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Measuring and optimizing the momentum aperture in a particle accelerator
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Particle motion in storage rings is confined by various aperture limits, the size of which restricts the
performance of the ring in terms of injection efficiency, lifetime, etc. Intrabeam scattering makes particles
sweep a large portion of the phase space, where their motion may eventually be resonantly or chaotically
excited to large amplitudes leading to collision with the vacuum chamber. We report here the studies performed
at the Advanced Light SourcéALS) on the on- and off-momentum particle motion that provides a good
understanding of these limitations. Using off-momentum simulations and experiments together with frequency
map analysis, we could precisely correlate beam loss areas with resonance locations. The very good agreement
between simulations and experiments allowed us to provide guidance for avoiding these dangerous areas. This
analysis results in predictive improvements of the momentum aperture, which actually led to a lifetime increase
of 25% at the ALS for very high bunch charge.
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[. INTRODUCTION they increase the integrated luminosity delivered by the col-
lider.

Charged particle storage rings are used for a variety of In those storage rings where the dominant lifetime limita-
science and technology applications—for example, as syrfion process is Touschek scattering, the lifetime strongly de-
chrotron light sources for biology, chemistry, and materialsPends on the momentum aperture—stronger than a quadratic
science and as colliders for high-energy physics. In thes@ependency. Therefore, it is desirable to operate such storage
storage rings, bunched particle beams traveling near thengs with as large a momentum aperture as possible. This is
speed of light circulate for many hours. The motion of anpartlcularly true for the_thlrd generation synthotron light
individual particle can be described in terms of transversUrce rings in which circulating electron/positron bunches
(betatron and longitudinal(synchrotron motions with re- ave a large charge density, resulting in intense Touschek

spect to the reference particle. Some of these particles mé;e?tlzslr:angl.\l;chfngldl\_/:l;]greadtol;lggtNSL())nggll{f) aéhLﬁl]\(\:(rjengﬁ
be lost due to various aperture limitations. The momentu y : i IS su ird gen-

aperture is defined as the maximum momentum deviation gration light source operated for users since 1AH3 The

. . . . Rominal operation parameters of the ALS are shown in Table
particle can have without becoming unstable and being Iogt P b

b lidi ih th hamber of th 1. As seen in the table, the Touschek lifetimeSoh is much
y colliding with the vacuum chamber of the storage MNY-shorter than the vacuum lifetime of 60 h. Consequently, the

The momentum aperture is determined by the complex sixyqschek lifetime limited ALS would benefit greatly from a
dimensional dynamics of the particle. Because of the com-
plexity of the particle dynamics, up to now there have been

. . . i TABLE I. Nominal ALS parameters.
unexplained discrepancies between the predicted and mea- P

sured momentum apertufg—11]. Parameter Description

Having a good understanding of the momentum aperture
is important because it is one of the main performance limi£o Beam energy 1.5-1.9 GeV
tations for storage rings. A primary reason that particles ar& Circumference 196.8m
lost is that they gain or lose enough momenta to exceed thx Horizontal tune 14.25
momentum aperture via scattering with gas particles in the'y Vertical tune 8.20
ring (bremsstrahlungl2]), via collisions with other particles & Horizontal natural chromaticity —24.6
within the bunch(intrabeam and Touschek scatterifig]), & Vertical natural chromaticity —26.7
or via collisions with particles in other bunché@seam-beam  &x Horizontal emittance 3.5-5.5nmrad
bremsstrahlund14]). The rate at which particles are lost K= ¢€y/ex Typical emittance ratio 0.5-7%
determines the beam lifetime. Long beam lifetimes are desirlb Bunch curre(400-mA multibunchfill ~ ~1.5 mA

able to the users of synchrotron light source rings and col-

. . . o L o . Lifeti 4 A, 1.
lider rings. At synchrotron light facilities, long lifetimes in- ifetimes (400 m 9 Gey

crease the integrated photon flux, reduce the frequency of .. Vacuum lifetime ~60 h
refills, and improve the stability of the beam by reducing r, Touschek lifetim&3.5% coupling ~9 h
thermal loading effects due to the varying current. For col-7 Total lifetime ~8 h

lider rings long beam lifetimes are also important because
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larger momentum aperture. In fact the measured momentum In a storage ring, particles perform oscillations around a
aperture at the ALS as well as other existing light sourcesentral periodic closed orbit. The six-dimensional phase-
and colliders are smaller than the predicted valdesthird  space coordinates arg,p,,y,py ,d,l), wherex andy are the
generation light sources the predicted values range betwedtorizontal and vertical position offsetg, and p, are the
3% and 5% 1,3,7] whereas measured values range betweemormalized horizontal and vertical momengais the relative
1% and 3944-7,10,19). Because lifetime is such an impor- momentum deviation, andis the relative path length with
tant performance parameter, one of the main design goals oéspect to the synchronous particle in the longitudinal direc-
new and future light sources such as SLS and SOLElltion. The particle oscillation is guided by magnetic fields for
[16,17 is to achieve even larger momentum apertures—the transverse motion and electric fieldadiofrequency, f
larger than 5%. Therefore it is important to understand whafor the longitudinal motion. The final boundary for particle
limits the momentum aperture in existing storage rings. Thisnotion is the vacuum chamber wall. Every particle will
knowledge will help improve the performance of existing eventually be lost at the vacuum chamber. Depending on the
light sources as well as to help accurately predict and optiamplitude and orientation of the oscillation we distinguish
mize the performance of future storage rings. three aperture limitations in the storage ring.

The particle dynamics and momentum aperture have been (1) The rf-momentum aperture;, which corresponds to
extensively studied at the ALS. Simple yet powerful mea-the maximum particle momentum deviation at which the lon-
surement techniques have been used to gain insight into thgtudinal motion remains stable due to the confinement of the
limitation of the momentum aperture. The measurementsf-fields.
clearly show that the major limitation to the momentum ap-  (2) The physical aperture,s, which is related to the
erture is the transverse beam dynamics, causing Touschéikear motion. The transverse magnetic guide fields are set up
scattered particles to eventually reach large vertical ampliin a way to ensure stable particle motion. At low amplitudes
tudes where they are lost on the vacuum chamber. Analysi$ie motion can be described by linear optical functions. The
of the measurement data using frequency map analysis dinear motion amplitude that leads to a particle loss on the
lows us to understand the details of the beam loss—acuum chamber is called the physical aperture.
identifying those resonances that limit the momentum aper- (3) The dynamic apertureg,,, Which is related to the
ture. The knowledge gained as a result of theseonlinear motion. With increasing amplitude, the motion of
measurements allows us to adjust the machine parameterstige particle becomes more and more nonlinear. The dynamic
improve the lifetime. aperture can be defined as the smallest initial amplitude of

