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An essential feature of third generation storage ring based light sources is the magnetic
is designed with a high degree of periodicity. Tracking simulations show that if the period
is perturbed (by focusing errors, for example), nonlinear resonances become excited, which
a reduction in the dynamic aperture. Therefore it is important to have a method to measu
correct perturbed periodicity. In this paper we study the effect of broken and restored periodi
an actual third generation light source: the Advanced Light Source at Lawrence Berkeley N
Laboratory. First, we show that it is possible to accurately determine the storage ring optic an
the perturbation of the periodicity by fitting measured orbit response matrices. This method allo
to determine individual field gradient errors in quadrupoles and closed orbit errors in sextupole
varying individual quadrupole field strengths it is possible to correct the optic, largely restorin
lattice periodicity. A comparison is made of the performance of the storage ring before and af
optic is corrected. Measurements of the electron beam tails and the synchrotron light image r
large suppression in resonance excitation after the optic is corrected. Correcting the optic also im
the injection efficiency. [S1098-4402(99)00037-3]

PACS numbers: 29.27.Bd, 29.27.Fh, 29.20.Dh
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I. INTRODUCTION

The Advanced Light Source (ALS) is a 1.0 to 2.0 G
storage ring based synchrotron light source locate
Lawrence Berkeley National Laboratory [1]. Similar
other third generation light sources, the ALS storage
was designed to produce small beam emittances to
crease the brightness of radiation emitted from ins
tion devices. The small beam emittances are create
strongly focusing the beam with high field quadrup
magnets. These quadrupole magnets generate large
matic aberrations that need to be corrected with high fi
sextupole magnets. These sextupole magnets in tur
troduce geometrical and higher order chromatic abe
tions that can result in undesirable dynamic behavio
the electrons—such as excitation of structural resona
and chaotic motion. This nonlinear behavior can le
to: 1. small dynamic aperture (a) short lifetimes (To
schek and gas-scattering) and (b) slow injection ra
2. distortion in the beam shape; and 3. reduction in
betatron tune space where beam can stably circulate.

There is an important feature of the ring design that h
suppress resonance excitation—the ring is designed w
high degree of periodicity. The ALS ring is 12-fold pe
odic. Figure 1 shows one twelfth of the ring consisting
3 dipole magnets (B) 6 quadrupoles (QF, QD, andQFA),
and 4 sextupole magnets (SF andSD). The locations of
horizontal and vertical steering magnets, and beam p
1098-4402y99y2(4)y044001(12)$15.00
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tion monitors (BPMs) are also shown. The dipole ma
nets have quadrupole fields in addition to their dipole fie
(i.e., combined function magnets). The magnetic lattic
a triple bend achromat that is mirror symmetric about
center.

Ideally, each of the 12 sectors is identical. In suc
ring, structural betatron resonances may occur when
following condition is satisfied:

Nx
nx

12
1 Ny

ny

12
­ M , (1)

wherenx and ny are the horizontal and vertical betatro
tunes for the full ring andNx, Ny, andM are integers. In
a ring with no periodicity the full ring is the basic unit o
the machine. In that case structural betatron resona
may occur when

Nxnx 1 Nyny ­ M , (2)

which is much less restrictive than the condition given
Eq. (1).

In this paper, we define the resonance conditi
given in Eq. (1) as resonances that are “allowed”
periodicity. All conditions given in Eq. (2), excludin
those that are given in Eq. (1), we define as resona
that are “unallowed” by periodicity. To illustrate th
reduction in the number of low-order resonances with
fold periodicity, all resonances up to fifth ordersjNx j 1

jNy j # 5d are plotted in the left side of Fig. 2 and th
© 1999 The American Physical Society 044001-1
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FIG. 1. Typical ALS storage ring sector.
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allowed resonances up to fifth order are plotted in the r
side of Fig. 2.

Unallowed resonances are excited when focusing
rors, such as quadrupole field errors and orbit err
in sextupoles, perturb the periodicity of the ring. T
strength of resonance excitation depends upon the de
of periodicity breaking. The periodicity is broken to som
extent in every storage ring. In practice we would like
know: 1. Can we identify the cause of the periodic
breaking? 2. How bad is the periodicity broken? 3. C
we restore the periodicity? 4. How is the beam dynam
affected by the broken periodicity? 5. How is the be
dynamics improved by the restored periodicity?

