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THE EXPERIMENT OF THE SINGLE INTERACTION POINT SCHEME IN
BEPC

X. Luo, N. Huang, F. Zhou, IHEP, CHINA

Abstract

In order to increase the luminosity of Beijing Electron-
Positron Collider (BEPC), the single interaction point
(SIP) schemes were adopted. Then the electron and
positron beams were separated at the north IP and
collided at the south IP. Some experiments were done
during these years. The results are given in the paper.

1 INTRODUCTION

There are two interaction points in the storage ring of
BEPC. Only one detector BES (BEijing Spectrometer)
has been used at the south IP since BEPC was built {1].
The higher luminosity is needed so that BES can acquire
data efficiently. One of way to increase the luminosity is
to adopt SIP collision scheme. As the beam current
already reached the limit by the beam-beam interaction
for the double IPs (DIP) scheme, reducing the number of
the IP is one of the way to increase the beam current.
Then the luminosity can be enhanced. Some experiments
were done with several kinds of SIP schemes during these
years. The current and luminosity were increased
compared with DIP scheme in 1998.

2 SIP SCHEMES

Several SIP schemes were used according to the different
hardware and the lattices of the BEPC storage ring. But
we couldn’t try each of them in detail as there was no
enough time for the machine study of the SIP schemes.
Two typical modes were used.

2.1 SIP scheme with the original lattice

The vertical phase advance between the two close
separators (SP) is not ® degree in the DIP lattice, and
there is no space or independent power supplies of the
quadrupoles to change them to 7. This produces a small
separation between electron and positron beams at the
south IP after turning off the south SP. So the south SP
must be given a little value in order to make electron and
positron beams collide exactly at the south IP. The two
auxiliary power supplies of SP were installed in the BEPC
storage ring in 1993. Some experiments were done with
adjusting the two auxiliary power supplies in the year. We
got some good results [2]. But the luminosity was less
than that of DIP. And the beam current was not increased
compared with the DIP scheme.

During the beam collision, the coherent oscillation was
observed from the synchrotron radiation monitor. This is
because there was a large closed orbit distortion (COD) in

0-7803-5573-3/99/$10.00@1999 IEEE.

‘the whole ring. The electron and positron beams passed

different orbits in the ring. And there was a large COD in
RF cavities and other magnets. The nonlinear effects gave
rise some instabilities to the beams. So it is better to make
the COD outside the north two SP eliminate.

2.2 Lattice modification

The BEPC storage ring is 4-fold symmetric. Normally
one power supply should control four quadrupoles. It is
impossible to change the vertical phase advance between
the two SP to w. In the luminosity upgrade project of
BEPC, four power supplies of the insertion gradrupoles
were prepared in order to adopt mini-f scheme. We used
these four power supplies to calculate the lattice again so
that the vertical phase advance between the north two SP
was 7. Then after turning off the south SP, the COD
outside the north SP is zero. So the beams should be
stable. Figure 1 shows the COD in which the north SP
was on and the south SP was off.

F 9P RANBETEWHN LB NERTRBBINE

U

3 . P e ad G SV SO S URTS

Figure 1: COD of the SIP scheme

Of course, the power supplies of the north SP can be
used to adjust the colliding angle (Y’ ) between the
electron and positron beams in order to realize head-on
collision.

Y' = espnl —espnz ﬂspn (1)
2sinmv, | B,
0,,.1» O, express the bending angle by the two north SP,

B B'ys the B-function of the north SP and the south IP.
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We calculated the two kinds of lattices with adding the
four power supplies. The emittances were kept nearly
unchanged:

1. We modified the DIP lattice so that the optics
parameters outside the north SP were same as DIP.
But the vertical phase advance between the north SP
was 7. So the tunes were changed lot which were
just above integer and half integer for the horizontal
and vertical ones respectively, v /v, = 6.12/6.60;

2.  The tunes were nearly same as that of DIP, v./v, =
5.58/6.70. But the parameters in the whole ring were
quite different from that of DIP. The coupling
correction is not same either.

3 RESULTS OF THE EXPERIMENTS

We mainly studied the first SIP scheme that was easy to
be operated as the most of part of the ring is same as DIP.
Table 1 gives the parameters of the SIP and DIP schemes.

Table 1: Parameters of SIP (1) and DIP lattices

SIP (1) DIP
Energy 1.548 GeV 1.548 GeV
South B, 0.05m 0.05m
North B, 5m 0.05m
vJv, 6.12/6.60 5.79/6.78
Phase advance | +0.250x2x +0.267x2n
of north SP

Some good results were gained in the first half of 1998.
Figure 2 shows the luminosity comparison between the
DIP and SIP.

Lam. vs. Besm Cwrrent (By' =8.5cm, 1.548GeY)
4.5E+30

The maximum current was 49.3 mA, and the peak
luminosity was 4.4x10*° cm®’. At that time, the
maximum current and the peak luminosity of DIP scheme
were 39.5 mA and 3.6x10* cm®s" respectively. So both
the beam current and the luminosity were increased
significantly with the SIP scheme. From the detector of
BES, the hadron events were enhanced obviously. This
will be benefit for the BES to take data efficiently.

4 BETA-FUNCTION AT IP

The nominated B-function at the south IP (B,) of SIP
scheme is 7 cm instead of 5 cm which was used in the
DIP lattice. We measured the By' of SIP with colliding
beams. The value was less than 7 cm. According to the
linear theory, the beta function should be changed as the
equation 2:

Bosinv ,= B sin(v,+Av) @

Here B'yo is the undisturbed vertical beta function at the
south IP, v, the vertical tune, Av the vertical tune shift.

We choose Av=0.035, then the calculated beta function
B, = 5.4 cm. So the operation B, was reduced because
the tunes were just above ‘the integer and half integer
which were quite different from the DIP scheme.

We tried to reduce the By' to 5 cm, but it’s difficult to
get high current. The maximum one was about 22 mA.
We need time to enlarge it.

For the second kind of SIP scheme, the parameters are
shown in the table 2.

Table 2: Parameters of SIP (2) and DIP lattices

| | f Aaa “ . SIP (2) DIP
e e ) | it Energy 1.548 GeV 1.548 GeV
g | sST O Tem i) RPN o ol South B’ 0.05m 0.05m
i e i north B 4m 0.05m
g 'y e o v./v, 5.57/6.70 5.79/6.78
§ 0 : A A Phase advance | 0.250x2n +0.267x2n
i £ 3 -,""“'.rﬁ’:: VS S of north SP
15E4%0 b . x- ‘?‘l x x
{630 e AT R The maximum current was about 33 mA at By' =5cm.
sE29 |- ) The disturbed beta function was about 5.4 cm with the
. i equation 2. But the luminosity reduced lot. The reason is

b 7 9 1 13 15 17 9 21 2 2
Kmd)

Figure 2: Luminosity comparison between the DIP and
SIP schemes

not clear now. We also need time to improve it.
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5 COMPARISON OF BEAM-BEAM
EFFECT VERSUS BEAM CURRENT

Figure 3 and figure 4 show the comparison of the
luminosity and beam-beam effect (§ ) vs. beam currents at
B, =8.5 cm.
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Figure 3: Comparison of the luminosity vs. beam currents
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Figure 4: Comparison of the beam-beam effects (§) vs.
beam currents at B,” =8.5 cm

From the figure 3 and figure 4, we can see the
luminosity and § of SIP was increased about 50%
compared with DIP at the same currents.

Figure 2 and figure 5 show the comparison of the
luminosity and & vs. beam currents at B, =7 cm for SIP
scheme and DIP scheme at |3; =8.5 and 5 cm.

It is obviously that the luminosity and § were
increased with the SIP scheme. This is reason why we try
to use the SIP scheme in the BEPC storage ring. Of
course, the background will be studied carefully.
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Figure 5: Comparison of the & vs. beam current

It took us about 15 days to adjust the SIP scheme in
1998. The time was too short to do more detail study as
the most of beam time were used for BES and the
synchrotron radiation facility.

There are still many problems for the SIP schemes.
When the beam current was increased more, such as
larger than 50 mA, the beam blow-up always happened.
Sometimes changing the coupling or the chromaticity
could eliminate the blow-up. But it is not always useful.
For the next step, we shall spend more time to adjust the
tunes, closed orbit and other parameters carefully in order
to enhance the luminosity further.