In this paper the results of these studies are presented. the particle whose motion will cause its amplitude to in-
Sec. Il we discuss the Touschek scattering and the variougease resonantly or diffusively until the particle is lost
aperturegrf, physical, and dynamijcthat limit the momen-  against the vacuum chambét,16,18,19.
tum aperture. In Sec. Ill measurements of the momentum In the following three subsections these apertures will be
aperture are presented. Through these measurements wigcussed in more detail, which will be followed in a fourth
show that the dynamic aperture is the dominant effect thagection by a discussion of the Touschek scattering process.
limits the momentum aperture and that this limitation
strongly depends upon the machine conditions. In Sec. IV we
examine the mechanism of Touschek scattering in more
detail— illustrating how Touschek scattered particles can ul- If the initial relative momentum deviatio, of a particle
timately reach large vertical amplitudes through nonlineais larger in absolute value than the rf-momentum aperture
resonance excitation and diffusion, causing them to collides,s, the particle stays outside of the stable area in the longi-
with the vacuum chamber. In this section we also study théudinal phase space. Its momentum will continue either to
off-momentum transverse dynamics using frequency majncrease or decrease until it reaches a sufficiently large
analysis to gain insight into the full six-dimensional dynam-deviation from the nominal value, so that the particle is lost
ics. In Sec. V, measurements of the off-momentum dynamiciom the ring. The size of the rf-momentum apertyce
are presented. A comparison is made between the offd-bucket heighk provided by the accelerating voltayg; in
momentum dynamics and the momentum apertures prehe cavity is[20]
sented in Sec. Ill. In Sec. VI we present simulations of the "
off-momentum dynamics using our model of the ALS and a _ [ %Y [V« 1 arccos 20 0
comparison is made with the measuremestoown in Sec. e = mTahEg Uo Vi ’

V). Section VII shows the relation between the momentum

aperture and the \_/ertical phys.ical aperture, while we engyhere a. is the momentum compaction factdd, is the
with some concluding remarks in Sec. VIII. radiation loss per turrh is the harmonic number, arf, is

the nominal energy. Equatiofi) is derived neglecting the
details of quantum excitation and radiation damping, which
is valid for most storage rings. It should be mentioned that in

In this section we will first summarize the various aper-the presence of radiation damping, not all particles scattered
ture limitations and then discuss one of the procesbess-  outside the rf-momentum aperture will be lost from the ring.
chek scatteringthat leads to particle amplitudes that may It has been observd@1] that there is a finite probability that
exceed these aperture limitations. some of the particles may eventually be captured in other

A. Rf-momentum aperture

Il. TOUSCHEK LIFETIME AND MOMENTUM APERTURE
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buckets. However in most cases the fraction of particles retion around a new closed ortp20]. With the assumption that
captured is a small portion of those scattered outside thtehe dispersion function exists only in the horizontal plane,

rf-momentum aperture. the particle coordinates with respect to this orbit are
=— 1480,Px=— 1300,y=0,py=0,6=5;, | =0. Assuming
B. Physical aperture linear motion the induced betatron amplitude of this oscilla-

N . . . tion can be derived as
Assuming linear particle motion, the largest amplitude a

particle can have for a given momentum deviatiwithout Xing(S, 8) = VB(S)HL(S) 5, 3
hitting the vacuum chamber is determined by the smallest

vacuum chamber size normalized by tBefunction in the  with

ring,

Xphyd 6,S) = \/ min
s;e[0,L]

with 7, and 8, being the dispersion angl function, x,, the
vacuum chamber half-size, asdhe position along the ring
of circumference.. This is termed the physical aperture. In a
perfect storage ring with midplane symmetry, the vertical
dispersion is zero. Therefore, the vertical physical apertur
Yphys Calculated using Eq2) by replacingx by y, is momen-
tum independent.

= 5 Hy(S) = yx(S) ﬂx(s)2+2ax(s) 7x(S) 7];(5)+Bx(s) 77;((3)2,
(ch(sl) - 7]x(51) 5) (4)

B(51) A(S),

whereay, By, andy, are the Twiss functiong22)].

2 Equations(2)—(4) are not valid for large momentum de-
viations and transverse amplitudg&3]. Strong sextupoles
lead to higher-order dispersion, which alters the off-
momentum closed orbit and Twiss functions. However at the
ALS the difference between the momentum independent and
momentum dependent calculations of the optical functions
@nd the closed orbit is less than 5% for momentum devia-
tions of up to 5%.

The transverse momentum aperturg,{S) defines the
maximum momentum deviation a particle can get at a Tous-
C. Dynamic aperture chek scattering event without being lost on any of the trans-

At large amplitudes, the motion of a particle is nonlinearVerse aperture limitations. At a given positi§re and's) can
and at sufficiently large amplitudes the motion can be resob€ calculated by solving the following implicit equation:
nantly excited or chaotic. Unlike the physical aperture, the .
dynamic aperture separating staltethin a given number VBx(8) Hx(8) & trans= MiN(Xpnyd & rans:S)  Xayn( & rans: S))
of turng and unstable trajectories is not a hard boundary.

Rather there exist high diffusion zones where the particle CaNhere x.. is computed with respect to the off-momentum
dyn -

diffuse o large transverse amplitudes. The presence of th&osed orbit. For Touschek scattered particles the momentum

vacuum chamber adds another.feature: the motion of SOM§eviation s can be either positive or negative. Therefore the
particles that are resonantly excited to larger amplitudes CaHynamic aperture limitation given in E¢) can be either in

e e e S o oot ¥ posite o negave drecton
i At any positions of the ring, the absolute momentum

size of the dynfamlc aperture thus depends also, in this defEiperture is the smaller of theindependent rf-momentum
nition, on the size of the vacuum chamber.

apertures ; and thes-dependent transverse momentum aper-
ture eqand’S) -

As an example Fig. 1 illustrates a comparison of the

Several mechanisms exist to excite large amplitude oscilmaximum allowable apertures and the induced oscillation
lations. During injection, particles enter the ring far awayamplitudes(thin dashed lings In the straight section, where
from the closed orbit and thus perform large amplitude osthere is no dispersion, the induced amplitude is zero. This
cillations. For example, at the ALS a typical injection offset means the particle will only change its energy but not start a
is about 10 mm, which is enough to clear the injection sepbetatron oscillation. In the arc section with a finite disper-
tum. Particles may also scatter with the residual gas and staston, the induced amplitude shows a linear behavior as can
oscillations. In densely filled bunches, particles may scattebe seen from Eq3). The induced amplitude i;early con-
among themselve§Touschek effegt This process has been stant in the arcs becausg is (nearly constant in the arcs.
studied extensively at the ALS leading to a better under- The thick lines represent the various apertures. The verti-
standing about how the different apertures contribute to theal solid lines show the rf-momentum aperture with
momentum aperture and ultimately the lifetime. =3%, corresponding to the present available rf voltdge

A particle located in the center of an electron bunch isl.5 Ge\j. The dashed-dotted line shows the physical aper-
Touschek scattered to some momentum deviaign So  turesXy,,s. The solid curved line is a sketch of the dynamic
with respect to the nominal particle, the coordinates of thisaperture. As discussed later, the size and the shape of the
particle are x=0,p,=0,y=0,p,=0,6= 5,1 =0)—inthe lo-  dynamic aperture strongly depends upon the machine condi-
cal frame of reference the particle may be scattered to angfons (e.g., tunes, chromaticities, coupling
angle but in the laboratory frame it is mostly longitudinal. = The momentum aperture is defined as the smallest cross-
After this momentum change, the particle starts an oscillaing point of the induced amplitude and the smallest of the

(5

D. Touschek scattering
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contribution of the velocity spread coming from horizontal
motion the lifetime due to the Touschek effects is given by
[13]