Through experimental studies we were able to ans
these questions. In this paper we present the results o
studies. In Sec. II we describe the technique of mode
measured orbit response matrix data that was use
determine the cause of periodicity breaking. We pres
the results of our modeling to find individual quadrupo
gradient errors (Sec. III) and horizontal orbit offsets
sextupoles (Sec. IV). In Sec. V we describe how
linear optic was corrected and the ring’s periodicity w
restored by adjusting individual quadrupole gradients
the ring.
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In Secs. VI and VII we compare the performan
of the storage ring before and after the optic was c
rected. In particular, we measure improved inject
efficiency (Sec. VI) and a reduction in resonance exc
tion (Sec. VII). In Sec. VIII we end with some concludin
remarks.

II. FITTING THE MODEL

The magnet gradient distribution in the ALS was det
mined by analyzing measured orbit response matrix d
The analysis method is one suggested by Corbett, Lee
Ziemann at Stanford Linear Accelerator Center [2] a
refined by Safranek at Brookhaven National Laborat
[3,4]. The first analysis of ALS orbit response matric
was made in 1994 shortly after commissioning by Beng
son and Meddahi [5] and later by Robinet al. [6].

An orbit response matrix,M , is defined by√
$x
$y

!
­ M

√
$ux
$uy

!
, (3)

where $ux , $uy are changes in steering magnet streng
and $x, $y are the resulting electron orbit perturbatio
at the beam position monitors (BPMs). The measu
12-fold
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FIG. 2. Resonance diagram: All betatron resonances up to 5th order (left); all “allowed” resonances up to 5th order with
periodicity (right).
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orbit response matrix,Mmeas, is obtained by changing
steering magnet and measuring orbit changes with BP
Also, it is possible to calculate the orbit response mat
Mmod, assuming some gradient distribution in the stor
ring and using an optic model. If the assumed grad
distribution is wrong, thenMmeas and Mmod will not be
the same. The actual gradient distribution in the r
is then determined by adjusting the gradient distribut
in the model to minimize the difference betweenMmeas
and Mmod. To calculateMmod we used the optic cod
COMFORT [7].

The parameters in theCOMFORT model were varied
to minimize the x2 deviation between the model an
measured orbit response matrices using the computer
LOCO [4]:

x2 ­
X
i,j

sMmod,ij 2 Mmeas,ijd
s

2
i

, (4)

where the summation is over the BPMs,i, and the
steerers,j. The si are the measured rms noise lev
for the BPMs. In the ALS there are 94 horizon
correctors, 70 vertical correctors, 96 horizontal BPM
and 96 vertical BPMs. This means that there ares96 1

96d 3 s94 1 70d ­ 31 488 elements in the fully couple
matrix or s94 3 96d 1 s70 3 96d ­ 15 744 elements in
the uncoupled matrix. In this work we did not attem
to determine the skew gradient components in the r
Therefore we ignore the cross terms in the matrix and
only the uncoupled matrix elements.

If the beam orbit is not steered horizontally through
center of the sextupoles there is a quadrupole feedd
component of the sextupole field proportional to b
the horizontal offset and the integrated strength of
sextupole. At the ALS it is possible to store bea
and measure an orbit response matrix with the sextu
magnets turned off. This is convenient because it all
us to fit that matrix without varying the sextupole
quadrupole gradients. In that way, we are able to
the quadrupole gradients independently of the sextup
Then we measure an orbit response matrix with
sextupoles turned on and fit the data by varying
sextupole gradients with the quadrupole gradients
fixed in the model. In this way we are able to minimi
the number of parameters used to fit each respo
matrix. So in gathering the data we make a back
back measurement of two response matrices: one
the sextupoles turned off and another with the sextup
turned on.