We would like to thank all persons of the accelerator
physics group. They gave many good suggestions and
contributed lot during the commissioning of the SIP
scheme. We also acknowledge the support by the
hardware group. :
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DETECTION OF COUPLING ELEMENTS IN CESR*

D. Sagan
Wilson Laboratory, Cornell University, Ithaca NY, 14853, USA

Abstract

At the Cornell Electron/positron Storage Ring CESR, the
measurement of the coupling between the horizontal and
vertical beam motions has led to the ability to locate the
position of a coupler and to calculate its strength. Once the
identity of a coupler is known, steps can be taken to remove
it or to nullify its effect. This coupling analysis can also be
used to calibrate correction skew quadrupoles.

1 INTRODUCTION

In a storage ring, the presence of couplers, which couple
the horizontal and vertical motions of a beam, can lead
to an increase in the vertical beam size with an attendant
loss in luminosity[1]. In order to be able to keep the cou-
pling under control, a technique for measuring the coupling
has been developed at the Cornell Electron/positron Stor-
age Ring CESR[2]. This involves shaking the beam at the

betatron resonant frequencies and measuring the response -

at the 100 or so detectors in the ring. In order to be able to
find unwanted sources of coupling, an analysis program has
been developed that can locate isolated coupling elements.
This analysis is presented below[3] and is analogous to the
technique of using orbit data to find isolated steering kicks.
As an added benefit, the analysis can also be used to cali-
brate the strength of skew quadrupoles.

2 ANALYSIS
2.1 How the Coupling is Defined

Any longitudinal oscillations are ignored and, following
Sagan and Rubin[4], the 4 x 4 1-turn transfer matrix T(s)
is written in normal mode form

T=VUV™, ¢Y)

where the normal mode matrix U is of the form

A O
U=(0 B), @
and V is of the form
_{ 1 C

with “+” denoting the symplectic conjugate. Since V is
required to be symplectic, v and C are related by

¥+ [IC|| =1. (4)

*Work supported by the National Science Foundation

0-7803-5573-3/99/$10.00@1999 IEEE.

C(s) is a measure of the coupling; if C =0thenV =1
and T is decoupled. Instead of working with C, though, it
is convenient to work with the normalized matrix C given
by

C=G,CgG;, )

where G, and G, are normalization matrices for the @ and
b normal modes respectively given by

©

At CESR, C is measured by observing the horizontal
and vertical oscillation of the beam at the detectors in the
ring while shaking the beam at a betatron resonance[2]. In
order to be able to extract the strength and location of cou-
pling elements from the data, it is necessary to know how
C changes across a coupler, and how C propagates in a
region where there are no coupling elements.

2.2 C Variation

If there are no couplers in a local region then the variation
of C is given by[4]

C(s) = AS(do — ¢4+(s)) + sR(bo + ¢_(s)), (D

where )\, ¢g, k, and 6y are constants, R and S are rotation
and “anti-rotation” matrices of the form

_ cos® siné
R(6) = ( —sinf cos 0) ’ ®)
and 5 -
_ { cos sin
S(¢) = (sinqS —cosdb) ? ©)

with the sum and difference phase advances being

b+ = Ga + P,
¢— = ¢a "¢b-

To compute the change in C across a coupler, it is as-
sumed that the coupling is small so that terms second order
in C (or C) may be neglected. Thus, from Eq. (4), to first
order in the coupling

and
10)

¥=1. (11)
Using this, and Egs. (1), (2), and (3), gives to first order
A CB - AC
T= (Bc+—c+A B ) (12

Eq. (12) shows that the on—diagonal 2 x 2 submatrices of.
T are unaffected by the coupling. Thus, to first order, the
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eigenmode betas, 3, and 3, and the eigenmode phases, ¢,
and ¢, are equal to what would be calculated if the cou-
pling is absent.

Couplers are modeled as thin skew quadrupoles. The
4 x 4 transfer matrix Toup for a coupler is then

1 —_
Tcoup = (_q 1‘-1) ’

(0 0
q—6q07

with dq being the strength of the coupler. The 1-turn matrix
Toy, located at a point just after a coupler, is related to
the 1—turn matrix Ty_, located at a point just before the
coupler, via

13)

where
(14)

- Toy = Tcoup To- Tc—o{xp’ (15)

Multiplying out Eq. (15), and comparing with Eq. (12),
gives, to first order, and with the help of Eq. (5)

Co+ =Cop- — 71, (16)
where

q= ( o g) , an
with

83 = +/BaBs 0q. (18)

2.3 Isolated Coupler Analysis

Given a coupler of interest at some point sy, it is assumed
that the coupler is “isolated” so that it is the only coupler in
some local region. Since we have linearized the problem,
the general solution for C is the sum of a homogeneous
part Cj, plus an inhomogeneous part C;

C(s) = Ch(s) + Ci(s). (19)
The homogeneous part is the solution when there is no cou-
pler and is given by Eq. (7). The inhomogeneous part is the
solution with the coupler and with some boundary condi-
tion which we are free to choose. This boundary condition
will be chosen to be C(s) = 0 for s < so. From Egs. (7)
and (16), the inhomogeneous solution is

0_ s < 8
Cus) = | FR(G+9-()-9-(s0) -

S(5-6+(s) +91(0))] >0
(20)
At CESR, the coupling measurement can measure the
C11, C12, and C2; components of C. For various techni-
cal reasons, the errors in the C2 data are less than the er-
rors present in the measurement of the other components.
Therefore, the following analysis will consider only the

C12 component. Extending the analysis to the other com-
ponents is a trivial matter. From Eq. (7), the general solu-
tion for C12 can be written as
Ya 8in ¢ (s) + (a4 cos $—(s) +
Ao Singy(s) + pg cosPi(s) s<so
Yo sin@_(s) + (p cosp_(s) +
Ab siny(s) + py cos 4 (s)

Cia(s) =
8> 8

1)
The procedure for locating a coupler is as follows: Given
a putative coupler location, two regions are chosen. One
region, labeled “A”, is chosen to be just before the coupler.
The other region, labeled “B”, is chosen to be just after the
coupler (See the example at the end of the paper). Since
the betatron phase is, to first order, independent of the cou-
pling, the phase is taken to be equal to the phase in the
design lattice. With this, the sine and cosine functions in
Eq. (21) may be evaluated and then a least squares fit can
be used to determine g, (4, Aq, and p, using the data from
the A region. Similarly, vy, (s, A, and py are obtained
from a least squares fit using the data from the B region.
The inhomogeneous part of the solution is now obtained
from Eq. (21) by subtracting out the homogeneous part to
give

_ 0 $< 8
Ciie = {’Yba sin ¢_(s) + Cpa cOS P_(s) +

Abg Sin @4 () + ppg cOSP(S) 8> S
(22)
with
Yoa =6~ Yar  Gba = Cb — Ca,
Aba = Ap — Aa;,  Pba = Pb— Pa- (23)

The phase at the coupler is found by comparing Eq. (20)
with Eq. (22)

tan ¢4 (so) = )la, and
Pba

tano_(so) = Yoa (24)
Cba

There are multiple solutions to Egs. (24) spaced 7 apart.
However, valid solutions must have the corresponding ¢,
and ¢, (from Eq. (10)) corresponding to a location some-
where between the A and B regions.
The magnitude of the coupler is given by comparing
Eq. (20) to (22)
87

= — b 8in @5 (S0) — Pba COS P4 (sp), or

v [.J7 o]

= Yba sin &~ (50) + Cba cOS P—(Sp)- 25

Changes in amplitudes for the R and S components of Ciz
may be defined by

Ag,ba = )‘ga + pga’ Ag,ba = ’Yl?a. + Cga’ (26)

Using this, Eqs. (25) may be put in a more transparent form

l‘sq-l = 2As,ba = 2Ar,bq.- 27

The disadvantage of Eqgs. (27), as opposed to Egs. (25), is
that the sign of 47 is lost.
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2.4 Error analysis

Even with a good fit to the data, the analysis can be off if
there is more than one coupler between the A and B re-
gions. From Egs. (27), if there is only one coupler, then
As pe = Ar g A figure of merit xpa can thus be defined
by

|A3 ba — Ar bal
=, 28
XBA As,ba + Ar,ba %)
The condition for a good fit with only one coupler is then

xBA < 1. (29)

3 EXAMPLE

The coupling analysis presented above can be used for find-
ing unwanted sources of coupling, and for calibrating skew
quadrupole magnets. Figure 1 shows how coupling data is
analyzed. In CESR, there are approximately 100 detectors
numbered from O to 99. The C;, data shown in figure 1a
is the difference between two coupling measurements ob-
tained while varying a skew quadrupole placed between de-
tectors 48 and 49. The A region was chosen to be between
detectors 20 and 48 and the B region was chosen to be be-
tween detectors 50 and 80. Figure 1b shows the C1, data
with the fit to the A region subtracted off. There is a good fit
to the data as evidenced by the fact that the plot is near zero
within the A region. The general location of the coupler can
be located by eye by noting where, just to the right of the A
region, the data becomes significantly nonzero. Figure 1c
shows the data with the B region fit subtracted off. Again,
there is a good fit to the data. Table 1 shows the values
of the fitted parameters. From these values, and Egs. (10),
(24) and (25), it is found that there is a single valid solution
given by ¢, = 31.86, ¢ = 29.70, and 67 = 0.14 with
xBA = 0.09. This verifies the location of the coupler and
gives the magnitude of the kick.

