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Abstract

A reliable transverse emittance measurement for highbrightness electron beams, in particular where the
beam exhibits a significant energy spread, is of utmost importance for the successful development of
the SPARC FEL. The effect of the emittance degradation induced by chromatic effects in the
quadrupole scan measurement for different configurations of the magnetic lattice is evaluated.
Analytical and numerical calculations compared with measurements are reported and discussed.
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Abstract transverse beam size at the entrance of the quadrupole, it

A reliable transverse emittance measurement for higtm!ght give a non negligible emittance growth. The evalu-

brightness electron beams, in particular where the bea ion of such emittance growth due to the aforementioned

exhibits a significant energy spread, is of utmost imporJ-Ssues Is object of the paper.

tance for the successful development of the SPARC FEL.

The effect of the emittance degradation induced by chro-
matic effects in the quadrupole scan measurement for dif- METHOD OF MEASUREMENT

ferent _configurations.of the magpetic lattice is eyaluated. With a well-centered beam, on the quadrupole magnetic
Analytical and numerical calculations compared with meagyis the rms beam size is measured as a function of the
surements are reported and discussed. qguadrupole field strength and the measurement described
by the following matrix equation
INTRODUCTION

. . o? A} 24,B1 B
The high energy transverse emittance measurement a o2 A2 24,B, B2 Be
SPARC is performed by means of a quadrupole scan [1]| = . —ae (1)
downstream the third accelerating section. The transvers e

beam size is measured on the fleg which holds a YAG o A% 2ANBy  B%

screen, for different values of current in quadrupdlesl,

Qr2, Qr3 (see Fig. 1). Single and multi-quadrupoles scanwhereos; is the rms beam size measured at flagfor

can be performed. A detailed study of different effectshe f" value of current,4; and B; the 11-element and
12-element of the 2x2 transport matrix of the lattice de-
fined by three thick quadrupoles and a drift (see Fig. 1).

. Ql Q3 D F§ :\ T The transverse emittance is determined by evaluating the
to undulator Twiss parameters, o and~, resulting in the minimumy?

F&r F,Qra, ¢
o RFD s where [1], [6]
L =linac
Q; =transfer line quads RFD = RF deflector N 5 5 942
D =dipole Fo, Fy, F, =flags =3 Ajpe —2A;Bjae + Bjve — o @)
= 20;u (0j)

Figure 1: Layout of the high-energy experimental area.
with u (0;) the uncertainty of the measurement. In order
affecting the emittance measurement with the quadrupoie compute the Twiss parameters at a given position (in our
scan technique has been done for different lattice configase the flag upstrea@y-1, i.e. Fy), the derivative of Eq. 2
urations, e.g. one and two quadrupoles and, in the latt@ith respect tg3e, ae, ve has been done and the following
setup, also with reversed currents. system soIveqf(’Xz — 0.9 _ 0 2 _( Oncethe

. . . . ac) » 9(Be) » 9(ve)
The main advantage in using two quadrupoles with rsimum Twiss parameters are found, the fitted rms beam

spect to the single quadrupole configuration is the possibil;,as at the measurement fllg are computed from Eq. 2

ity to measure both plqnes simultaneously. Moreover with, 4 compared to the measured data (Fig. 2). If the fit has a
two quadrupoles there is a better control of the beam shapgique solution the lines enclose only one ellipse, i.eta se
avoiding losses due to cut of beam tails. However, in ordej; Be, ae, ve (see Fig. 4a and 4b).
to observe a waist in both planes, the range of currents con- . 2 g :
: C . i The consistency of the~“-fit has been validated by
sidered is wider and the focusing strength is stronger, thus ;
2 means of a Trace3D virtual quadrupole scan, where

the beam undergoes a stronger focalization [2]. : : .

. T . he transverse beam size evolution as a function of the

The emittance degradation induced by chromatic effec%s .

. ..~ “guadrupole current has been computed starting from mea-
in quadrupoles [3], [4] may represent a severe limitation
of the quadrupole scan technique. At SPARC after bea

sured emittance and Twiss parameters. As further vali-
compression via velocity bunching (VB) [5], the beam en:

Oation of the SPARC high energy emittance measurement
ergy spread is of the order of 1% and, together with a lar tg ol, the ms transv_erse beam sizes retrieved by Trace3D
ave been given as input to the emittance analysis program

* enrica.chiadroni@Inf.infn.it exhibiting an agreement within 2%.