First, we discuss the gradient parameters used to fi
data set with the sextupole magnets turned off. Th
are 108 magnets in the storage ring that have quadru
components:36 Bs, 24 QFs, 24 QDs, and24 QFAs (see
Fig. 1). These magnets are powered by 50 power supp
One supply powers all theBs, one supply powers a
QFAs, and the remaining 48 supplies individually pow
the24 QF and24 QD magnets. In our fit we varied onl
044001-3
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50 quadrupole field strengths, one associated with eac
the quadrupole supplies. We did not choose to vary
108 parameters for two reasons. First, the noise of the
is not sufficiently small to accurately distinguish gradie
errors in all individual magnets. Second, we assu
that gross quadrupole errors would most probably be
to differences in power supplies and not to mechan
differences in the magnets [8].

The parameters used to fit the data set with
sextupoles turned off are the quadrupole field streng
(50), the BPM gains (192), and the steerer magnets g
(164). In addition, there is another set of parame
used in the fit: the energy shifts associated with chan
in steerer magnets. This energy shift occurs when
field of a horizontal steerer magnet located in a dispers
region is changed [9]

DE
E

­ 2
uxhx

aL0
, (5)

whereux is the change in steerer magnet strength,hx is
the dispersion at the location of the steerer magnet,a is
the momentum compaction, andL0 is the circumference
of the ring. This adds another 94 parameters to the fit
total of 500 parameters are varied to minimizex2.

After we fit the response matrix data, we fit the respo
matrix data set taken with the sextupoles turned on.
chromaticity is adjusted using two families of sextupol
SF and SD. To fit this data we fix the values for th
quadrupoles that we calculated from the previous set
only vary quadrupole gradients associated with each
the 24 SF and 24 SD sextupole magnets. In additio
to the 48 quadrupole gradients we vary the 192 B
gains, 164 corrector gains, and the 94 energy shifts.
in the second iteration there are 498 parameters tha
varied to minimizex2. For more details concerning th
LOCO fit we refer the reader to another paper [4].

III. QUADRUPOLE FIELD ERRORS

Initial LOCO analyses of the ALS storage ring were ma
in the fall of 1995. To generate the measured respo
matrix the magnitude of the steerer magnet changes w
chosen to produce approximately a 0.8 mm rms cha
horizontally and a 1 mm rms change vertically in the
bit at the BPMs. The initialLOCO analysis was made fo
quadrupoles without the sextupole magnets turned on.
fore the fit the disagreement between the measured
modeled orbit changes is greater than100 mm rms hori-
zontally and vertically. After fitting the model the agre
ment between the measured and modeled orbit cha
is 13 mm rms horizontally and vertically. This shou
be compared with the measured rms noise of the BP
si , which was12 mm horizontally and10 mm vertically.
Therefore the fits nearly converged down to the noise.
example of the agreement between the model and mac
for a typical orbit change before and after the fit can
seen in Fig. 3.
044001-3
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FIG. 3. A comparison of 1 column of the response matrix
with the ideal lattice and with the lattice after fitting.

Although the accuracy of the method is difficult
determine, there was only a 0.1% rms variation in
fit quadrupole gradients from data set to data set.
fits revealed that theQD family had significantly larger
variation in field than theQF family. In particular, the
rms variation in quadrupole field strengths within ea
quadrupole family was determined to be 0.20% for
QF quadrupoles and 0.63% for theQD quadrupoles.
TheseQD values are particularly large when compar
with the quadrupole design tolerances which specify
within a family the field variation should lie within a ban
of 60.2% [10].

As mentioned in the previous section, we assumed
any large variation in quadrupole fields is more like
a result of the variation in the power supply than
the mechanical construction. Independently, each ma
power supply excitation current was measured us
a handheld current monitor [11]. A magnet-to-mag
comparison was made between the quadrupole stren
obtained with the current meter and the response ma
fitting. The results are shown in Fig. 4. The agreem
is within the precision of the current monitor (60.3%). In
044001-4
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fact, the rms difference between the two measuremen
0.2%. Since these two independent measurement met
produced consistent results, it gave us confidence
the two methods are capable of pinpointing individu
magnet field strength errors to a precision better t
0.3%. In particular, both measurements showed tha
of the 24 QD magnets were more than 1% lower th
the average (magnets 9, 13, 16, and 22 in Fig. 4). It
ultimately shown that the reason that power supplies w
not regulating to specification was due to malfunction
regulating shunts.