In the above example, the A and B regions could be cho-
sen a priori since the location of the coupler was known
before hand. When the location is not initially known, the
regions can be chosen through trial and error just by look-
ing at the plotted results until a good fit is obtained. If the
space between the A and B regions is too wide, Egs. (24)
will have multiple solutions. However, since the solutions
are spaced apart in phase (and hence are some distance
apart), it is normally a simple matter to be able to select
the correct solution.

Region A p 04 ¢
A -0.008 [ 0.114 | -0.195 | -0.186
B 0.057 | 0.093 | -0.128 | -0.231
B—A | 0.065( -0.021 | 0.067 | -0.045

Table 1: Fitted parameters A, p, -y, and ¢.
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Figure 1: Coupling data. The A and B fit regions are in-
dicated by the boxes. a) Data obtained by varying a skew
quadrupole. b) The data with the A region fit subtracted
off. ¢) The data with the B region fit subtracted off.
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INCREASING THE LUMINOSITY WITH THE BEAM-BEAM
INTERACTION LUMINOSITY MONITOR*

D. Sagan
Wilson Laboratory, Cornell University, Ithaca NY, 14853, USA

Abstract

At the Cornell Electron/positron Storage Ring CESR, a fast
luminosity monitor has been implemented[1]. The moni-
tor works by measuring the amplitude of oscillation of a
given bunch while the corresponding opposing bunch is
shaken. A disadvantage with the luminosity monitor is that
the monitor signal, besides being a measure of the luminos-
ity, is also dependent upon other factors such as the vertical
tune and the vertical beta function at the IP. To overcome
this deficiency, a software program has been developed to
give a normalized signal that only depends upon the spe-
cific luminosity. In HEP conditions, this normalized signal
is used as input to an “optimizer” program that automati-
cally varies machine parameters to keep the luminosity at a
maximum.

1 INTRODUCTION

In a colliding beam storage ring it is essential to be able
to monitor the luminosity so as to be able to adjust ma-
chine elements (magnets, separators, etc.) to maximize the
luminosity. Recently, a fast luminosity monitor has been
developed at the Cornell Electron/positron Storage Ring
CESR(1]. The monitor is shown schematically in Fig. 1.
Selected bunches of one beam are shaken vertically at a
given frequency. These “shaker” bunches shake the corre-
sponding “detected” bunches at the interaction point (IP),
and the amplitude of oscillation of the detected bunches
are then monitored, via a BPM detector, by a lock—in am-
plifier. In standard practice at CESR, the amplitude of the
shaker bunch is only a few percent of the vertical beam
size. Thus, the operation of the monitor has no significant
affect on operations. While the amplitude of oscillation of
the detected bunches at the BPM is of order 1 um, and the
monitor signal level is of order 100 1V, the inherent noise
rejection of the lock—in gives an excellent signal-to—noise
ratio. Typically, for a 1 second time constant, the signal—
to-noise ratio is 100 to 1 or better. A problem with the
monitor, though, is that the monitor signal is not simply
proportional to the luminosity, but is dependent upon other
factors as well. For head-on collisions, the monitor signal
S is proportional to[1]

S o< L By(ip) 4/ By(sh) By(det) Fop, Fyet/1, )]

* Work supported by the National Science Foundation

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1: Schematic diagram of the BBI luminosity moni-
tor configuration.

where L is the luminosity, I is the bunch current, and Fy;,
and Fy,; are defined by

A,(ip) .

F y &sy h)) = , 2

W@ @byl = VARG
and

Fuet(Qy, Qs, 6y (det) = Aq(det 3)

Ay(ip)/By(ip) By (Qet) .

Here A/ (sh) is the amplitude of the kick given the skaker
bunch at the shaker, A,(ip) is the amplitude of the shaker
bunch oscillations at the IP, A);(ip) is the amplitude of the
kick given the detected bunch at the IP, and Ag(det) is the
amplitude of the detected bunch oscillations at the detector.

Fsn(Qy, Qs, dy(sh)) depends upon the vertical tune
Qy, the frequency of shaking Q,, and the phase ad-
vance between the shaker and the IP ¢,(sh) [2]. Simi-
larly, Fye:(Qy, Qs, ¢y (det)) is dependent upon Qy, Q5 and
¢ (det) — the phase advance between the detector and the
IP.
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Figure 2: Variation of S as a function of vertical tune with
the luminosity and horizontal tune held constant.

Parameter | Value Parameter | Value
Qs 0.26 (100kHz) || Qy 0.61

A’ (sh) 0.5 prad &y 0.03
By(ip) 0.019 m ay(ip) 7 pm

B, (sh) 21.5m By(det) [ 323m
$,(sh) 2 - 0.86 Py(det) | 2m-0.27
Fyy, 0.79 Fyey 0.82

Table 1: CESR BBI luminosity monitor parameters.

2 NORMALIZATION PROGRAM

An example of how the monitor signal is dependent upon
things other than the luminosity is shown in Figure 2. Fig-
ure 2 shows S, as calculated from Eq. (1), as a function
of vertical tune while holding the luminosity and the hor-
izontal tune constant. Parameters used in the computation
are typical of CESR high energy physics (HEP) conditions
and are given in Table 1. The change in @, is simulated by
varying the strengths of the quadrupoles in the arcs to give
minimal change in the beta functions. Over the tune range
of the graph, which is typical of the range over which the
tune can be varied during an HEP run, S varies of order
10%. This variation can be larger than the actual variation
of the luminosity. The trend of S in the figure can be sim-
ply understood as a resonance phenomena by noting that,
as the tune is increased, the aliased tune, 1 — Q,, is moving
nearer the shaking frequency at Qs = 0.26.

In order to overcome the dependency of the monitor sig-
nal on the vertical betas and phases, a software program has
been developed that normalizes the signal to give a quan-
tity that, at least in theory, is directly a measure of the spe-
cific luminosity. The normalization program works by us-
ing Eq. (1) to compute the “predicted” signal S, assuming
constant £/1. With this, the normalized signal S, is given
by

S

100 st v
f ® Measired
s e Calculation
80 ”
2 60 /
(7)) / |
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Figure 3: Calculated and measured monitor signal as a
function of shaker frequency. With the calculated S there
is one adjustable constant that gives the overall gain of the
system. This constant was chosen to best match the mea-
sured results.
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Figure 4: Relative Sensitivity of the monitor signal to
changes in vertical tune as a function of shaker frequency.
dS is the change in S, for a fixed change in Q,, as com-
puted from Eq. (1).

At the start of a HEP run, the values for the quadrupole
strengths, quadrupole rotation angles, and sextupole
strengths[3] are read in from the CESR data base. It is as-
sumed that these initial settings correspond to the settings
for the theoretical design lattice. That is, the initial Twiss
parameters are assumed equal to the Twiss parameters of
the design lattice. Sp is computed assuming a constant
value for £/ with head—on collisions.

The program recomputes S, approximately 8 times a
second and puts this number in the CESR data base for
general use. To save on computation time, the database is
monitored, and only if any of the quadrupole or sextupole
settings have changed are the Twiss parameters and Sy, re-
computed. This recomputation is based upon the change in
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the settings and the known calibration constants.

The working of the normalization program rests on the
assumption that Eq. (1) accurately reflects reality. A good
indication that this is so is shown by the good agreement
between measured and calculated monitor signal levels as
a function of shaking frequency Q. This is shown in Fig-
ure 3. The greatest weakness in the above procedure is
the assumption that the initial conditions correspond to the
design lattice. This assumption is necessary since hystere-
sis in the magnets precludes an accurate enough absolute
calibration. In practice, the assumption is generally close
enough so that the normalized signal generally follows the
luminosity. One way to desensitize the signal dependence
on tune would be to lower Q; as shown in Figure 4. Fig-
ure 4 shows, as a function of Q;, the quantity dS/S —
the change in S, for a fixed change in @, normalized by
S. Lowering Q,, however, has the drawback of lowering
S (cf. Figure 3) since, currently at CESR, the shaker driver
amplifier is near maximum output and so A’ (sh) cannot be
increased. Moreover, lowering @), does nothing to lessen
the dependence on the betas.