01 Jrels whereo? = (6%), 02 = (a3), 02, = (2}), 04w =

. (woh),

g, f(K1, K2, L) = {Kz2+Ki[l+KaL(~2+KiL)]}”
°, 9 (K1, Ks, L) LK}

o1 h(Kl,KQ,L) = 4L(1—K1L) (2K1K2L+
-0.4 -0.2 x(r(r)lm) 0.2 0.4 ?.8 2 2.g2(T/mZ]‘4 2.6 2.8 K22L _ 3K1 K22L2)
t(K1, K2, L) = 2Ko(Ky—Ki)L? —4K,K5L° +

: ; : - 2K K3 L*
Figure 2: Left: retrieved ellipse in the trace space en- 1582
closed by tangent lines corresponding to the set of measuret (K1, K2, L) = 4K2L (1 - KiL) {K>+
ments. Right: measured horizontal rms beam size (blue Ki[1-K2L(2—-K1L)]}
dots) compared to thg?-fit (red curve) as function of v(Ki, KoL) = 4K3L*(1—K,L).

uadrupole gradient (two quadrupoles configuration; 300 L ,
SC 147pMe\% ( q P g In what follows, we explore the contribution to the emit-

tance for practical cases encountered at SPARC.
For this study the SPARC high energy emittance mea-
LIMITATIONSTO QSCAN TECHNIQUE  surement tool has been used, together with both a virtual

adrupole scan code, to create the evolution of the trans-
In quadrupole scan measurements a monochromaff¢ P

\vprse beam size, and the macro-particle TSTEP code in or-

electron beam is assumed to evaluate the projected em X . . )
tance. However, for a real beam, particles have an energﬁr to mve;ﬂgate all the effects which may affect the high
ergy emittance measurement.

spread different from zero. The validity of this assumption . .
is matter of discussion. Three virtual measurements, keeping the beam charge

Let us calle, the emittance after the quadrupole, withconstant (300 pC), have been done in three different beam
k and ¢ its gradient and length, respectively. Let be configurations summarized in table 1.  For each config-
the beam energy spread, amgd and emittance, the rms
size and emittance at the quadrupole entrance. Starting

. L ) X . Table 1: Virtual measurement parameters.
from the statistical definition of emittance, in case of sin

gle quadrupole (in thin lens approximation) and only as- On crest Compre.ssed Comprgssed
suming the particle energy uncorrelated from its transvers beant beam with beam with
position, one gets solenoids OFF  solenoids ON
e = ef + (k0)? oao” = €f + &2, (3) 0s,r, (MM) 0571 1.735 0.343
. oy r, (MM)  0.595 1.788 0.341
thatis o (%)  0.169 0.993 0.959

€1 =¢eo + Ae with A&Z—Eo—i—\/g(Q)ng

. uration, different magnetic lattices for the quadrupolersc
and in case ofj < e,

have been explored, i.e. single quadrupole for both hori-

Ae ~ gy B0 e @) zontal and vertical planes, two quadrupoles with first fo-
€ €0 2ec o cusing 21) and second defocusing¢3) in horizontal
On the contrary, in the limit ofy > ¢, plane, andiiceversa.
Ae o2 Table 2 summarizes the results obtained from the vir-
o = 2{%, (5) tual measurement for the uncompressed beam, correspond-

ing to small energy spreaé:(2 ). The reference values
as given in [4] to account for the chromatic dependence efre computed at the flal, by means of a simulation with
emittance. TSTEP code. In the single quadrupole scan measurement
In case of high brightness electron beams, since the emike agreement with reference values is within 0.4%, while
tance approaches 1 mm-mrad, the prodtiet, might be in the two-quadrupoles scan the agreement is still satisfac
large with respect taq, thus the emittance growth due totory, and within 0.5%, only in the plane in whi@h;1 is
chromatic effects in a single quadrupole follows the deperfocusing (i.e. horizontal in “+ -” configuration and vertica
dence found in Eq. 4. in the“- +” one), the emittance being overestimated other-
In case of two quadrupoles at a distarigeand strength yise.
depending on the particle energy, so ttiat’;) (1 — 6) = Results for the horizontal and vertical emittance in case
K;(1—g)fori=1,2, with K; = k;l;, EQ. 4 beCOMeS ¢ |36 energy spread and large spot size at the quadrupole
el = eo+ f (K1, K, L) ‘73‘7;1 +9 (K1, K, L) U«Q,Ui' + INot compressed beam: low energy spread~ 1
h(K1, K2, L) o202, +t (K1, K2, L) 020202 + 2VB operation and solenoids off on first two traveling wave (Thkc
w (K1, Ka, L) Uf,aiamz n sections: highr., ~ 1% and larges ., 7, = mm.