Without sextupoles we identified the major cause
periodicity breaking, thus answering the first quest
posed in the introduction. The second question posed
how bad the periodicity was broken. One measure of
periodicity breaking is the distortion of theb function
in the ring. Using the calibrated model it is possible
compute theb function. The rms perturbation of th
b function from the idealb function is 3% horizontally
and 15% vertically. The perturbation of theb function is
displayed in Fig. 5(top).

In 1996 we improved the quality of our measured
sponse matrices. Prior to 1996 only one measurem
of the orbit was taken after each steering magnet
changed. To reduce the noise level of the BPMs, 500 m
surements of the orbit were taken after each steering m
net was changed. These 500 orbits were then avera
As expected the noise level was reduced by the square
of the number of averages from greater than10 mm to less
than1 mm. At the time of this paper the agreement b
tween the measured and the modeled response matric
4 mm horizontally and vertically. The fits still do not con
verge down to the noise level. In a system as complex
particle accelerator it is practically impossible to elimina
all systematic errors. In particular, we did not account
energy dependentb functions; roll angle in BPMs, correc
tors, and quadrupoles; nonlinearities in BPM gains, etc
ponse
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FIG. 4. A comparison of the relative variation ofQD quadrupole strengths as measured with a current monitor and fitted res
matrix.
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FIG. 5. Horizontal and verticalb beating with sextupoles
turned off (top), with sextupoles turned on (middle), and w
sextupoles turned on after optic is corrected (bottom).

IV. ORBIT ERRORS IN SEXTUPOLES

As was mentioned previously, if the orbit of the beam
the sextupoles is horizontally displaced from the magn
center, then there is a quadrupole component of the fi
The vector potential (normalized by the magnetic rigidit
Az, of a sextupole is

Az ­ 2
S
3

sx3 2 3xy2d , (6)

whereS is the integrated sextupole strength in units of m22

and x and y are measured with respect to the magne
center of the sextupoles. If there is a horizontal clos
orbit distortion,x0, in the sextupoles, then the equivale
quadrupole component,Ks in a sextupole is

Ks ­ 2Sx0 . (7)

Given the sextupole’s integrated strength,S, and integrated
gradient,KS, measured with respect to the beam’s clos
orbit, one knowsx0, the position of the beam with respe
to the magnetic center of the sextupole.

To determinex0, first the response matrix with sex
tupoles turned on is fitted, keeping the quadrup
gradients fixed to the value determined previously w
044001-5
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sextupoles turned off. From this fit we determine t
48 Ks. Second, the sextupole gradients,S, are determined
by adjusting the sextupoles to correct the linear chroma
ity to zero in the model. One power supply powers
of the SF sextupoles and one power supply powers all
the SD sextupoles. In our fits we assumed one sextup
strength for all the24 SF sextupoles and one sextupo
strength for all the24 SD sextupoles. Based upon simila
assumptions made about the quadrupoles in the prev
section, the assumption is made that there is little varia
in S among the sextupoles in a family. Having values
Ks and S for each of the sextupoles, Eq. (7) is used
determine the offsets,x0.

The offsets in the sextupoles, which were as much
1.5 mm in theSFs and 0.8 mm in theSDs, resulted in
an additional increase in the amplitude of beating of
b function. As can be seen in Fig. 5(middle) the rm
perturbation of theb function is 6% horizontally and
19% vertically. Even though there is some increase in
distortion of theb function, most of the distortion was
result of the mispowered quadrupoles.

How do we trust that we have found the actual offsets
the beam with respect to the magnetic center? We te
the fits by moving the orbit in the sextupoles by a know
amount and checked to see if the change in the fitted of
before and after the orbit is moved correctly reflects
change in orbit. This is done by measuring and fitti
three separate response matrices. First, we measur
orbit response matrix with the sextupoles turned off a
fit the quadrupole gradients in all the quadrupoles. Th
we switch on the sextupoles. The sextupoles are powe
so that the measured chromaticity is zero in both plan
Then we measure a second response matrix and fit
quadrupole gradients of the sextupoles. Next, we dis
the horizontal closed orbit by changing one horizon
corrector to give roughly a 1 mm change in the orbit pe
to-peak. To do this we changed the correctors excita
current by 3 A. A new response matrix is measured a
the quadrupole gradients of the sextupoles are refitted

After the response matrices are fit, the horizontal be
offset in the sextupoles is computed for each sextup
before and after the horizontal orbit is changed. T
change in the orbit is then just the difference betwe
the horizontal offsets before and after the corrector w
changed.