20

-y
a

CES [ e(92Vp(9)ay(s)
TTou_L_Ibf 1 ol(s)2E2 ds, (6)
178 oo

Xphys' Xdyn’ Xind (mm)
-
o

[5,]

wherelL is the length of the ringl,, is the bunch current
3 (%) is the beam energy/,(s) = o oy(s)ay(s) is the bunch vol-
ume, andoy(s) is the angular spread of electrons in the

FIG. 1. Contributions of the different apertures to the total mo-,nch. Note that the bunch volume angular spread, and mo-
mentum aperture as a function of the relative momentum dewatio?nentum aperture vary around the r,ing ’

8. The thin dashed lines represent the induced amplituggfor an
arc or a straight section of the ring. Dashed-dotted lines stand for
the physical apertures,,, the solid line is the dynamic aperture

Xayn, and the vertical lines show the rf-momentum aperteie ll. MEASUREMENTS OF THE MOMENTUM APERTURE
Th_|s figure as_well as the following ones are plotted at the injection An easy way to study whether the momentum aperture of
point [ B,(Sp) =12 m].

a ring is solely determined by the rf-momentum aperture, or
whether it is also limited by other apertures, is to vary the rf
oltage and measure the lifetime. At the ALS, measurements
Bt the Touschek lifetime as a function of the rf-voltage pre-
ented here were conducted at a beam energy of 1.5 GeV
nder different operating conditions. At each measurement

apertures. As the induced amplitude varies around the ring

does the momentum aperture. Figure 2 shows the momentu
aperture for one cell of the ALS. The solid line is the mo-
mentum aperture due to transverse limitations as derivea

from Fig. 1 (transverse momentum aperirdhe dashed- é)oint, the synchrotron tune; was measured simultaneously,

dotted line is the rf-mqmentym aperture. In this case th Allowing one to calculate the bunch length and the rf
momentum aperture(s) is defined by the rf-momentum ap- voltageV, [22]
rf 1]

ertureg, in the straight section and by the transverse mo-
mentum aperture,,sin the arcs.
Having defined the momentum aperture one can now cal-

culate the Touschek lifetime. Assuming a flat beam, the main o, = 0‘2‘3‘75" , @)
TVg
_strans
ERF 4 22
1 [v(2m)Ef
vﬁ=5\/3—2+ug, ®)
= (ach)
& OF ]
w
o ,,,,,,,,,,,,,,,,,,,,,,, ,,,,, | where o is the energy spread of the beabhy the energy

loss per turn due to synchrotron radiation, &d the charge
of an electron. KnowingV, it is possible to calculate the
rf-momentum aperturgsee Eq(1)]. To enhance the effect of
the Touschek scattering over other lifetime effects, a high
current per bunch was filled in a few equally spaced bunches.
The low number of bunches also avoids multibunch instabili-
ties. The beam conditions thus were 1.5 mA/bunch and a
i i ; train of 16 bunchesout of 32§ filled.
0 5 10 15 In Eq. (6), the bunch volume is adjusted according to the
s (m) changing rf voltage < \1/NV), and is corrected by a con-
FIG. 2. Momentum aperture along one of the 12 cells of the Stant factorA, which takes into account any volume changes
ALS storage ring. The solid line is the momentum aperture fromlike variation of the coupling, instabilities, etc. There are also
transverse limitations as derived from Fig. 1 and the dashed-dotte@Ssumed to be only two transverse momentum apertures
line is the rf-momentum aperture. The cell layout of the ALS is €iand S)—O0Ne€ for the straight sectiongg,gn, and one for
shown in the lower part of the figure with the three dipoles of thethe arcsg 4 (see Fig. 2 With these simplifications, Edq6)
achromat separated by quadrupole magnets. becomes

_4. ................. e AAAAAAAAAAAAAAAAA 3 “'strans
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FIG. 3. Measurement of beam lifetimeas a function of the FIG. 4. Measurement of the beam lifetimeas a function of the
rf-momentum aperture with lines representing the fitted lifetime beyf-momentum aperture for three different sets of chromaticities. The
havior (solid), the lifetime with no transverse aperture restrictions jines represent the fitted lifetime behavior for the nominal chroma-
(dashed-dotted and with transverse aperture restriction only for ticity case (solid line), a case with higher vertical chromaticity

particles scattered in the ar(dashed (dashed-dotted lineand a case with higher chromaticities in both
transverse plangsglashed ling The emittance coupling in all cases
AESUL(VS) ox(S)0y(S)Ty(S) was about 7% and the betatron tunes were=14.25 andv,
TTol=——1"—— gngJ > =8.20. One can see that the dynamic momentum aperture has a
LTy are 1 U;(S)ZEO severe impact on the overall momentum aperture and, therefore, the
M178™ .2 Touschek lifetime.
8arc
’ o4(8)ay(S) oy () where the ALS is operated at in multibunch operatitseid
+85traightf straight 1 ol(s)2E2 S| ©) line), and significantly worsédashed-dotted linefor a ver-
(— XZ—O) tical chromaticity increased by three units,£0.4,¢,
178 € straight =4.4). The third casédashed lingis a case where both the

horizontal and vertical chromaticities are increasef} (

and the data can be fitted by nonlinear least squares with just 2.4, =4.4) and the resulting maximum lifetime is 25%
three parameters), egyaighy anNde arc. longer than in the case where just the vertical chromaticity is

As an example, Fig. 3 shows the measurement data ahcreased. At first sight this result might seem counterintui-
lifetime versus rf-momentum aperture for the following stor-tive. Yet the reasons leading to this choice will be fully evi-
age ring conditions: tunes set tg=14.25 and»,=8.20, dent in the following section where the particle momentum
chromaticities set t&,=0.4 and§,=4.4, and an emittance dynamics is explored in an extended way.
ratio of about 7%. The solid line represents a fit of the data The latter case is of special interest for machine opera-
using all three parametess &,c, esraighn the dashed-dotted tion: while operating the ring with large single-bunch cur-
line shows the lifetime behavior if only the rf-momentum rents(so called two-bunch modehe vertical chromaticity
aperture determined the momentum aperture, and the dashkds to be significantly increased in order to damp single-
line shows the lifetime behavior if only the rf-momentum bunch instabilities. From Fig. 4 it is clear that the dynamic
aperture and the transverse momentum aperture in the araperture impacts the momentum aperture. This can be in-
would determine the momentum aperture. The measuremefdrred from the fact that when the chromaticity is changed,
data shows that for large rf-momentum apertures, the mothe size of the physical aperture remains fixed whereas the
mentum apertures in both the straight sections and the argize of the momentum aperture changes.
are primarily determined by the transverse momentum aper- For all three cases shown in Fig. 4 the fitted transverse
ture. Fitting the data results in transverse momentum apewapertures are listed in Table II. As shown in the table, the
tures ofegyaigh= 2.6% ande 5= 1.75%. transverse apertures in the arcs vary by a large factor. Addi-

Figure 4 shows measurement data for three different setfonal measurements were made for many other machine
of chromaticities, with the tunes at=14.25 andv,=8.20,  conditions: different values of coupling, chromaticities,
and the coupling adjusted to about 7%. As one can clearlyunes, vertical aperture, and insertion device settjbgd.
see, the momentum aperture and thus the lifetime is very It has thus been demonstrated that at the ALS, the dy-
sensitive to the linear chromaticities. The maximum achievnamic aperture limits the momentum aperture. In Secs. V and
able lifetimes differ in these cases by more than a factor of 2VI we describe the measurements made to understand these
It is best for the nominal chromaticitieg,(=0.4,£,=1.4),  limitations in more detail and to get a clear picture showing
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TABLE 1. Fitted momentum apertures for three different con- illustration the damping times have been atrtificially in-

ditions. creased by a factor 10 for illustration.