3VB operation and solenoids powered on first two TW linac sesti
v (K1, Ko, L) aiai/am/, (6) highoy ~ 1% and smallo;, ,, g, ~ 102um.




with the non-null correlations between transverse coordi-
nates and energy in the beam exiting from the linac.
Reference Single Twoquads Twoquads |n order to evaluate the influence of chromatic effects,

Table 2: Not compressed beam.

value quad (+.-) (-+)  a monochromatic electron beam has been assumed in the
na 1.375 1.372 1.380 1.535 Virtual measurement. As expected, the emittance growth
(mm hrad) induced by chromatic effects is canceled in both single and
Eny 1.413 1.419 1.590 1420 two quadrupoles scan with an agreement of about 2% (see
(mm mrad) Table 4). However even in the assumption of a monochro-
oy (%) 0.169

Table 4: Compressed monochromatic beam and solenoids

OFFE.
entrance are shown in Table 3. A strong disagreement,

Reference Single Twoquads  Two quads

value quad (+,-) (- +)
Table 3: Compressed beam and solenoids OFF. ene 3.07 302 3011295 3.097/4.86
Reference Single Twoquads Two quads (mm mrad)
value quad (+,-) -4 Eny 3.02 2974 3.08/5.02 2.97/2.88
nn 307 432 478 8.76 (mm mrad)
(mm mrad) (%) 0
Eny 3.02 4.38 9.07 4.87
(mm mrad) matic beam some asymmetries and errors might still be ev-
(%) 0.993 ident in the two quadrupoles measurement if a too large

current step is used (see Table 4, results labeldd. akhe
of the order of 30% in both planes, is evident in the singléeaSon of the residual error and asymmetry appears in plots

quadrupole, while in the two-quadrupoles configuration th&f F19- 4a|and Fig. 4b showing the ?rfaph'ﬁal output of the
disagreement is within 40% only in the plane where thg_uadrupo e scan measurement tool for the two steps con-

first quadrupole is focusing. It increases dramaticallympts'qered' Despite the f“F"‘g curve well reprod_u_ces de_lta,
200% otherwise. with a step of 0.2 A the identification of the minimum is

In order to highlight quadrupoles chromatic effectsPOO" resulting in an asymmetry of the retrieved emittance

the output projected emittance is plotted as function O\14alues,. Table 5 summarizes results for the case of high

quadrupole current for both single quadrupole (Fig. 3a)and .
two-quadrupoles (Fig. 3b) configuration in case of com- v
pressed beam with TW solenoids off. Lower energy parti-

o
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Figure 3: Output emittance in case of both largeand L
spot size as function of the quadrupole gradient for single )

() and two-quadrupole (b) configuration. Figure 4: Result of the two-quadrupoles scan (“+ -”) corre-

sponding to emittance values listed in Table 4: (a) amounts

0 a poor and (b) to a satisfactory sampling of the waist.
espite the fitting curve well reproduces the data, the el-
se is uniquely defined only in (b).

cles get a larger kick with respect to higher energy one
The emittance growth depends then on the quadrup
strength and with two quadrupoles the effect is strongc?lr
and more asymmetric than with a single quadrupole dué)

to the fact that the range of currents is wider and the foépergy spread and small spot size at flag due to the

cusing strength stronger in the former case. The partl%dditional focusing provided by solenoids around the first

compensation of emittance, visible in Fig. 3 and Fig. 5 fo i . .
: . D f the |
guadrupole currents smaller than 1 A, with respect to th{ém0 Inac sections espite of the large energy spread a

case with quadrupoles set at zero current can be explained!The current step is 0.2 A, while 0.1 A otherwise.