By modeling the orbit response matrices, we can de
mine the change in orbit in a second way. From the fit
model we determine that a 3 A change in the correc
corresponded to a 0.2 mrad kick. Using the fitted mo
we can predict how much a 0.2 mrad corrector kick w
change the closed orbit at the sextupoles.

So we determine the orbit change at the sextupo
in two ways: one by fitting the quadrupole gradient
the sextupoles, and the other by fitting the gains of
correctors. A comparison of the two methods is shown
Fig. 6. For a 0.56 mm rms shift in orbit, the orbit chang
044001-5
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FIG. 6. Comparison of two methods for determining an or
change in the ALS when one corrector is changed. Met
1 (solid line): Use the fitted model of the ring and the fitt
gain of the corrector to calculate the orbit shift. Method
(circles): Use the calculated orbit change from the differe
in the quadrupole gradients in the sextupoles.

at the sextupoles agree to within75 mm. This gives us
confidence that the absolute offset is found to reason
accuracy (,100 mm).

There are two assumptions in the fit. One is t
each member of the sextupole family has the same
tegrated strength. As discussed earlier, this is a rea
able assumption. The other assumption is that the
of the corrector is determined correctly. As discuss
in Ref. [4], the absolute gains of the correctors and
BPMs could both be off by a constant factor that can
be determined in the fit. The good agreement between
two methods suggests that the assumptions made a
the magnet-to-magnet variation of the sextupoles in a f
ily and the absolute corrector gain are good.

V. RESTORING THE PERIODICITY OF THE
LATTICE

Once the real lattice is known it is then possible
adjust the quadrupoles to correct the optic and res
the lattice periodicity. Choosing how the quadrupo
get set depends on what is important. For instance
may be important to restore theb function to restore the
beam size back to ideal. Or it may be important to ha
the linear transfer functions between the sextupoles
same to restore the dynamic aperture [12]. Doing
may mean that theb function may vary considerabl
from ideal. This happens in the situation that there
one large gradient error in the ring and it cannot
corrected locally. In our case we chose the followi
merit function: Adjust the quadrupoles to minimize t
difference between the actual and ideal response ma
Because we have distributed gradient errors this m
function effectively corrects both theb beating and the
transfer matrices between sextupoles.

Determining the quadrupole values that best correct
optic is also done withLOCO, and the algorithm is a
044001-6
it
d

e

ble

t
in-
on-
in
d
e

ot
he
out
-

o
re
s
it

e
he
is

is
e
g

ix.
rit

he

follows. We have 49 individual parameters that can
adjusted to compensate theb beating in the ring: each
one of theQF andQD quadrupole magnets which can b
adjusted individually and theQFA quadrupoles that can
be adjusted as a group. We fit the orbit response ma
with sextupoles on keeping the gradients in the sextup
zero in the fit model and varying only the 49 quadrupo
gradient parameters. We then find the variation in th
49 parameters that best reproduces the break in period
of the measured response matrix. We then adjust
quadrupole power supplies in the ring with just t
opposite variation. A new set of response matrices
measured then and the model is refit. From this
compute theb beating of the lattice and find that it ha
reduced to less than 1% rms [see Fig. 5(bottom)]. T
we have answered question 3 posed in the introduct
Now we move on to answer questions 4 and 5: W
is the effect on the beam dynamics from the brok
periodicity, and how does the behavior change when
optic is corrected?

VI. EFFECT OF PERIODICITY BREAKING ON
INJECTION EFFICIENCY

Experimentally, we found that correcting the opt
dramatically improved our injection rates. To explain t
experiment, we first need to describe the injection proc
An illustration of the injection process is given in Fig.
Plot (a) shows the situation before injection. The sto
beam is centered in the ring with a magnetic sept
located 21 mm horizontally inward (to the right). Plot (
shows the situation during injection. The stored beam
bumped 15 mm inward towards the septum. At the sa
time the injected beam enters the ring on the opposite
of the septum. The duration of the bump lasts about4 ms
(a few turns) after which both the injected and the sto
beam are clear (to the left) of the septum.