— The right-hand side of Fig. 5 shows the tune change in the
Chromaticity & straight Earc A frequency space. The nomin@ero amplitudg tune values
(hor./vert) are v,=14.25 andv,=8.20 (the filled square in the figuye

Just after being scattered, both the horizontal and vertical
&=04.6,=14 >3% 2.65:0.02%  1.010.02  {ynes are shifted to smaller valuéhe open circle in the

&=04.6,=44  259007% 1.7%0.02% 096002  figyre) because of the tune shift with enereghromaticities
&=24.6=44  263007% 1.930.02% 092002  gnd the tune shift with betatron amplitude. For the case of
the ALS, the cross terms of the tune shift with amplitude are
largest. Therefore a large horizontal oscillation amplitude
the dynamics of particle loss. These experiments are Conshanges mostly the vertical tune.
ducted for the three different chromaticities of Table II. Then as the particle undergoes momentum oscillations
and damping, its tunes are slowly modulated back and forth
in the transverse tune plane, eventually returning to the
nominal tune values. During this process it is possible that
In this section we examine the mechanism of Touschelkome of the particles may encounter a region in tune space
scattering in more detail. From radiation measurements wehere their motion is resonantly or diffusively excited to
know that the highest radiation leveland thus the highest large vertical amplitudes, where they may collide with the
loss areagsoccur at the location in the ring where the vertical vacuum chamber.
vacuum chamber size is the smallest. At this location, where An example of this is shown in Fig. 6. We take the case of
the vertical beta function is 4 m, the chamber height isthe machine adjusted to the nominal chromaticity= 0.4,
+4 mm. Therefore we can conclude that after a particle i, =1.4. The linear machine model is fitted using measured
Touschek scattered, it can reach large vertical amplitudes. fesponse matrix daf@4,29—linear coupling errors are also
is also known from momentum aperture measurements thatcluded. A particle is launched with initial conditions
the dynamic aperture is limiting the Touschek lifetime. In =12 mm,y=0.5 mm, §=2% and tracked using a full six-
fact these observations can be well understood by looking atimensional tracking code including synchrotron oscillations
the transverse particle dynamics: resonance excitation anghd radiation dampin§26—28. The calculated horizontal,
orbit diffusion drive particles to such high vertical ampli- vertical, and longitudinal turn-by-turn positions are plotted
tudes as explained in this section. (Fig. 6) over 3500 turns. In the vertical plane the vacuum
chamber height is also drawn as dashed lines 4t mm. As
seen in the figure, the longitudinal oscillations appear stable
and are slowly dampingdue to radiation dampingHow-
The left side of Fig. 5 shows an illustration of the particle ever the amplitude of the horizontal and vertical oscillations
motion in the momentum and horizontal amplitude space foare irregular and periods of rapighaotio growth are ob-
a particle scattered to an initial value afy(, vBxH, ). The  served. At some poir(around turn 3000the particle reaches
open circle indicates the initial coordinates of the particle.vertical amplitudes larger tham4 mm. Therefore this par-
After the particle is scattered, there is a rapid oscillation inticle is lost on the vacuum chamber.
6—so-called synchrotron oscillations—and a slow damping Unfortunately it is difficult to exactly simulate this pro-
in & and horizontal amplitude back to the nominal oiltite ~ cess experimentally. The reason is that in order to experi-
filled square in the figupe The time scales involved in these mentally simulate Touschek scattering, one would like to
processes are very different—the synchrotron oscillation pehave an instrumer(or set of instrumenjsthat would simul-
riod is of the order of 100 turns whereas the damping time otaneously change the energy and amplitude of the beam
the order of 10000 turns. It should be noted that in thiswithin one turn. Although it is possible to give a single-turn

IV. OFF-MOMENTUM TRANSVERSE DYNAMICS

A. Off-momentum simulations

14 8.25
12 P
8.2 FIG. 5. Left: Schematic of particle behavior
10 after Touschek scattering. Initial particle position
T 8 8.15 after being scatteretbpen circlg, then oscillat-
E 5> ing in energy and amplitudésolid line), and
XEG 8.1 damping back down to the nominal orlfilled
4 square. Right: particle motion tracked in the tune
8.05 space ¢, vy), showing the effect of tune shift
2 with betatron amplitude and tune shift with en-
ergy. Resonances up to the fifth order are shown.
0 -2 0 2 184.1 1415 142 1425 143
& (%) v

X
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given horizontal amplitude, then undergoes a damping in
amplitude without executing any synchrotron oscillations
(compare with Fig. B This measurement can be used to
identify amplitudes, momentum deviations, and frequencies
3000 3500 where beam loss occurs—presumably by encountering re-
gions where the motion is strongly nonlinear and chaotic.
Therefore if the assumption that the beam loss is determined
by the transverse dynamics is correct, this measurement is a
way of locating the areas of beam loss that a Touschek scat-
tered particle might experience.

0 500 1000 1500 2000 2500

500 1000 1500 2000 2500 3000 3500

3 .
f 1 B. Off-momentum frequency map analysis
%-?X/\/\/\/\/\/\/\/V\/\/\/V\/\/W\A/\/\/\N\/\/\/ 1 In a previous study29] we showed that it was possible to
ot 1 experimentally measure resonant and chaotic behavior in a

500 1000 1500 2000 2500 3000  3s00  Storage ring using frequency map analy$isMA) [30-32. It
Turn No. was also demonstrated that we could correlate particle loss to
FIG. 6. Tracking with synchrotron oscillations and radiation tN€ zones with high diffusion33]. In that study we were
damping for a particle launched with initial amplitude of  ONly looking at the on-momentum dynamics, which is impor-
=12 mm,y=0.5 mm, ands=2%. At certain times the motion of tant for the understanding of particle loss during the injection
the particle is highly diffusive causing the vertical oscillation am- process. In the present study we are extending and modifying
plitude to become larger thah4 mm. In the ring, it would lead to  these techniques to probe the off-momentum dynamics.
particle loss on the vacuum chamber. In Fig. 8, FMA is used to explore the off-momentum dy-
namics. The machine model is the same as that used to gen-
large transverse kick to the beam, it is impossible to give #rate the tracking data in Fig. 6. A frequency map is drawn at
single-turn energy kick of a tenth of a GeV to a beam with anthree different values of the relative momentum deviaion
energy of 1.5 GeV. On the other hand it is possible to slowly(—3%, 0%, and+ 3%). Togenerate each of the three maps,
(adiabatically change the nominal energy of the beam. Sothe energy is fixed and particles are launched with various
instead of studying the full six-dimensional case, we studydifferent initial horizontal and vertical amplitudes and
the transverse dynamics at different momenta—the offiracked forN=1000 turns without synchrotron oscillation or
momentum transverse dynamics. We show in Sec. V thatamping. For surviving particles, tunes are then computed
using this approach we gain a better insight into the details ofvith FMA and plotted in the frequency space. Because of the
the particle loss mechanisms. tune shift with energy, the maps of the three cases do not lie
Here we make the assumption that knowledge of the offon top of each other. The dynamics encountered by the beam
momentum dynamics is what is relevant to understand thehanges a lot with the energy: resonance orders and widths,
full six-dimensional dynamics. In doing so the transversediffusion rates, tune shifts with amplitude. As a result
(X, px. Y, py) dynamics is viewed as being decoupled fromthe stability area shrinks drastically for= —3%.
the longitudinal ¢,1) dynamics. This decoupling is possible ~ The color scheme represents the orbit diffusion defined as
due to the large difference in time scales between the sy =(1/N)log,d|v,— v4||, wherev, andv, are the transverse
chrotron oscillations(100 turng and betatron oscillations tunes, respectively, determined over the first and last 500
(few per turn. turns of the particle tracking31]. Blue regions describe
Figure 7 shows an illustration of the method that we usedstable dynamics and red and yellow regions stand for strong
to study the off-momentum transverse dynamics in the amnonlinearity and chaos. As an example for #v0% map a
plitude and frequency space. A particle is launched with darge chaotic zone exists in the vicinity of the tunesigf