) . Eventually, Fig. 6 shows the results of a measurement in
Table 5: Compressed beam and solenoids ON. which the effect discussed above resulted particularly evi
Two quads dent: it concerns the measurement of the horizontal emit-

Reference Single Two quads

value quad (+-) (- +) tance on a 0.86% energy spread beam with a rms spot size
enm 1.483 1.483 1.476 1540 inFpof 1.4 mmcompressed inthe SPARC linac viathe VB
(mm fnrad) technique, but with the emittance compensation solenoid
Eny 1.495 1.490 1.555 1491 off on the TW sections. Due to the combined effect of
(mm mrad) o5 o
o (%) 0.959

0.25

ol @

, X' (mrad)

x' (mrad)
, X' (mrad)

-0.25{

very good agreement with the single quadrupole measure- os NE
ment is shown. A better agreement is also evident with two =~ 1597 9 0715 "fs.
guadrupoles with respect to the virtual measurement with

_notﬁoktanoidls, even thOLljzgh zsmall asymmetry is stil ViSibIEigure 6: Horizontal trace space for a 0.86% energy spread,
in the two planes (see Fig. 5). 0z,7,=1.4 mm beam: single quadrupole (left) and two
guadrupoles (“+ -” (center) and “- +” (right).

5 0 075 15 15075 0 07515
X (mm)

2.0 2.0
= Horizontal * Horizontal

= Vertical

ol N large energy spread and spot size, we observed a strong dif-
E 3 ference in the horizontal emittance measurement with one
guadrupole7.00+ 0.34 mm-mrad), two quadrupoles in “+
-"(8.64£0.23 mm-mrad) and in “+ -” settingl2.25+0.45
T e T e mm-mrad), and also in the Twiss parameters.

e Vertical

emittance (mm mrad)
emittance (mm mrad)

@ () CONCLUSIONS
Figure 5: Output emittance in case of large energy spread

but small spot size as function of the quadrupole gradient The theoretical and experimental comparison between

for single (a) and two-quadrupoles (b) configuration. one quadrupole and two quadrupoles scan emittance mea-
surement has shown that, despite some practical advan-
Measurements tages, the two quads scan measurement can introduce some

errors in the emittance evaluation. In particular the chro-
In order to investigate the disagreement shown by Viimatic effects are enhanced and can affect the measurement
tual measurements between single and multi quadrupolggnsitively especially for large spot sizes. In additiomeo
measurement in different quadrupole configurations, somgymmetries can be induced also for low energy spread
measurements have been performed in case of uncogeams if in the measurement the minimum spot size is not

pressed beam, i.e. low energy spread of the order of 0.1%efined with sufficient accuracy in both planes during the
and modest transverse beam sizé"at Results are sum- quadrupoles current variation.

marized in Table 6. The measured emittance values Fyrther measurements are foreseen to identify the

Table 6: Uncompressed beam. threshold of the product between beam size and energy
Single Twoquads Two quads sprgad, wh|ch produces significant chromatic effects in the
quad (+ -} - +)2 projected emittance measurement, and to evaluate the chro-
’ i matic effects in case of misalignment of quadrupoles.
0z, 7o (MM) 0.29 0.32 0.35
oy, F, (Mm) 0.37 0.35 0.35 REFERENCES
en,z(MmMmrad)  1.60 1.84 2.40
€n,, (MM mrad) 1.40 2.36 1.72 [1] M. Minty and F. Zimmermann, “Measurement and control of

charged particle beams”, Springer (2003) p. 99.
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for the two quadrupoles configuration are systematicall _ o
higher than those measured in single quadrupole one. F§l X-J- Wang et al., *Experimental results of the ATF in-line
thermore they show the same asymmetry highlighted by niection system”, Conf. Proc. PAC95, p.890.

simulations, i.e. the emittance results higher in the plarid] J. Buon, “Beam Phase Space and Emittance”, CERN 94-01,
where the first quadrupole is defocusing. This means that Vol. I, p. 89.

also for uncompressed beams second order effects might M. Ferrario et al., Phys. Rev. Lett04, 054801 (2010).

affect the measurement. [6] H. Braun, “Emittance Diagnostics I, 11", CERN School on
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