The storage ring acceptance drawn in Figs. 7(a)
7(b) is 15 mm. As plot (b) indicates, when the stor
beam is locally bumped, the injected beam just falls ins
the acceptance. As the bump or the aperture beco
smaller fewer injected particles are captured. Convers
the amplitude of the bump cannot be too large or
stored beam will strike the septum. This will cause so
or all of the stored beam to be lost.

Before the optic of the lattice was corrected, we we
experiencing a low injection efficiency. In order to get
reasonable injection rate we needed to create a disto
of the closed orbit of about 4 mm towards the sept
[see Figs. 7(c) and 7(d)]. This indicated a smaller th
expected acceptance. Putting in a 4 mm distortion
the orbit gave us the maximum injection efficiency.
we increased the amplitude of the bump the inject
rate went down, presumably because we were scra
some of the stored beam off the septum. We ha
044001-6
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FIG. 7. Injection process: (a) before injection with a 15 mm acceptance, (b) during injection with a 15 mm acceptance, (
injection with a 10 mm acceptance and a 4 mm closed orbit offset, and (d) during injection with a 10 mm acceptance and
closed orbit offset.
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narrow region in parameter space where we could g
reasonable injection efficiency.

A comparison of the relative injection efficiency
made for the ring before and after the optic was correc
The results can be seen in Fig. 8. Without changing
injector, the injection rate was measured as a func
of the relative distance between the stored beam and
injected beam. This was done by incrementally shift
the stored beam further toward the injected beam usin
closed orbit bump. At each bump amplitude the measu
injection efficiency is significantly better for the lattic
with corrected optic.

The reduction in the injection efficiency is not due to t
correction of theb function at the injection point, becaus
044001-7
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even with the uncorrected optic the horizontalb beating
is small. We suspected that the reduction in inject
efficiency was due to a reduction in the transverse dyna
aperture resulting from the periodicity breaking. Figure
shows a numerical simulation of the dynamic apert
for the original fitted model and the fitted model aft
periodicity restoration. The only errors included in t
model are the fitted gradient errors. There are no coup
or higher-order multipole errors included. Particles
tracked on-energy and without synchrotron oscillatio
for 512 turns or until lost. The dynamic aperture
substantially larger for the lattice with the corrected op

The dynamic apertures plotted in Fig. 9 are larg
than the storage ring acceptances drawn in Fig. 7.
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FIG. 9. A comparison of the calculated dynamic apert
before and after the optic is corrected.

calculated apertures are probably larger than the ac
ones due to the fact that we included only gradient er
in the machine. So there is some uncertainty about
absolute magnitude of the aperture. Nevertheless, F
demonstrates that there is a large reduction in the dyna
aperture for the uncorrected optic.

VII. EFFECT OF PERIODICITY BREAKING ON
RESONANCE EXCITATION

In this section we show that the measured distortion
the beam tail distribution, resulting from unallowed res
nances being excited, is reduced after the optic is correc
When excited, structural resonances may alter the beha
of particles in the beams tail. Resonances may cause
ticles to increase and decrease their transverse amplit
or to be trapped at large amplitudes (for instance, parti
may get trapped in resonance islands). Therefore by m
toring changes in the beam tails as the betatron tunes
varied it is possible to observe the onset of resonance

The way in which we monitor the tails is by limitin
the transverse physical aperture with a beam scraper
measuring the beam lifetime as a function of the beta
tunes. If resonances are present in the vicinity of the tu
and there is a change in the beam shape, there wil
a change in the number of particles that hit the scra
when they make large amplitude excursions resulting
change in the beam lifetime. Thus if we vary the betat
tunes while simultaneously observing the beam lifeti
we will see the lifetime drop or rise when we mo
onto excited resonances. The experimental techniqu
very similar to that which was used in VEPP-4 [13]
measure the effect of the beam-beam force on the
of the beam. A beam loss monitor consisting of tw
plastic scintillators with photomultiplier tube outputs
coincidence (g telescope) was located just downstream
a horizontal and vertical scraper [14]. Theg telescope
detects gamma radiation emitted when electrons hit
scraper. The count rate detected is proportional to the
at which particles hit the scraper and is linearly rela
044001-8
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to beam lifetime. Therefore by observing the change
the ratio of the beam current to the detector count rat
a function of betatron tune we can observe a chang
lifetime and thus the onset of resonance excitation.