Amplitude space Frequency space
14 €0 060006066668 825 FIG. 7. Schematic of the measurement tech-
12 o nigue used to study the off-momentum dynamics.
\ / 8.2 The particles starting at some horizontal oscilla-
10 tion amplitude(filled circles damp down to the
T s 8.15 nominal orbit without any synchrotron oscilla-
£ = tions for a fixed momentum deviatioa. Left:
= 6 \ / 8.1 -39 configuration space with induced amplitude after
4 \ / a Touschek scatteringdiagonal lineg Right:
8.05 tracked particle in tune spadeurved line indi-
2 cates tune shift with energy for particles near the
closed orbit, diagonal lines indicate the tune shift
0 8 . .
-3 -2 - 5 ((‘J)/) 1 2 38 141 1415 13.2 1425 143 with betatron amplitude
°

X
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FIG. 8. (Color) Frequency maps for three different momentum deviation8%6, 0%, and+3%). Thecontinuous green line indicates
the tune shift with energy for particles near the closed orbit. The color code describes orbit stability from regular(iohagjcio chaotic
motion (red). On top of the maps resonance lines are drawn up to the fifth order.

=14.2 andv,=8.1 (see Fig. 8 This region is at the inter- zones shown in the frequency map in Fig. 8. For this particle
section of the third-order resonaneg—2v,=—2 and the the vertical amplitude only reaches a maximum of about
fifth-order resonance 5, =71. So a particle may be lost =3 mm [near point(c)]—and thus this particle would not
when its tunes are slowly sweeping over this region. collide with the vacuum chambéwhich is=4 mm). How-

To illustrate this we tracked a particle using the sameever other particles with slightly different initial conditions
model that we used to generate the frequency maps excephn be excited to more than4 mm vertically and will
that we now include synchrotron oscillations and radiationgqjjide with the vacuum chamber. This suggests that the mo-
damping. A particle is launched with an initial condition cor- entum aperture should be a strong function of the vertical

responding toc=10 mm,y=0.5 mm,5=0% (see Fig. 9. ypysical aperture. Measurements detailing this are summa-
The horizontal and vertical position is recorded for each turi;;aq in sec. ViII.

for 10000 turns. Due to radiation damping the amplitudes
tend to decrease, however at certain tiffiadicated by(c),
(b), and(a) in the figurg there is rapid growth in the vertical
plane.

One can see the corresponding position in the frequency To study the off-momentum transverse dynamics at the
space on the right side of Fig. 9. The tunes were computedLS storage ring, three tools have been used.
using FMA by dividing the 10 000 turn-by-turn data into 40 (1) The first tool is a set of two fast pulsed magnets called
blocks of 250 consecutive turns each. As observed in thépinger magnets:” each pinger magnet’s pulse duration is
figure, the particle is damping down to the nominal tunesonly 600 ns. This is less than the time it takes for electrons to
However, at certain points markeéd), (b), and(a), the par- execute one turn around the ring. Therefore these magnets
ticle trajectory diffuses to larger vertical amplitudes. The firstcan provide a single-turn transverse kick to the electrons.
change occurs atc) when the trajectory crosses thg  The amplitudes of the horizontal and vertical fields can be
—2vy=—2 resonance. The second occurs(@twhen the adjusted independently.
trajectory crosses thewg+ v, =65 resonance and there is a  (2) The second tool consists of turn-by-turn horizontal
third region (a) where the particle crosses the resonanceand vertical beam position monitofBPMs). In each turn,
3v,+2v,=59. This behavior is consistent with the chaotic the BPMs measure the transverse center of the charge of the

V. EXPERIMENTAL MEASUREMENTS OF THE
DYNAMIC APERTURE
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FIG. 10. Top: Beam current versus kick amplitude. Bottom:
814l | First derivative of beam current versus kick amplitude. Each change
N in beam loss is labeled by a letter.
8.12 <
ences, where shifting the rf frequency can also cause a large
a1l ] change in the damping partition numbé¢sse the Appendix
8.08 s ' - - — | A. Normal chromaticity, on-momentum
1418 14.19 142 14.21 1422 1423 1424 1425 14.26

Yx An example of raw current measurements as a function of
the horizontal kick amplitude is plotted in Fig. 10 for a mo-

FIG. 9. Tracking of a particle with synchrotron oscillations and mentum offset ofS=0%. The storage ring parameters have

radiation dampindin tune and configuration spac&Vhen the tra-

jectory crosses a region with high diffusigsee labelga) to (c)], been the same as in th_e cases d_escrlbed in SSC. I, ie., tunes
the vertical oscillation amplitude increases and@tthe particle at 14.25 and 8.20, _em'ttance ratio a_t about 7A)j For this ex-
gets very close to the vacuum chamber of 4 mm. ample the chromaticity of the machine was adjusted to the

ring’s nominal chromaticity §,=0.4,£,=1.4). The top plot
'H1 the figure shows the measured beam curkresta function

electron beam as it revolves around the ring. The BPMs ca f the kick litude aft h horizontal kick. The relati
store up to 1024 consecutive data points and are synchrg- € Kick amplitude after each horizontal kick. The refative

nized with the pinger magnet pulse. In this way it is possible_gSS rate (n— |In71)/||_r|1(71_ s plotted_ bilovlv. Here one7 gan
to record the beam position of the first 1024 turns after the entify several stepli € Increases in t € 108s ra_lte at7.8 mm,
beam is kicked by the pinger magnets. 9.6 mm, and 10.6 mm indicated log)—(c) m_the_ figure, and
(3) The third tool is a beam current monitddCCT). This ther(a |sfa total beam IIOSTQ' atfli.G mm SS mdmgteddfpy h
monitor can record the current before and after the beam has The requency analysis of the turn-by-turn data for eac
been kicked allowing to measure the relative beam loss. '_Ck amplltu_de will show us the origins of these beam I(_)sses.
In the experiments the nominal energy of the machine idigure 11 displays the measured frequencies £y). In this

shifted adiabatically by changing the rf-frequeridy], plot the size of the dot is related to the relative loss rate
! ! caly by ging queriag] [(1,—lh—)/l,_1]—For legibility, zero loss corresponds to a

