bunch density, asgl and sy stand-
1/3 ing for the rear and front of the line bunch respectively.
T < (os/p) " < L. (24) Comparing thesingle particleforce in Eq. (27) with the
It then yields Lienard-Wiechert fields in Egs. (1) and (2), one finds that
G G - on the right-hand side of Eq. (27)), the first term is the
% % < 1. (25 Coulomb field and the second and third terms are the ra-
_ flmax flmax diation field. Therefore in theollectiveforce of Eq. (28),
With the comparisons ofr and AFp in Egs. (23) and e first term is the collective Coulomb force and the sec-

(25), one should keep in mind that in Eq. (18), the effeinq and third terms are the collective radiation force.
of the residual functioir on the transverse motion should ¢ longitudinal collective force can also be analyzed

be compared with thentegral of AF; over the bend an- ging the potential approach. Féy = 3, one has
gle [ AF,dd'. Therefore the comparison of the effects of

<1 and

G and AF, varies with different machine designs. Also o ) NP—-B,-A) d_‘1>] (29)
note that similar to the initial energy spredg), in Eq. (18) ? cot cdt
does not cause emittance growth for an achromatic bending | R, ) So—55
system. For a line charge moving-axisfrom a straight 2\ [72 + (R_o - 1) + 35 (1 — cos 9)] (30)
path to a circle, i.e.z = 0, the nonvanishing® — @) - et — BsR,sin @

So—8nr

is purely the transient effect due to the collective Coulomb

for_ces from the straight pat_h [14]. The_ref_ore the fact tha{|otice that Eq. (30) is equivalent to Eq. (28) but slightly
% is largely cancelled byl in Eq. (19) indicates that the yaried in expression. In the literature [16], for the terms
on-axisAg undos part of the transient effects. on the right-hand side of Eq. (30), the first term is called
4.2 Noninertial Space-Charge Force the “usual Coulomb force”, the second term is named the

o “noninertial space-charge force” and the third term is called
The role of the “noninertial space-charge force” [16] can bg,e « ,sual CSR force”. One can show that the “non-

understood in the context of the big picture discussed in thgertig space-charge” term is nothing but thed® /cdt
above sections. This force arises from the analysis of thgym, in Eq. (29), which integrated over time gives the term
longitudinal collective force exerted on an off-axis# 0) —e(® — @) in Eq. (17) for the energy change. As we've
test particle from a finite uniform bunch on a circle. shown in Eq. (19), the effect of the potentialsin the

We ;tart wit_h the single particle force exer'gr-_jd on an Obénergy change is largely cancelled by the tetpin F,,
servation particle) by a source particléS orbiting on a  anq only the residual of their cancellation, the function
circle. Let the distances frorfi andO to the center of the  5¢ts as one of the driving factors to the transverse mo-
circular orbitC' be R, and R, respectivelycr be the dis- o Therefore we remark that the effect of the “noninertial
tance fromS to O, and;, be the Lorentz factor 0. In  ghace-charge force” on the transverse motion must be con-
the cylindrical coordinate, at the observation tim@ is at  gjjeredogethemwith the radial force (Talman’s force) so as

(Ro,0,) andS is at(R;, 6s). The corresponding retarded, haye a complete and proper description of the dynamical
time forS ist' whenS is at(R;, 6.,). The angular distances system.

of O andS from the bunch center akg, = 6, — Bsct/R;

and¢' = 6, — Bsct’ /R, respectively. Lets, = Ry, )
s' = Rs¢' andf = 6, — .. ForAs = s, — s, the retarda- 5 SELF-CONSISTENT SIMULATION

tion relation requires The analyses in the previous sections are based on the rigid-
Ry0 = As + fscr, er = /R2 + R2 — 2R, R, cos . Iipe—bunch_ model. Ir_1 reality, a bunch has finite transverse
(26) size, and |ts_ dynamics responds to the curvature_ induced
self-interaction. In order to study the actual dynamical sys-
tem, we have developedself-consistensimulation [17]