Our experimental procedure was the following. W
would first change the tunes by changing two famil
of quadrupoles,QF and QD, according to a previously
measured transfer matrix. After the quadrupole fie
have settled we measured the beam current and the c
rate in the detector for a 1 sec interval. (The wh
process is automated and takes about 2 sec per
point.) Then move on to the next tune. In order to che
how well the predicted tunes agree with the measu
tunes we would periodically measure the tunes.

There are two advantages of measuring the count
and current verses a direct measurement of the lifeti
First, the measurement is fast. We can scan ne
2000 tune values per hour. The second advantage is
fluctuation in the detector count rate is small (roughly 3
which is due to the large detector count rate (,1 KHz
for a 10 h lifetime with a beam current of 5 mA). Th
combination of a fast measurement and high sensiti
makes this technique more attractive than measuring
beam lifetime directly.

A. Before periodicity was restored

We chose to scan in a region of tune space where
resonances are present:5nx ­ 72 (allowed by periodicity)
and 3nx ­ 43 (unallowed by periodicity). The firs
scan was made with the lattice before the periodic
was restored. The scan covered a rectangular regio
tune space (14.3 , nx , 14.45 and 8.1 , ny , 8.15).
Within this region we scanned 101 horizontal tune val
by six vertical tune values (Dnx steps of 0.0015 byDny

steps of 0.01).
Figure 10 (top row) shows the results of the sc

Three resonances can be seen in the scan:

5nx ­ 72 allowed,
3nx ­ 43 unallowed,
2nx 1 ny ­ 37 unallowed.

In particular, it is clear from Fig. 10 (top row) tha
resonance3nx ­ 43 is largely excited.

B. After periodicity was restored

The second scan was made after we restored
periodicity and the results can be seen in Fig. 10 (bot
row). Looking at the figure it is clear that the resonan
3nx ­ 43 has been greatly suppressed down below
level of the allowed resonance,5nx ­ 72. One can also
see from the figure that the coupling resonance2nx 1

ny ­ 37 seems to be of the same amplitude as bef
This is not surprising considering that this is a coupl
resonance and when the periodicity was restored we m
044001-8
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FIG. 10. Tune scans before (top) and after (bottom) the optic is corrected. At each horizontal and vertical tune, the coun
measured in a gamma counter) divided by beam current is plotted. The two data sets are drawn in both a hill (left) and
(right) plot. All resonances up to 5th order are drawn on the contour plot.
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no attempt to correct the coupling in the machine.
Fig. 11 a two dimensional plot is shown where the verti
axis is count rate divided by current and the botto
axis is horizontal tune. The vertical tune is kept rough
constant atny ­ 8.15. In this picture we can more clearl
see the relative amplitudes of the various resonances
dramatic reduction in the3nx resonance can be seen aft
periodicity is restored.

We also made a larger scan of the tune region (14.1 ,

nx , 14.45 and 8.1 , ny , 8.4). We found that in
the case of the lattice with periodicity restored we a
easily able to move over this large region of tune sp
while observing very few resonances being excited. T
results of the tune scan are displayed in Fig. 12. Bes
the resonances mentioned one also sees the cou
resonance (nx ­ ny). It is remarkable how clean th
picture looks and how easily one can move over the t
space when one has a periodicitic machine.

This is not the case with the lattice before the period
ity is broken. We found that the beam was not stable
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FIG. 11. Horizontal tune scans before (top) and after (botto
the optic is corrected. The vertical tune is kept constant at 8
At each horizontal and vertical tune, the count rate (as meas
in a gamma counter) divided by beam current is plotted.
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many areas of the scanned tune space. In fact, we fo
that there were a number of areas in tune space that c
not be scanned without loosing the beam.

C. Interpretation of the tune scan data

The effects of periodicity breaking on the behavior
the tails at different tunes are illustrated with the help
phase space plots of the fitted lattices. Figure 13 sh
the horizontal phase spaces next to the3nx ­ 43 and
5nx ­ 72 resonances. The left side shows the ph
space of the optic before periodicity was restored,
right side shows the phase space of the ideal optic.