3 OPTIMIZATION PROGRAM

At CESR, the normalized luminosity signal is used with
an “optimizer” program to provide automatic adjustment
of machine parameters to maximize the luminosity. The
optimizer program is a general purpose program in that it
can be used to maximize (or minimize) any quantity that is
stored in the CESR data base using any control variables
in the data base. Several optimizing strategies are available
for use. However, for maximizing the luminosity, the fa-
vorite strategy used involves varying a variable back and
forth over some range while recording the normalized sig-
nal. To reduce the noise, the signal vs. variable curve is
smoothed using a sliding window and the maximum of the
curve is found. The variable is then set to the value corre-
sponding to the maximum and the cycle is started over with
the next variable on the list of variables to use.

The use of the optimizer has lead to some puzzling be-
havior. It has been found that, at the start of a HEP run, the
optimum conditions have a small but significant coupling
component in the arcs. Why this should be so is so far un-
explained, but one clue is that, as the run progresses, and
the beam current decays, the optimizer steadily decreases
the coupling by reducing the strength of skew quadrupoles
under its control. This strongly suggests that the explana-
tion involves the beam—beam interaction.

4 CONCLUSION

Without the normalization program, the beam~beam in-
teraction luminosity monitor was useful for making sure
that the beams collided head—on and for adjusting skew
quadrupoles for minimum beam size — both of which did
not depend upon variation of the Twiss parameters. With
the normalization program, the range of usefulness has

been extended to the ability to adjust quadrupole or sex-
tupole settings. With this, the luminosity monitor, along
with the optimizer program, is in standard use at CESR.
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CESR LUMINOSITY DEPENDENCE ON MAGNETIC ALIGNMENT"’

R. Holtzapple™ and D. Rice
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853

Abstract

The Comell -electron-positron storage ring (CESR)
luminosity has increased by a factor of >3 over the last 3
years with a peak luminosity of 8.0x10%% cm?sec” and a
record integrated luminosity of 750 pb" for one month.
This increase in luminosity is in part due to improved
alignment of magnetic elements. Operation with a pretzel
[1] orbit in multiple bunch mode places particular
importance on alignment because of the side effects of
magnetic correctors. We report the improvements in
alignment and estimate the effects on colliding beam
performance.

1 CESR LUMINOSITY

While accurate alignment of magnetic elements is
essential for good performance in all accelerators, the
multi-bunch operation of CESR places additional demands
on magnet alignment. Most of the two orders of
magnitude increase in CESR luminosity since initial
operation has been due to using many bunches in each
beam [1].

The interaction between counter-rotating bunches,
primarily through long range electromagnetic fields, must
be limited at all parasitic (i.e., not intended for collisions)
crossing points to avoid dilution of the beams’ phase
space density and resonance induced particle losses. Since
only a single vacuum chamber is available in CESR the
interaction is reduced by establishing separate closed orbits
for the two counter rotating beams by means of
electrostatic separators. These separate orbits follow large
(~15 mm peak) pseudo-sinelike betatron trajectories
around the complete circumference.

Since the beams are far from the centerline of the
magnets (with opposite displacements) for most of the
circumference, sensitivity to nonlinear fields is increased
and corrections are more difficult since electrons and
positrons are affected differently. Horizontal-vertical
coupling created by skew-quadrupole fields cannot be
simply corrected by two appropriately placed skew quads
since not only the coupling vector phases but also vertical
betatron phases must be matched. Because of the vertical
correctors’ poor fringe field quality their strength must be
limited for reliable beam-beam performance.

Increased alignment demands extend to vacuum
chambers also since synchrotron radiation power can

* Work supported by the National Science Foundation.
*Email:RLH@CESR10.LNS.Cornell.edu

0-7803-5573-3/99/$10.00@ 1999 IEEE.

increase to dangerous levels when chambers are
misaligned.

For a given ring and optics, luminosity may be
quantified by two parameters - total beam current and
beam-beam parameter, proportional to luminosity divided
by a geometric mean of the two beam currents. The
beam-beam parameter, &, is most directly affected by
magnet alignment. Unintentional coupling, dispersion,
and beta function errors directly affect &, as do
unnecessarily strong correction magnets (e.g., to correct
vertical orbit errors).

Effects on beam current will be less direct if an
unrelated phenomenon limits currents. Otherwise
resonances and dynamic aperture may reduce beam current

due to magnet alignment errors.

2 ALIGNMENT OF CESR

~ There are 84 dipole and 102 quadrupole magnets in CESR.

The vertical height, radial position, and rotation of the
CESR quadrupoles are routinely measured and aligned to
eliminate any unwanted orbit distortion of the CESR
beam. Recently the dipole magnets have also been
aligned as well. By aligning the quadrupole and dipole
magnets in CESR we have reduced the dependence on
steering magnets needed for orbit correction.
Measurement of the magnetic elements in CESR is done
with conventional techniques and is described in detail
elsewhere [2,3,4]. In this paper a brief description of the
method will be described and the accuracy of the
measurement will be quoted.
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Figure 1. The rotation of the half of the quadrupole
magnets in CESR (a) before alignment and (b) after
alignment.
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The vertical height of magnetic elements is measured
using an optical level. This technique has a quadrupole to
quadrupole accuracy of ~5 mils. The rotation (or level) of
magnetic elements is measured using an electronic bar
" level. The bar level has an accuracy of ~0.1 mrad. The
radial measurement consists of wire measurements that
relate each magnet to the magnets on either side. The
radial positioning can be done to ~20 mils rms. The
alignment data is analyzed using a series of computer
programs that have been written specifically for CESR.
Figure 1 is the rotation of the CESR quadrupole magnets
before and after the magnets were aligned. It should be
noted that when the CESR ring is aligned not all of the
magnets are moved, only the ones that are outside of our
prescribed tolerances.

3 ORBIT MEASUREMENTS

Several beam parameters have been measured to
validate the usefulness of aligning the magnetic elements
in CESR. They are (i) the zero corrector orbit, (ii) the
coupling of CESR, and (iii) the corrector strengths during
colliding beam physics. These quantities directly effect
the performance of CESR by influencing the beam-beam
tune parameter & The following data were measured
before and after quadrupole magnets were aligned in CESR
and represent the type of improvement one would expect
by aligning the quadrupole magnets.

The zero corrector orbit is the beam orbit with all
steering correctors turned off. If all the magnetic elements
were perfectly aligned with ideal fields then the zero
corrector orbit would be zero and the beam would travel
through the centers of the beam detectors and magnets.
As an example, Figure 2 is the horizontal zero corrector
orbits before and after the quadrupole magnets were aligned
in CESR. The rms horizontal zero corrector orbit went
from 5.30mm to 4.52mm by aligning the quadrupole
magnets. We have not been as successful reducing the
vertical zero corrector orbit. During the same quadrupole
alignment period the rms vertical zero corrector orbit went
from 5.56mm to 5.60mm.
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Figure 2. The CESR zero corrector horizontal orbit (a).

before and (b) after aligning the quadrupole magnets.

Rotated quadrupoles introduce coupling between the
horizontal and vertical planes which results in an increase
in the vertical beam size and reduces the luminosity. A
performance benefit that can be attributed to leveling the
quadrupoles in CESR is the reduction of transverse
coupling. To measure coupling in CESR .a normal mode
of the beam is coherently excited by a shaker and the
relative phase and amplitude of the two normal transverse
(vertical and horizontal) modes is measured [5]. From this

measurement the coupling transfer matrix C can be
determined. The C;, term of the 2x2 coupling matrix

was measured before and after the quads were leveled and
the results are shown in Figures 3.
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Figure 3. C,, at each detector around the ring measured

(a) before and (b) after the quadrupoles were leveled. The

rms. value is 4.3% before and 1:8% after the quadrupoles

were aligned [6].

Several comments can be made about the coupling
results. 1) The coupling measurements shown were made
with the skew quadrupoles turned off so the two
measurements are on equal footing as far as coupling
goes. 2) During the down period the back-leg windings of
some of the dipole steering were moved away from the
beam-pipe and that might have reduced the coupling in
addition to leveling the quadrupoles. 3) Both
measurements have significant global coupling (long
wavelength) but the localized coupling (short wavelength)
is greatly reduced after the quadrupole magnets were
leveled.