1 Af finite dot size. First at zero kick amplitude the tunes corre-
s=— 1 (10) spond tov,=14.25 andv,=8.20 [indicated by(o) in the
ac fi figure]. As the kick amplitude increases the tunes shift to
smaller values. Aroundi , vy) =(14.23,8.15) see point(a)
Then the beam is kicked with increasing horizontal kickin Fig. 10], a slight beam loss is observed associated with the
strength(keeping the vertical kick strength at a small con- crossing of the resonancevg+2»,=59. The neighborhood
stant valug The relative change in beam current as well asof this resonance, reached at a 7.8 mm kick amplitude, can
the turn-by-turn data for each point are recorded. The meabe identified as the lowest amplitude region harmful for the
surements can then be repeated at different valugs itfis ~ dynamics. Then at tunes of=14.22 andv,=8.11 there is
worth pointing out that this technique works well for the a more significant change in the loss rég This occurs as
ALS but may not be suitable in rings with large circumfer- the tune crosses the fifth-order resonaneg+#v,=65. The
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8.3 on-momentum points in black, and positive momentum de-
viation points in red. For large negative momentum devia-
tions the particle loss at high amplitudes is caused by the
8.25 integer resonance,=8 (areaA in Fig. 12. Around zero
momentum deviation the particles are lost in the neighbor-
hood of several resonances s 71, vy—2v,=—2, see
areaB). At large positive momentum deviations, the loss is
again due to the integer resonanegg=8 (areaC) and the
linear coupling resonance,— »,=6 (areaD).
Now that the amplitude and cause of the beam loss have
x been found, it is possible to relate this case to the fully six-
el . dimensional case including synchrotron oscillations. In this
- o \< 5 way we can determine the limitation of the dynamic and
5 * momentum aperture. When a particle is Touschek scattered
8.051 B Ny | we have_previou;ly seen that it osci!lates rapidly in momen-
I b tum and its amplitude damps slowly in momentum and trans-
verse amplitudes towards the beam center. Figure 5 shows
, ) , the shape of the footprint of the particle trajectory in con-
14 1405 141 1415 142 1425 143 figuration space. The footprint looks similar to an inverted
Ve triangle. In order to find the largest momentum deviation a
particle can encounter without being lost, we have to find the
FIG. 11. Tunes and loss rates as calculated from tumn-by-turiargest inverted triangle that misses all high-loss areas: As

BPM data and DCCT measurements. The labels defined as in FigJne can see in Fig. 12, a particle that has been Touschek
10 indicate beam los&lot sizg increase near particular resonance scattered in the arcs up, t@|$2 5%, corresponding to an

lines. induced horizontal amplitude of 9 mm, will cross no re-
gion of large loss. However there are large loss regions at
loss rate further increases as the tune crosses the third-ordarger energy deviations and amplitudes—the first being at
resonances,—2v,=—2 as indicated byc) in Figs. 11 and 10 mm(both até6= —2.5% and av=0.5%). From this mea-
10 at an amplitude of 10.6 mm. And finally there is a totalsurement we can infer that the limit of the dynamic momen-
beam loss on the fifth-order resonancg, 571 as indicated tum aperture in the arcs is slightly more than 2.5%. This
by (d). Thus using the frequency data enables us to identifigompares well with the value of 2.65%ee Table )l mea-
which resonances are responsible for particle loss. sured using the technique described in Sec. Ill.

A comparison of the experimental dafféigs. 10 and 11 Through this measurement, the global dynamics of the
with the theoretical simulatiofFigs. 8 and 9reveals a con- storage ring is revealed. Not only are the amplitude of loss
sistent picture of the dynamics. The tune shifts with ampli-regions and the size of the dynamic aperture determined, but
tude are the same and the high diffusion zones in the simwalso the resonances that are responsible for loss are identi-
lation correspond to regions of significant particle loss in thefied. All this provides us with a comprehensive understand-
experiment. ing of the beam dynamics for this particular machine condi-

Up to now only data for a single value @ have been tion.
shown. We will now present data for various momentum
offsets and three different values for the chromaticities. C. Large vertical chromaticity, off-momentum

(o
8.2

>>8.15 r (

.
1N2%4

Figure 13 shows the results for the second case with the
higher vertical chromaticity §,=0.4,§,=4.4). When com-

Figure 12 shows the results for the nominal chromaticitiegparing with the nominal chromaticity case shown in Fig. 12,
(éx=0.4,£,=1.4). The relative loss rates are plotted both inwe see that the aperture is reduced in several areas. In par-
the amplitude spacex(s) (top) and in the frequency space ticular, we wish to point out the reduction in the aperture at
(bottom). In the amplitude space, the induced amplitude ver— 2% and the large loss region extending from 1.5% to 5%.
sus energy of a particle that has been Touschek scattered lim fact this loss region at positivé causes the lowest limit of
the arcs is indicated by a red dashed line; in the frequencthe momentum aperture in the arcs. It limits the aperture at a
space the change of tune versus energy at zero amplitude isomentum deviation of slightly more thah=1.5%, corre-
indicated by a solid green line. sponding to an induced amplituatg,4 of slightly less than 7

As shown in the preceding section it is possible to identifymm. The second limitation at negativelimits the aperture
resonances and chaotic regions that limit the apertures b less thans= —2.0% (corresponding to an induced ampli-
looking at the data plotted in the frequency space. In thigude of slightly more than 7 mm
case several dangerous resonances or intersections of reso-By looking at the frequency plot we see that the plot is
nances responsible for beam loss can be identified. To helgery different from the nominal chromaticity case. The nega-
distinguish between different momentum offsets we havdive & limit corresponds to the integer resonanag < 8).
plotted points with negative momentum deviation in blue,This is true as well for the normal chromaticity case but due

B. Normal chromaticity, off-momentum
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FIG. 12. (Color) Measured momentum aperture in tubettom FIG. 13.(Color) Measured momentum aperture in tubettom

and in configuration spacétop) for the chromaticity set and in configuration spacétop) for the chromaticity set &,
=0.4,{,=1.4). Point size indicates relative beam loss and labels=0.4,£,=4.4). Point size indicates relative beam loss and labels
point out specific resonance areas responsible for these lossgmint out specific resonance areas responsible for these losses.
Resonances up to the fifth order are drawn in the tune space. = Resonances up to the fifth order are drawn in the tune space.

to the larger vertical chromaticity, this limit is reached at
lower values of 5|. Note a second loss regidB) similar to
loss region(B) in Fig. 12. The lowest limitation occurs when ) o
the particle frequency approaches the linear coupling When looking at th(_e results of_the initial m0n_1entum ap-
resonance—a resonance that is deliberately excited to contrB[tUré measurements in Sec. lll, it was not obvious why in-
the vertical beam size. The reason that the coupling resd:reasing the horizontal chromaticity by two units fragp
nance is important is that the tune shift with energy in the=0.4 to £,=2.4 actually increased the momentum aperture.
case with a larger vertical chromaticity moves the tune to théAs previously stated, this may seem counterintuitive, but by
other side of the coupling resonance. Then the tune shift wittooking at the data from the dynamic aperture measurement,
amplitude moves the tune down onto the coupling resonanciie reason becomes clear.

where there is beam loss. Based on this measurement one In the previous case with high vertical chromaticity, the
would predict that the dynamic aperture would restrict thelinear coupling resonance limited the momentum aperture.
momentum aperture in the arcs to slightly more than 1.5%So one way to enlarge the aperture is to increase the value of
This compares well with the value of 1.75% measured beforé at which the tune crosses over the linear coupling reso-
(see Table ). nance. This is precisely what happens when the horizontal

D. Large horizontal and vertical chromaticity, off-momentum
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16 T - . T T . - y . VI. SIMULATIONS OF THE DYNAMIC APERTURE

The method presented in the preceding section provides a
model independent way to obtain a global picture of the
off-momentum dynamics. It can be used to understand limi-
tations of the dynamic momentum aperture and provide
guidance on how to improve the machine performance. Fur-
thermore, it has been demonstrated that the mechanisms

14}

12F

10

E i o causing particle loss are well understood and that tracking
- simulations for individual particle trajectories agree well
ol with the measured dynamics.