Let us first consider the5nx resonance (lower figures)
The resonance islands are even visible in the unpertu
case, as expected from the resonance condition of
periodicitic machine. These islands remain unchan
when breaking the periodicity. Only the outer part
the phase space is distorted by the8nx ­ 115 resonance.
In the vicinity of the 3nx resonance the situation i
completely different. Whereas in the unperturbed c
there is no distortion at all, the inner phase space beco
completely distorted by the islands of the third integ
resonance when the periodicity is broken.

We expect that with islands in the phase space, parti
can get captured in the tails either through gas scatte
or intrabeam scattering. This distorts the distribution
the beam, leading to an increase in the beam loss
From the phase space pictures in Fig. 13 we expect tha
tail distributions and the beam loss rate in the vicinity
the 5nx resonance would remain roughly the same bef
and after periodicity was restored. While in the vicini
of the 3nx resonance the tail distributions and cou
rate would be higher before the periodicity was restor
This is consistent with what we observed experimenta
(see Fig. 11). A close observation of Fig. 11 reve
that even after the periodicity was restoredthere is sti
044001-9
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small increase in count rate near the3nx resonance. This
indicates that periodicity is not perfectly restored.

The decrease in count rate near the coupling resona
(see Fig. 12) can be explained in the following wa
When the tunes cross the coupling resonance, the co
044001-10
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the beam changes size (increases vertically and decre
horizontally) with an overall reduction in the core densi
If intrabeam scattering is responsible for populating
tails the reduction in the core density will result in
decrease in tail population and thus a lower count rate
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FIG. 13. Comparison of the horizontal phase space for an ideal machine (left) and one with uncorrected optic (right). T
are made with the model tuned in the vicinity of the3nx ­ 43 (upper) and the5nx ­ 72 (lower) resonances.
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FIG. 14. Synchrotron radiation image of the beam near the3nx resonance. Left is the situation before the optic is corrected
right is the situation after the optic is corrected. (The plane of the camera is rotated with respect to the plane of the beam
there is a distortion in the light optic in the vertical plane that is responsible for the image’s vertical asymmetry.
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D. Beam profile monitor

We have the ability to observe the beam distributi
with a beam profile monitor. This monitor images th
synchrotron radiation that is emitted from a bendi
magnet and represents roughly a one-to-one image o
beam. An image of the beam near the3nx resonance
can be seen in Fig. 14 before (left) and after (right)
periodicity was restored. What we see is that in the latt
before the periodicity was restored the beam “splits” in
several spots. However, that was not the case after
periodicity was restored.

E. Interpretation of the beam profile measurement

Again a phase space plot of the fitted lattice is us
to help us understand the image. In Fig. 15 we ha
plotted the horizontal phase space of the lattice without
periodicity restored. The tracking point of the phase sp
corresponds to the observation point of the beam. As
expect there are three islands in the phase space. On
imagine that if the islands are populated the projection o
the normal space would look something like the ima
The reason that one sees only three spots and not fo
that when one projects the phase space onto thex axis
044001-11
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two islands overlap. The phase space plot is only me
to serve as a qualitative understanding of the image.
make no quantitative statements about the distribution

VIII. CONCLUSION

The periodicity of the linear lattice is clearly importa
for the ALS. The actual linear lattice is accurate
determined by analyzing orbit response matrices. Fr
this analysis we have found power supply errors and o
offsets in sextupoles which lead to a beating of the vert
b function of 19%. Knowing the errors in the machin
we then adjusted quadrupoles in the machine to restore
lattice periodicity. After the quadrupoles were adjuste
beating of theb function was reduced to less than 1%.

We find that by restoring the lattice periodicity the
have been several beneficial effects on the mach
performance. First, the excitation of unallowed nonline
resonances is suppressed. Second, the injection effici
is improved. As a result, we are able to tune t
machine anywhere (except near integer and half-inte
resonances) with stable beam. Finally, we find that
restoring the lattice periodicity the beam profile rema
nearly constant near unallowed resonances.
ine.
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FIG. 15. Horizontal phase space of the lattice plotted at the observation point. Lattices are tuned tonx ­ 14.3338 andny = 8.15.
The left plot shows the phase space with the uncorrected optic. The right plot shows the phase space for the ideal mach
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