. x

0.2 0.4 0.6 0.8
Horizontal Kick (mrad)

Figure 4. The (a) vertical and (b) horizontal corrector
strength for during collisions before the magnetic
elements were aligned in CESR.
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Vertical and horizontal corrector magnets steer the
beam to an ideal orbit tuned for luminosity. The pretzel
orbit used in multiple bunch operation has the beam far
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from centered in these steering magnets. For the steering
coils, nonlinear fields increase with displacement and
reduce the dynamic aperture of CESR. It is therefore
imperative to rely on these corrector magnets as little as
possible. Aligning magnetic elements in CESR reduces
the dependence on corrector magnets. The corrector
strengths during colliding beams were measured before and
after the magnets were aligned (Figures 4 and 5).

15

T Kicl 3! | TKick(mnd)]
H — T X [ Mean]
(a) g -EI‘B.;:] d

04

T4 02 0 02 04 "0 03

Vertical Kick (mrad) Horizontal Kick (mrad)
Figure 5. The (a) vertical and (b) horizontal corrector
strength during high energy physics collisions after the
magnetic elements were aligned in CESR.

; 0.
0.6 0.8 -0.

The reduction in the standard deviation of the corrector
strength was by 25% for vertical correctors and 64% for
horizontal correctors.

These results prove the usefulness of aligning the
magnetic elements in CESR.

4 LUMINOSITIES DEPENDENCE ON
MAGNETIC ALIGNMENT

The luminosity of an electron-positron storage ring is
L~ Mg
2reBV
where N is the number of particles per bunch, f, is the
revolution frequency, r, is the classical electron radius, §

is the beam-beam parameter, y=%c2, and By is the

vertical beta function at the interaction point. The
luminosity is directly proportional to the beam-beam
parameter and we will try to correlate the increase in the
beam-beam parameter, and hence luminosity, with
magnetic alignment.

The beam-beam parameter is recorded during CESR
beam collisions. Figure 6 is the average peak beam-beam
for each running cycle from November of 1992 to
February of 1999. The schedule for colliding beams at
CESR consists of running periods usually 10 to 20 weeks
in length followed by down periods for improvements and
maintenance. Each data point is the average beam-beam
parameter for that running period. The arrows denote the
down periods when significant alignment of magnetic
elements occurred with the expectation of an improvement
to CESR performance. Several interesting features should
be pointed out from Figure 6. 1) The beam-beam
parameter on average goes up by 11+x6% when the
magnetic elements are aligned during the down period. 2)
The beam-beam parameter goes down on average by
4+5% when the magnetic elements are not aligned

during the down period. 3) If magnets are not aligned over
several running periods the beam-beam parameter tends to
suffer. It should be noted that during each downperiod
other modifications of CESR are made. The gain in the
beam-beam parameter is not solely due to magnetic
alignment.
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Figure 6. The mean peak beam-beam parameter from

November 1992 to February 1999. The arrows indicate a

downperiod when the CESR magnetic elements were
aligned.

5 CONCLUSION

Aligning the magnetic elements in CESR reduces the
dependence on steering correctors, reduces coupling, and
increases the beam-beam parameter and, on average,
increases the delivered luminosity of CESR. We have
noted an increase in luminosity of ~11% due to magnetic
alignment of CESR.
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STREAK CAMERA MEASUREMENTS OF THE LONGITUDINAL
DISTRIBUTION WITH MULTIPLE BUNCHES IN CESR’

R. Holtzapple®, M. Billing, and D. Hartill
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853

Abstract

The Cornell Electron-Positron Storage Ring (CESR) has
a longitudinal dipole-coupled-bunch instability that limits
the total amount of current that can be stored in the ring.
As a result, it is one of the major limitations for higher
luminosity [1]. This paper reports the results from a
streak camera used to measure the dependence of the
bunch’s distribution on current and accelerating RF
voltage for multiple bunches in CESR, as well as the
effects of the longitudinal instability on the bunch
distribution. Measurements of the bunch’s longitudinal
distribution at CESR, with multiple bunches present in
the ring, help give an understanding of the nature of the
longitudinal instability.

1 MULTIPLE BUNCH OPERATION AT
CESR

Multiple bunches refers to more than one bunch of
electrons or positrons being present in CESR at one time.
Multiple bunches in CESR are necessary to achieve high
luminosity. Under present high-energy physics colliding
beam conditions, there are nine nearly evenly spaced
bunch trains, with up to five bunches in each train, for a
total of 45 electron and 45 positron bunches (Figure 1).
The bunches are separated at crossing points other than the
interaction region by vertical and horizontal electrostatic
separators. The separators are used to make a “pretzel”
orbit to insure separation between bunch crossings at
locations other than the interaction region.  Different
distributions of bunches in the trains are observed to have
different dipole-coupled bunch instability thresholds.
Train #1 Train #2

Bunch#1 #2 #3 Bunch #1
._-.-.n__

&
28ns —)|(— 28ns —){
E:—————— 280 or 204 ns —»4

Figure 1. There are nine trains of bunches in CESR and
each train can have up to five bunches present (five
bunches per train are shown in this figure). Each train is
separated by 280 or 294 ns and the bunch spacing in the
train are in multiples of 14 ns.

2 DATA ANALYSIS

Measurements of the. CESR longitudinal bunch
distribution were made with a 500-femtosecond resolution
Hamamatsu streak camera. A description of the camera

# #5

* Work supported by the National Science Foundation.
* Email: RLH@CESR10.LNS.Cornell.edu
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and experimental set-up is described in detail elesewhere
[2].

To determine the bunch length, the longitudinal
profiles of the beam distribution are fit to an asymmetric
Gaussian function with a constant background given by

= 2
= _1 (z—7)

I@)=1 +I‘ exp{ 2 ((1 +sgn(z-72)A)o, )
where [, is the pedestal, and I, is the peak of the
asymmetric Gaussian. The term sgn(z—Z)A is the
asymmetry factor that parameterizes the shape of this
Gaussian. The mean rms width, ¢,, and asymmetry
factor, A, from each experiment, are used to examine the
pulse-to-pulse fluctuations in the beam distribution. Each

_distribution is fit to the mean rms width and asymmetry

factor and the area and mean position of the distribution
can vary. The difference, (or residuals) between the fit and
the data will show variations between an average
distribution and individual data acquisitions.

3 STABLE BUNCH MEASURMENTS

The electron bunch distribution, as a function of current,
was measured with nine trains of two bunches. per train.
The separation between the two bunches, in a train, was
42 ns. The wiggler magnets were closed during this
measurement. The mean and the root mean error for the
bunch width and asymmetry factor, at each current setting,
is plotted in Figures 2 (a) and (b).
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Figure 2. The electron (a) bunch length as a function of

current with 18 bunches in the CESR ring, and the (b)

asymmetry factor as a function of current.

Several observations can be made from the results: 1)
between the currents from 1 to 13 mA per bunch, the
electron bunch length increases by 6.0%. This steady
bunch length increase is not accompanied by a steady
increase in the Gaussian asymmetry factor. 2) The single
electron bunch length at low current is expected to be
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G, =17.30mm according to the CESR model. The

measured single bunch length at low current was
G, =17.89+£0.35mm, which is close to the multibunch
measurement at low current of 6, =18.10+0.38mm [2].
3) With the bunch spacing of 42 ns between bunches, the
longitudinal instability was not present. The threshold for
the instability is ~240 mA for this bunch spacing. A
single data acquisition of the longitudinal bunch
distribution for each of two different current settings is
plotted in Figures 3 (a) and (c).
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Figure 3. Single streak camera pictures of the CESR
electron longitudinal bunch distribution and residuals at
the current settings of: (a) 1.3 mA and (b) 12.5 mA per
bunch.

The bunch length was measured as a function of the
RF accelerating voltage. The measurements were made
with electrons at each RF voltage, while keeping -the
bunch current constant. The measurement was made at a
high current, and low current, with nine trains of two
bunches separated by 42 ns. The mean bunch width and
root mean error is plotted at each RF voltage in Figures 4
(a) through (b).
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at a current of (a) 9.0 mA per bunch and (b) 3.2 mA per
bunch.
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RF Voltage V, (MV)

Fitting the data to the equation O'(V,f)=AV,}" the

electron bunch lengths’ dependence on the RF accelerating
voltage was determined.
m=-047+0.03, and in the high current -case,
m=-039%+0.03. The expected value was m =-0.50.
This is in good agreement with the measured value in the
low current case. As the current increases, the bunch
length dependence on RF voltage decreases, most likely
due to beam loading in the RF cavities.