In order to evaluate, whether simulations reproduce the
differences in momentum aperture found in the experiment,
additional tracking studies were performed. Particle trajecto-
ries were tracked for a large set of initial conditions (100
X 100) in the configuration space formed by horizontal os-

. : : cillation amplitude and momentum deviation. Afterwards,
1 2 3 4 5 the transverse oscillation frequencies for each of those tra-
jectories were calculated, similar to the method used in the
experiment. We will concentrate here on the main difference
of the two cases with high vertical chromaticity as an ex-
ample. A full analysis will be the topic of future studies.

Figures 15 and 16 show the results of those simulations
(tracking the particle coordinates for 1000 turns without syn-
chrotron radiation or radiation dampingpr the two cases
with high vertical chromaticity. The color code in the plots
again indicates the diffusion rate on a logarithmic s¢atein
Fig. 8. In addition, the measured normalized beam loss rates
as a function of momentum deviation and initial horizontal
oscillation amplitudes are shown as red dots in the plots
(compare Fig. 15 with Fig. 13 and Fig. 16 with Fig.)14

The general features of the simulation and the measured
beam loss agree well. Areas where particles were lost before
reaching 1000 turns in the simulation are clearly outside the
| stable areas in the measurements as well. In addition, in
8 — . L | many cases one can associate an area with high diffusion in
s s Mak. A ke the simulation to areas with beam loss in the measurements.
Comparing Figs. 15 and 16 one can see that the main differ-

FIG. 14. (Color) Measured momentum aperture in tubettory ~ €Nce due to the increased horizontal chromaticity in the mea-
and in configuration spacétop) for the chromaticity set Sured data—the shift of the loss area caused by the coupling
=2.4,¢,=4.4). Point size indicates relative beam loss and labeld€sSOnancey,— ry=6 (Clr(_3|e_d area in the plojs to Iarger
point out specific resonance areas responsible for these lossd¥0Sitive momentum deviations—is reproduced well in the
Resonances up to the fifth order are drawn in the tune space.  Simulations.

However, the figures show significantly more diffusive

chromaticity is increased. Figure 14 shows the results for thgreas and more details than the measurements. Therefore itis

. . . - not trivial to evaluate which of the diffusive areas might be
high horizontal and vertical chromaticitiesé=2.4,¢, g

_ . . . o ; harmful by just looking at these kind of plots. The main
=4.4). By increasing the horizontal chromaticity we shift the o550 s that the particle loss happens in the vertical plane

effect of the coupling resonance to larger positive momen(4g shown earligrwhereas in these figures, the configuration
tum deviations, thus increasing the size of the aperture t@pace of momentum deviation and horizontal oscillation am-
nance. This compares well with the value of 1.9% measuregiffusion in these plots might not indicate a high-loss area is
before(see Table . if the diffusion takes place in the horizontal amplitude con-
It should be mentioned that we first studied the case ofiguration spacdi.e., the particle trajectory remains at low
(6x=0.4,£,=4.4), discovered the limitation caused by the vertical oscillation amplitudes
coupling resonance, and then predicted that increasing the Fortunately, there are several methods to figure out which
horizontal chromaticity would increase the lifetime. So thisdiffusive areas can really cause beam loss. The first is to plot
technique was used in a predictive way to improve the perthe simulation data in the tune space instead of configuration
formance of the machine. space(similar to the way in which it is done in the experi-
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FIG. 15. (Color) Comparison of simulation of the dynamic momentum aperture and measurement of normalized beam loss in configu-
ration space §,=0.4,¢,=4.4). White areas indicate regions where the particles were lost during the tracking. The loss area caused by the
coupling resonance,— »,=6 is circled.

mental case, compare Figs. 12)1%hat method can also analysis in the frequency domain, where the results will be
help to identify which specific resonances are harmful andnore independent of the phad@$].

directly provide guidance on how to improve the stability of

trajectories. The second is to compare the simulation results vj|. DEPENDENCE OF THE MOMENTUM APERTURE

with results of measurementiike it is done in this section ON THE VERTICAL PHYSICAL APERTURE

This allows to make very good predictions for situations not ) o )
too different from the one in which the measurements were 1he loss of particles due to resonant excitation of their

made. The last method employs the use of many s:imulateﬁ‘Otion or due to diffusion happens mostly in the vertical
frequency maps(calculated in the configuration space plane (compare Sec. |V Therefore one should expect that

formed by horizontal and vertical oscillation amplitugiésr the momentum aperture depends on the vertical aperture. To

various, fixed momentum offsetsompare Fig. B This way study this effect quantitatively, measurements of the depen-

luate th ivle direct f the diffusion i dence of the momentum aperture of the ALS on the vertical
one can evaluate the possible directions of the diffusion i hysical aperture were also performed.

the full transverse phase space for a given momentum OffS€t. |, yhe measurements, the vertical physical aperture was
These simulation methods have been used successfullp 1o various values by using a vertical scraper. The
during the Superbend project at the ALS, where three ”Orm"’gcraper—like the narrow gap vacuum chambers, which nor-
conducting bending magnets in the middle of three of the 12n)ly restrict the vertical physical aperture to about
triple bend achromat cells have been replaced by supercon-4 mm— is located in one of the 12 straight sections of the
ducting one$34]. This installation broke the original 12-fold ALS where the vertical beta function is about 4 m. For a
symmetry of the ALS and, therefore, changed the nonlineagiven scraper setting, the beam lifetime was measured as a
single-particle dynamics significantly. The predictions of thefunction of the rf-momentum apertueg;, and the momen-
simulation proved to be quite accurate. Nevertheless, itum apertures gy,ignande . were determined from a fit to
should be mentioned that the results shown in Figs. 15 anthis data using Eq9), similar to what was done to generate
16 depend very much on the initial phases. Therefore, thedeig. 3. The results of the measurement are shown in Fig. 17.
studies should be continued and completed by an equivale@ne can see that thé&ransversemomentum aperture in the
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FIG. 16. (Color) Comparison of simulation of the dynamic momentum aperture and measurement of normalized beam loss in configu-
ration space §,=2.4,§,=4.4). The loss area caused by the coupling resonagee’, =6 is circled.