Thesingle particlelongitudinal force fromS on O is

Fyo = _66_<I> — e% = based on a 2-dimensional macroparticle model. This simu-
R,00 cot lation integrates numerically the following equation of mo-
, 0 Wgéo + B2 (gz _ 1) + B2(1 — cos ) tion around a design orbit
—e = : (27)
6AS CT — 6SR0 sin 6 d(IY/BT) _ ﬂ @ _ '7050 — F (31)
cdt 0 r To r
wherefd andr are implicit functions ofA s via Eq. (26). d R
Thecollectivelongitudinal force on the test particie is % + B (77“& — ’yi_ﬂo> =Fy, (32)
0
Sf
Fy(so) = / Fyo(so — 5")A(s")ds’ wheref3y, v are the design parameters, the design ra-
s dius, Bexx = —eyofoe:/rero for ro = e?/mc?, and

So—Sf

F = (e/mc?)(E + B x B) is the curvature induced self-
(28) interaction force in free space. The algorithm for the com-
putation of the curvature induced self-interaction fokce

2y vgfio + 83 (g_f - 1) + 8%(1 — cosb)
~° et — BsR,sinf

So—8r
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and its benchmark with analytical results are describechncellation, when computing the driving factorsin Eq. (6),
in Ref.[17], which shows that the macroparticle modethe retardation-caused local spikes in the integrands have
handles the retardation and self-consistency in a straightew negligible contribution to the integrals; therefore they
forward manner. are numerically much easier to compute than the radial
In Ref.[17] it is shown that the fields from eachforce F,. in the previous scheme. Our numerical compu-
macroparticle are 2-dimensional integrals over the ardation shows that for a line charge, the numerical results of
surrounding the previous path of the source macropartie driving factors agree with their analytical counterparts.
cle. The singularities in the integrands are intrinsic to th&@hese numerical results are not sensitive to the macroparti-
Green'’s function and are readily removed by integration bgle size as long as it is much less than the real bunch size.
parts using the finite 2-dimensional size of the macropartidevelopment of simulation based on this new scheme is
cles. By doing this, one finds that as the result of the retastill continuing.
dation relation, the integrand &f. has a narrow spike near
the observation point (in addition to the long range behav- 6 RECENT EXPERIMENTS
ior), which has nontrivial contribution to the integratiOH.Recenﬂy there are some experimental results on the CSR
Therefore extra care is needed for the numerical integraffect in bends. One example is the measurement of the
tion to computer. transverse emittances as a function of bending angle car-
The above described simulation can handle both trafed out on the CLIC bunch compressor [18], which shows
sient (including entrance and exit) and steady-state sethatamong all the possible causes of transverse phase space
interaction self-consistently. It also takes care of cases iglation, the CSR effect can best explain the measured
volving the coupling of two or more bends, where the radiemittance growth. On the Jefferson Lab FEL beamline,
ation generated in an earlier bend can influence the bungfe are in the process of measuring the emittance growth
when it is at succeeding bends. The disadvantage of tiigrough the firsti80° arc as a function of the cryomodule
above scheme is that it takes extra numerical work to cabhase. The latter rotates the longitudinal phase space and
culate the radial force correctly, while this force is actuallyaffects the bunch length along the beamline in a complex
largely canceled witk®, which is hidden iny of Eq. (31) as  way. Currently we are carrying out parametric studies of
part of AE. Therefore this schemdirectly handles the the CSR effect using the simulation, and systematic bench-
cancellation off. and®. marking of the simulation with experiment is underway at
To overcome the disadvantage in the above scheme, \yefferson Lab.
are currently improving the simulation by numerically inte- - The author thanks C. Bohn, J. J. Bisognano and P. Emma
grating the following reduced form of the equation of mofor many helpful discussions. The support of NERSC for
tion: the parallel computing on the T3E machine is also grate-
fully acknowledged.
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