In the low current case,"

The bunch distribution was measured for both
electrons and positrons, as a function of current, during
high-energy collisions. The bunch spacing was 42 ns.

Each streak camera picture of the bunch distribution was
fit to an asymmetric Gaussian distribution, and the width
and asymmetry factor were plotted as a function of the
current in Figures 5 (a) and (b).
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The electron (a) bunch length and (b)
asymmetry factor, as a function of current, during high-
energy collisions in CESR. The fit to the data is linear
and points out the slow decrease in the bunch length and
asymmetry factor as a function of current.

Figure 5.

The bunch length, for both the electrons and
positrons, decreases as a function of current. At the time
of these measurements the total peak current during high-
energy physics was 170 mA per beam. The runs lasted
about 70 minutes, or until the single beam current was
120 mA. Then CESR was refilled. The asymmetry
factor, for both electrons and positrons, decrease as a
function of current. Overall the electrons and positrons
exhibit the same behavior in CESR.

4 UNSTABLE BUNCH MOTION

The CESR longitudinal instability is a dipole-coupled
bunch instability, and it is only observed with multiple
bunches per train. The characteristics of the instability are
described elsewhere [3]. The threshold of the instability
depends upon the mode of operation. We observed that: 1)
at the instability threshold current, a signal at f *f

appears in the beams spectra, which indicates a
predominately dipole structure in phase space. 2) As the
current is increased, well above the threshold, the signal at
[, £2f, appears. 3) The threshold current for the
instability is dependent on the bunch spacing in the train.
4) The instability degrades the CESR luminosity.

Measurements of the longitudinal instability were
made at several different bunch spacings. They all have
the same characteristics, except for different instability
current thresholds. The one presented here is with nine
trains of two bunches, with 14 ns spacing between
bunches. The instability threshold with this bunch
spacing was approximately 110 mA. Just above the
instability threshold, measurements of the electron bunch
distribution were taken with the streak camera; both with
the feedback on (no instability present), and with the
longitudinal feedback off (the inability is present). A
spectrum analyzer was used, in conjunction with the
streak camera, to measure of the longitudinal instabilities
presence.

The features of the longitudinal instability from the
measurement are the following: 1) The dipole mode is not
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detectable by the streak camera (Figure 6). The bunch
length and asymmetry factor, with and without the
instability present, are in agreement (Table 1). 2) No
structure is detected in the residuals of each of the data

acquisitions.
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Figure 6. The CESR electron longitudinal bunch

distribution measured by the streak camera when (a) the
longitudinal instability is present and (b) the longitudinal
instability is not present.

| ! Stable Beam | Unstable Beam ‘
RMS Width o,(mm)] 18.78+0.13 18.73+0.09

Asymmetry Factor —0.07+£0.01 -0.07+0.01

Table 1. The measured electron bunch length and
asymmetry factor for a stable and unstable beam in
CESR.
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Figure 7. (a)-(b) The CESR bunch distribution fit to the
mean stable bunch distribution when the beam is unstable
(f, and 2f) with the current above 200 mA. The
residuals are above the distribution. (c) The bunch length
and 2 f signal amplitude as a function of current.

Exploring the instability behavior further, the current
was increased and several interesting features appeared: 1)
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there is a steady increase in the bunch length as a function
of current. Bunch lengthening increases dramatically, and
the beam oscillates in size (signature of the quadrupole
mode). 2) As the current increases, the f, +2f, signal in
the spectra appears, and it grows in strength as a function
of current. The 2f, signal is plotted in Figure 7 (c) as a
function of current. There is a dramatic jump in the
signal amplitude, and the bunch distribution changes
dramatically. Above 195 mA the bunch distribution
oscillates violently. Figures 7 (a) and (b) are bunch

.distributions above 200 mA. There is little evidence of

the quadrupole mode in Figure 7 (b) and strong evidence in
Figure 7 (a).

5 CONCLUSIONS

The measurements of CESR provided information about
multibunch operations, as well as the behavior of the
bunch, when the coupled-bunch longitudinal instability
was present in CESR. The general conclusions from the
measurements are that there is no difference between the
positrons and electrons in CESR, in terms of longitudinal
dynamics. The coupled-bunch longitudinal instability is a
dipole mode instability, and a strong feedback system has
allowed the instability to be damped, and increased the
current thresholds [4]. The presence of the longitudinal
instability was noticed in the beam spectra. It was also
noted with the streak camera, but only when the
quadrupole mode was present.

These studies of the longitudinal dynamics in CESR
helped quantify some effects, such as: 1) the bunch length
and asymmetry of the bunch increases as a function of
current while colliding beams. 2) The bunch length
increases as a function of current with multiple bunches in
CESR. 3) The coupled bunch longitudinal instability is a
dipole instability, but when the current is increased, it
incites the quadrupole instability, and the bunch
distribution changes drastically. Nonlinearites in the
potential well and the large amplitude motion, in the
dipole mode, give rise to the quadrupole mode. With the
present feedback system, the coupled bunch instability is
eliminated at currents above threshold for the quadrupole
mode.

The streak camera has been invaluable as a diagnostic
device for the measurement of the longitudinal parameters
of CESR.
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Abstract

Measurements of the beam’s bunch length in the Cornell
Electron-Positron Storage Ring (CESR) were made using
a streak camera. The experimental set up and the analysis
techniques used are described in this paper. For a single
bunch in CESR, the dependence of the longitudinal
distribution on the bunch current and accelerating RF
voltage, was measured and compared with a simple
theoretical model of the CESR vacuum chamber
impedance. Some basic parameters of this model were
determined from the measured bunch distributions
presented in this paper.

1 EXPERIMENTAL SET-UP AND
ANALYSIS TECHNIQUE

The streak camera uses synchrotron radiation produced by
the accelerator dipole magnets to determine the
longitudinal bunch distribution. The synchrotron light
pulse is transported from the source, out of the vacuum
chamber, to a safe location shielded from radiation, where
the streak camera measurements can be made.

The longitudinal profiles of the beam distribution are fit
to an asymmetric Gaussian function with a constant
background given by

I(Z)=IO +Il exp{_%( (z-2)

2
(1+sgn(z-2)A)o, ) }

where [, is the pedestal, and I; is the peak of the
asymmetric Gaussian. The term sgn(z—2z)A is the
asymmetry factor that parameterized the shape of this
Gaussian.

2 CESR SINGLE BUNCH DYNAMICS

The longitudinal phase space in the storage ring is
determined from accelerator components as well as from
collective effects. In CESR, the electromagnetic fields
which affect the bunch distribution are from the more than
four hundred magnets, which guide the bunches around the

accelerator, two RF accelerating stations, to counteract the

bunch energy loss due to synchrotron radiation, and two
wiggler magnets used to create synchrotron radiation for

* Work supported by the National Science Foundation.
* Email:RLH @CESR10.LNS.Cornell.edu

the CHESS X-ray Facility.

Ignoring collective effects,

the standard deviation bunch length is given by [1]

N4« of L
= = ’c E
Gt (T ) Qs q 0(212 +I4]

where I,, I3, and I, are the synchrotron integrals. The
term o is the momentum compaction, E; is the nominal
energy, and ; is the synchrotron frequency.

synchrotron integrals that reflect CESR, when the streak
camera experiments were performed, are denoted in Table

1.

Wigglers Open Wigglers Closed
I 8.791m 8.791m
I 9.336x10 2 m ™! 1.047x10" !
I3 1.716x10 3 m 2 2.372x10 3 m 2
Iy 2.088x10 3 m ! 2.744x10 3 m~!
Is 3.890x10 4 m ! 5.386x10~* m !
Uy 1.0290MeV 1.1541MeV
or | 6.115x107* 6.782x107*

E

oz 1.565x10 % m 1.739x10 2 m

The

Table 1. The synchrotron integrals for CESR for the case
when the wiggler magnets are open (CHESS is not
collecting data) or closed.

Wigglers | RMS o,(mm) | Asymmetry Factor
Closed 17.89+0.35 —0.020+0.022
Open 1591+£0.12 —0.0024 +0.029

Table 2. The CESR low current bunch length results
with wiggler magnets open and closed.