arcs is a strong function of the vertical physical aperture. Ismaller and smaller gaps. The measurements presented here
decreases monotonically for a physical aperture smaller thannderline that it is very important to study the impact that the
the nominal=4 mm and becomes nearly zero around a verreduced vertical physical aperture has on the momentum ap-
tical physical aperture of about 1 mm. One should remarkerture in addition to studies of vacuum, impedance, and ra-
that the vertical beam size at the location of the scraper fofliation issues.
typical emittance coupling isy,<30 wm, which means that
+1 mm still corresponds to a physical aperture of more
than+30 o, . Short beam lifetimes are one of the major performance
Another result of the measurement was that the momeniimitations in particle storage rings. The beam lifetime in
tum aperture in the straight sections did remain at valuesnany particle storage rings is limited by particles being
larger than 3%i.e., at values larger than the rf-momentum Touschek scattered outside of the ring’s momentum aperture.
aperture achievable with the current rf system of the ALS Up to now the beam lifetimes that have been realized have
for all settings of the scraper, all the way down to a verticalbeen smaller than predicted as a result of the momentum
physical aperture of only 1 mm. Based on the understandingperture limitations. Measurements at the ALS as well as
of the loss mechanism as described in Sec. IV this was thether storage rings have demonstrated that the dynamic ap-
expected behavior. erture is the dominant effect determining the size of the mo-
The fact that the momentum aperture and, therefore, thementum aperture.
beam lifetime is a strong function of the vertical physical Employing the method of frequency analysis to study the
aperture is of special importance for synchrotron lightoff-momentum transverse dynamics provides a very power-
sources. Since the performan@oton brightnegsthat can  ful model independent diagnostic tool to visualize the global
be achieved with an undulator depends critically on the gaplynamics of the system and understand the aperture limita-
of the magnetic undulator structure, there is a strong incentions. In particular, this tool helps to identify regions in the
tive to make the undulator gap and, therefore, the physicétequency space where beam loss occurs. The present study
aperture of the vacuum chamber as small as possible. Réemonstrates that the knowledge of the off-momentum trans-
cently several second and third generation synchrotron lighterse dynamics allows an accurate prediction of the momen-
sources have been equipped with insertion devices withum apertures at the ALS and can suggest strategies to im-

VIIl. CONCLUSION
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3_ ........... , ......................... ......................... tlcal amp'ltUdeS, CaUSIng the partlcle to CO”Ide Wlth the
§ : § : § : : : vacuum chamber. This is consistent with the fact that the
o5l o o g } highest loss rates are measured at the narrowest vertical gap
1 ' Cog : : chambers. These studies provide both confidence in the
. x ‘ : model and the possibility to accurately predict the perfor-

mance of upgrades to the ALS.

: : : : In most other storage rings, knowledge of the off-

5l o o o momentum dynamics will allow to accurately predict the
1 1 1 : momentum aperture. Therefore these techniques will be im-
: : : : portant for understanding and improving the momentum ap-

1_ ........... ....................... } ........................ , ertureS In eXIStIng Storage rIngS as We” aS for preCISer pre_
: : : dicting the momentum apertures in future accelerators.

“uc )
bd

05_1 ......................................................................
: : ‘ ‘ ACKNOWLEDGMENTS
: X : : :
0 0;5 : 1i5 s 2i5 s 35 ‘i‘ The authors would like to thank the staff at the ALS,
' Ty (mm) ' particularly Charles Kim and Hiroshi Nishimura, with whom
phys

we had many interesting discussions, and Ben Feinberg for

FIG. 17. Measurement of the momentum aperture in the archelpful comments on this paper. We wish to thank Louis
&arc, @s a function of the vertical physical apertyigys. €ac Was Emery, Kathy Harkay, Vadim Sajaev, and Kwang Je Kim at
calculated by individually fitting the results of lifetime measure- the Advanced Photon Source for interesting discussions and
ments as a function of the rf-momentum aperture for various setfor pointing out the difficulty of studying the off-momentum
tings of a vertical scrapes.yignWas larger than 3% for all scraper dynamics in large storage rings. This work was supported
settings. by the Director, Office of Energy Research, Office of Basic
Energy Sciences, Materials Sciences Division of the U.S.
Department of Energy, under Contract No. DE-ACO03-

prove its dynamics. Even with just two sextupole families ats - 50098.

the ALS, the knowledge of the off-momentum dynamics al-
lowed us to adjust the chromaticifyncreasing the horizontal _
chromaticity resulting in increased lifetimes by 25%. APPENDIX: DAMPING PARTITION NUMBERS

The agreement is very good between the estimated dy- The radiation of charged particles circulating in a storage
namic momentum aperture from the measurements using ghq causes a slow damping of the betatron and synchrotron
pinger magnet and the direct measurement using the riyscillation amplitudes of the particle. In the study of the
amplitude scans. As mentioned in Sec. IV, since it is NOff-momentum dynamics, the reference momentum is ad-
possible to give a single-turn momentum kick to the beamysted by changing the rf frequency. However this also modi-
with a large amplitude, it was not possible to simulate eX<jes the distribution of damping between the different planes.
actly the full six-dimensional dynamics of Touschek scatter-gecause of this the motion can become antidamped in one
ing. It was only possible to study the off-momentum dynam-pjane, making the technique presented in this paper unsuit-
ics. The results presented here are a demonstration of thge This is particularly important for large rings.
validity of the assumptiofimade in Sec. |Ythat the knowl- The damping times4,, 7, 7,) are inversely proportional
edge of the off-momentum dynamics is sufficient to underyg the damping partition numbers,(, J,, J,), whose values

stand the full six-di.m.ensional dynamiqs. are, for a storage ring with midplane symmef2g],
However, even if it would be possible to study the full

six-dimensional dynamics, the time span limits imposed by J=1-D, Jy=1, J,=2+D (A1)
decoherence would not allow us to separate the synchrotron

oscillation contributions to the betatron frequencies. So therith

is an additional advantage of studying the off-momentum

dynamics for fixed momentum offsets: Using the beam os- 71

cillation data, which was recorded as additional information, 3& P E"'ZK ds

one can identify the resonances in tune space that cause those D= , (A2)
loss regions. The analysis showed that the large difference in 3g ids

lifetime is not caused by a large difference in the strength of p?

resonances, but by the fact that different linear chromaticities

cause the particles to sample different regions in phase spacgherep, K, and 5 are, respectively, the local curvature ra-

and thus experience different sets of resonariges. \). dius, the linear field gradient, and the dispersion function of
The agreement between measured data and simulation rg- magnet. The motion of the particles is simultaneously

sults, which are based on calibrated machine models, igamped in the horizontal and longitudinal plandg £ 0) if
good. The simulations show that the loss regions correspong satisfies the stability condition

to resonances, and intersections of resonances where the par-
ticle motion is resonantly or diffusively excited to large ver- —2<D<1. (A3)
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When varying the rf frequency, the closed orbit shifts in —2-Dy 1-D,
the quadrupoles, which are located in regions of finite dis- A S<—Fp— (A5)
persion (o). Therefore the value oD (to first ordey
changes by

) For the ALS, the full range in which there is damping in both

Pb ) planes isA 6= 3/A, which is 33% (18%,+16%). This is
AD%ZNDLD 5quad familiesNQLQ(KQnQ) much larger than the range of interest for the study of the
off-momentum dynamics%5%).
=AS$, (A4) However for larger rings this may not be the case any-

more. A small change in momentum gives a large change in
where Ng, Lo, and Kq are, respectively, the number, damping rates. For instance, at the Advanced Photon Source
length, and gradient for each family of quadrupoles- in Chicago[36], the range is—2.8%< §<1.4% [37]. This
poleg. StatingD=Dy+AD and combining Eqs(A3) and limits this technique’s usefulness in exploring the off-

(A4), the stability condition becomes momentum transverse dynamics in larger rings.
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