The longitudinal distribution at low current is
valuable to minimize collective effects and gives the
opportunity to compare the CESR model with the time
calibration of the streak camera. The results of the streak
camera measurements at low current (Table 2) can be
compared with the CESR model (Table 1). There is a
systematic difference between the CESR model and the
measured values. The theoretical bunch length is 3.3%
smaller than the measured bunch length when the wiggler
magnets are closed, and 2.1% smaller than the measured
bunch length when the wiggler magnets are open. A

* Work supported by the Department of Energy contract DE-AC03-76SF00515.

0-7803-5573-3/99/$10.00@1999 IEEE.
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single snap shot of the bunch distribution with the
wiggler open and closed is shown in Figures 1 (a) and (b).
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Figure 1.

At low current, the collective effects for the bunch are
small. As a result, the equilibrium bunch length in a
storage ring is inversely proportional to the square root of
the RF accelerating gap voltage. At low current the
electron bunch length in CESR was measured as a
function of RF accelerating voltage. The mean and root
mean error were calculated at each RF setting and plotted
in Figure 2(a). Fitting the data to the function

6, =A(Vgr)" gives avalue of m=~0.4310.02.

The measurement was also made at high current. The
mean and root mean error were calculated at each RF
setting and plotted in Figure 2(b). Fitting the data to the

function o©,= A(VRF)m
m=-040%0.04. '
Comparing the low and high current results, it can be

concluded that the dependence of the bunch length, on the
RF accelerating voltage, does not change as the current

gives a value of

hd
n

changes in CESR and m<0.5.
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Figure 2. The bunch length as a function of RF
accelerating voltage when the current in CESR is (a)
3.20 mA and (b) 15.00 mA.

3 CESR HIGH CURRENT
MEASUREMENTS

The electron bunch distribution was measured for currents
from 1 mA up to 35 mA with wigglers open and closed.
A plot of the bunch length and asymmetry factor, as a
function of current, with the wigglers open and closed is
shown in Figures 3(a) and (b).

There are several noteworthy features of the
experimental data: 1) There is a 12% growth in the bunch

length between the currents from 1 to 30 mA. 2) The
asymmetry factor (shown in Figures 4 (a) and (b)), which
measures the departure from a Gaussian distribution,
increases in both cases as ‘a function of current. The
asymmetry factor is linear with current, whether the
wigglers are open or closed. 3) The tail of the distribution
gets longer as the current increases, which is a signature
of potential well distortion due to the resistive impedance
of the vacuum chamber. Figures 5 (a) through (c) are
single data acquisition, at three different currents, fit to an
asymmetric Gaussian function. These distributions can be
used to determine the vacuum chamber impedance of
CESR.
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4 CESR IMPEDANCE

In the same manner that the RF accelerating fields affect
the bunch distribution, beam induced voltages from
longitudinal wakefields also influence the shape of the
bunch distribution [2,3]. With potential well distortion,
the bunch distribution is static but distorted from a
Gaussian distribution by the beam induced voltage. We
observe in CESR a greater distortion for higher beam
current. Assuming that the bunch’s wakefield may be
parameterized by

V,()=RI (t)+LdIb(t)
the charge distribution can be deterrmned numerically by
integration [3]. Under the assumption that the resistance
and inductance are constant over the measured range of
bunch lengths, the resistive and inductive impedance
components of the CESR storage ring vacuum chamber
are determined from a )52 fit between the measured bunch
distributions and the simulated bunch distributions. The

12 fit is given by

n (S(¢;)—-M(t;
PR CORIO)
i=1 ti )
where S(t;) and M(z;) are the simulated and measured
bunch height at time #; in the distribution. From the

minimum xz fit the resistance and inductance for each
current setting are inferred to be

Ropen = 1523 i 343Q and Rc[o_\'ed = 1322 i 3 IOQ

and

Lopen =65+12nH and Lclo.ved =72+13nH.
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The uncertainties were determined by varying the
simulation over the range of measurement errors on the
asymmetry factor and rms width. Comparisons between
the simulated bunch distributions using the above
resistance and inductance and the streak camera
measurements are shown in Figures 6 and 7.

5 CONCLUSION

In this paper, we have reported the results from the single
bunch streak camera measurements that were done for the
first time at CESR. These experiments allowed us to
resolve the details of the beam distribution not available
by other techniques. We have also established that the
potential well distortion is the main single bunch
collective effect in CESR. It leads to some asymmetry
and lengthening of the beam distribution at high current.
We have looked for single bunch coherent instabilities but
have not registered any up to the highest value of current
allowed by the CLEO detector background thresholds.
Finally we have also established that the wiggler magnet
changes the synchrotron integrals, as expected, resulting
in a change in bunch length.

The low current single beam bunch length
measurements are in close agreement with a simple
theoretical model of CESR. The bunch length growth
with current, when the wiggler magnets were closed and
opened, was used to determine the impedance of CESR, in
this model.

The assumption that the resistive and inductive
impedance is constant, over the bunch lengths measured,
is consistent with the results. The impedance was
determined by comparing the measured bunch length
dependence on the cumrent and comparing it to
simulations. With this method, the vacuum chamber
impedance has a resistance of 1523+343Qand
1322+310Q and an inductance of 65%+12nH and
72113nH for the case of the wiggler magnets open and
closed, respectively.

These measurements confirm our understanding of the
theoretical model of the CESR and were valuable in
exploring the possible future usage of streak cameras as a
diagnostic tool in the CESR accelerator complex.
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Abstract

‘We have measured beta functions using single kick closed
orbit at KEKB.: The measured beta functions were com-
pared with the model lattice and gradient errors were ex-
tracted from the result in a beta beat. The gradient errors
were also obtained by changing strength of steering mag-
nets and measuring beam positions as the second method.
Themethods of the error estimation and preliminary results
will be reported. '

KEKBJ[1] is an asymmetric-energy, double-ring, electron-
positron collider. The beam energy is 3.5 GeV for
positron(LER) and 8.0 GeV for electron(HER), respec-
tively.  The requirement of the peak luminosity is
1034cm~2s~1 for study of CP violation. In order to achieve
such high luminosity operations, large beam current and
small ﬁ* which is the beta function at LP. in the vertical
plane are needed. The 3 = lcm optics has been done suc-
cessfully for both rings. The final focusing of two beams
is provided by a pair of super conducting quadrupole mag-
nets which are called QCS. The small 3, produces a large
amount of chromaticity which makes the field of sextupole
magnets strong. The nonlinear of sextupole magnets re-
duces the transverse dynamic aperture. It is, therefore, con-
sidered to use a pair of identical sextupole magnets which
are connected with a -I' transformer in both the horizon-
tal and vertical planes. The nonlinear effect due to the
sextupole magnets should be compensated by the -I' trans-
former up to the third order in Hamiltonian.

Diagnostics of the lattice has been studied since the com-
missioning of KEKB started in December 1998. Measure-
ments of the closed orbit distortion(COD) give us a large

" amount of information for a lattice.

The formula for the closed orbit distortion, Az, induced

by a single steering magnet is

z; = R;;0;, ey

where 0; is a kick angle of the j-th steering magnet. The
response coefficient, R;; of the j-th steering magnet to the

0-7803-5573-3/99/$10.00@1999 IEEE.

i-th BPM is calculated by

v ,Bzﬁ]

g = 2sin

os(5-1wi-w1)-2%, @

aC

where 4 = 2mv is the betatron tune, 1 is the betatron
phase advance, (3 is the betatron function, 7 is the disper-
sion function between two locations, o is the momentum
compaction factor, and C is the circumference of the ring.
If the last term of eq.(2) can be ignored and the location at
a pair of the steering magnet and the BPM is considered,
the beta function is obtained from

Az B
ﬂj—z(ej) - tan 3 3)

When the beta functions have been measured and a
significant discrepancy between the measurement and the
model has been found, the sources of the discrepancy can
be specified. If the error sources come from a gradient er-
ror in one or more of quadrupole magnets, the difference
of measured from the model beta functions are described
as follows:

AB; = ;%ms(u ~ 2| —Ym ) AKm, (@

where AK,, is the gradient error of the m-th quadrupole
magnet(method-1).

On the other hand, assumed that the error is the gradi-
ent error of the quadrupole magnets, the measured COD
induced by a single steering magnet is written by

Am;neas. — Az;nodel + ZRimAKmAmedel, 5)
m
where
Agmodel _ R.g. ©
Azmededt = R.:6;, @)

where R;; and R,,,; are the response coefficients from the j-
th steering magnet to the i-th BPM or the m-th quadrupole
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magnet, respectively. The last term of eq. (5) is the cor-
rection term due to the gradient errors of the quadrupole
magnets against the model(method-2).

Another constraint to determine the errors of the lattice
is

AK,, = :i:ﬁi{cot p(cos Ap — 1) + sinAp}, 8

where Ap is defined by p™mees: — ymodel and the + sign
refers to the horizontal and vertical planes, respectively. If
the tune changes small and not close to the half integer or
integer resonances, eq. (8) can be simplified as follows:

1
Ape s ; B AKnm ©9)

with taking all gradient errors into account.

In order to extract the gradient errors of the lattice, there
are two methods as described above. The beta function at
1P, ﬁ; = 1 cm optics was utilized. The horizontal-vertical
coupling has been neglected. Before the measurements of
the COD, orbit corrections with the steering magnets were
performed. There are 462 horizontal and 456 vertical steer-
ing magnets available in LER. In this analysis, 87 horizon-
tal and 88 vertical steering magnets were chosen to measure
the single.kick closed orbit. The dispersion functions at
those steering magnets are less than 0.1m in order to avoid
the uncertainties of dispersion functions between the model
and the real machine.

There are 449 BPMs available to measure the beam posi-
tions. The beam positions are determined by an average of
8 measurements and the resolutions of the BPMs are typ-
ically less than Sum. The closed orbit has been measured
at BPMs before and after changing every steering magnets
along the ring to minimize effects of orbit drifting. The or-
bit drifting at large beta function was less than 200um in
horizontal and 1 mm in vertical plane during this measure-
ment, respectively. Each steering magnet is set to the kick
angle of 50urad added to the original setting.

The beta functions were measured by the beam position
and a single kick angle from eq. (3). Measured transverse
tunes were used in eq. (3). Difference between the beta
functions at the steering magnet and those of the nearby
BPM is typically less than 10% which is estimated from the
model calculation. We used SAD program[2] to calculate
twiss parameters of the lattice model. Figure 1 shows the
beta functions at BPMs nearby the steering magnet. A sig-
nificant discrepancy between measured beta functions and
those of the model without corrections can be found(fig.
1(a)). In most cases, the difference from the model beta
function will be a beta beat which is an oscillation of the
measured beta function around the design beta function at
twice the betatron frequency. The gradient errors were es-
timated by eq. (4) using an iterative procedure(Micado[3]).
In eq. (4) measured transverse tunes are utilized and be-
tatron phase advances are also scaled by the ratio of mea-
sured to the model tunes. The error source is identified

E 140 _/a/ . .
- 120 [ : e g
(-9 - N . : .

40:'.11‘\;/\ /\A/\ /él .-.J\'i

Pyt I\)\Al\f\l\ A
20 Y y?w A)[\A ’Y./WX .
e T '2
no. BPM

< 120;—

Figure 1: The § functions at BPMs nearby the steering
magnet which induces a single kick closed orbit. The mea-
sured beta functions(plots) and the model calculations for
(a) no correction and (b) after corrections in the vertical
plane. The solid line in fig. (b) shows only correction of
QCS magnet identified from method-1 and the dashed line
shows correction of the QCS and other quadrupole magnets
from method-2.

with QCS magnets which locate at vicinity of the interac-
tion point. The strength of magnetic field was stronger than
the expected value by 0.47%. Figure 1 (b) shows the cor-
rected model for the QCS(solid line) and the beta functions
from the model lattice can well reproduce the measured
beta functions. After the correction of QCS, measured ver-
tical tune is different from the model by 0.18, on the other
hand, the difference before the correction was 0.25.

Figure 2 represents the typical single kick closed orbit
in the vertical plane at LER. The model calculation after
the correction of QCS agrees with the measured beam po-
sitions at BPMs.

—
S
< 0.002
0.001

o

-0.001
-0.002
-.903
-0.004

’200‘ I ‘400 600 800 ‘ 1000 .1200 I MOOV

z(m)
Figure 2: The single kick closed orbit in the vertical plane
for a half of circumference at LER. The plots shows mea-
sured beam positions by BPMs and the solid line shows
those of the lattice model with corrections of the gradient
errors for the QCS magnet.
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Figure 3 shows the gradient errors obtained from eq.
(5) and eq. (9). The gradient error for all quadrupole
magnets are estimated by one single kick closed orbit.
In order to derive the gradient errors, the singular value
decomposition(SVD)[4] is performed to solve equations
described above. Because multiple error estimations for
each quadrupole magnet are available, the average of errors
and the standard deviations are plotted in fig. 3. Not only
the gradient error of the QCS but also a series of defocusing
quadrupole magnets(QD3P, QDSP) can be found. Those
quadrupole magnets are connected to the same power sup-
ply. The beta functions(dashed line) calculated by the
model after corrections of QCS and other quadrupole mag-
nets are superimposed in fig. 1 (b) and also reproduce the
measured beta functions well.

The error estimations between method-1 -and method-2
are consistent with each other for the QCS. However, the
gradient errors of quadrupole magnets besides the QCS
were not clearly found by method-1 against method-2. The
reason is that one BPM is used for one single kick in
method-1, on the other hand, all BPMs are used for one sin-
gle kick and more information can be obtained in method-

2.
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Figure 3: The gradient errors of quadrupole magnets pre-
dicted by method-2 at LER. Error bar shows the standard
deviation estimated from the measurements using a single
kick orbit induced by every steering magnets. The first
and last number of quadrupole magnet corresponds to the
QCS magnets in question. A series of quadrupole magnets
which have small gradient errors are found systematically.
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Figure 4: The (3 functions at BPMs nearby the steering
magnet which induces a single kick closed orbit after ad-
justment of the real QCS. The solid line shows the beta
functions calculated by the lattice model.
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We have measured beta functions using the single kick
closed orbit. The gradient errors of quadrupole magnets
have been estimated using two methods. The gradient error
of the QCS could be found by both methods. The corrected
model calculations can well reproduce the measured beta
functions and the measured closed orbit by BPMs. The
error of the QCS was also verified from a magnetic-field
measurement independent of this analysis and K value of
the real QCS was corrected by 0.37%. Figure 4 shows the
measured beta functions compared with the model after this
correction. The errors of other quadrupole magnets were
also found by method-2, however, those are still under in-
vestigation. The HER should be studied and in progress.

We would like to thank the KEKB Operations staff for their
help with this experiment.
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COMMISSIONING STATUS OF THE KEKB LINAC

Y.Ogawa’, Linac Commissioning Group (LCG)"
KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801 Japan

Abstract

After entering into the full-commissioning phase of the
KEKB linac in May, 1998, we have established two linac
injection modes for the KEKB ring: an 8-GeV electron
beam and a 3.5-GeV positron beam, as well as beam
modes for the rings of the synchrotron light sources. All
modes are easily switched for almost one minute without
any trouble. The linac beam characteristics have been
substantially improved by introducing several fine-tuning
procedures, while key features concerning stable
operation have been pursued by employing, for instance,
energy-feedback loops. We report on the present status of
the linac commissioning while especially emphasising the
operational characteristics.

1 INTRODUCTION

The KEK electron-positron linac is the injector for two
asymmetric rings (8-GeV electron and 3.5-GeV positron
rings) of the KEK B-factory (the KEKB linac is named
just after this), as well as for two different rings (2.5-GeV
electron rings) of the Photon Factory (PF). It has been
pointed out that since beam-mode switching among
various kinds of beams should be quite frequent, perfect

reproducibility of each beam could be one of the key .

issues for the successful operation of the KEKB ring [1],
which requires frequent and speedy injection for high-
luminosity collisions. :

Full-commissioning of the KEKB linac [2] was started in
May, 1998, while continuing ordinary injection into the
PF ring. The principal goal of the full commissioning was
to accomplish stable operation for injection to the KEKB
rings as well as to assure efficient injection to two PF
rings. The beam reproducibility has been pursued mainly
regarding three aspects: the establishment of reliable
beam-mode switching, various improvements of the beam
quality, and beam-stability issues. In the following, the
present status of the linac commissioning is reported
while placing particular emphasis on these issues.

2 BEAM-MODE SWITCHING

2.1 Beam Modes

In Table I, two beam modes for KEKB and two modes for
PF are listed, showing a wide variety of beam
characteristics: a beam energy of 2.5 to 8 GeV and a beam
charge of 0.3 to 10 nC. Beam-mode switching among

0-7803-5573-3/99/$10.00@1999 IEEE.

these modes requires a change of at least several hundred
parameters: the magnetic field strength for the beam
optics and orbit, the accelerating rf phases and
acceleration/standby modes of the klystrons for the energy
and energy spread, the feedback parameters for beam
stability, the beam-monitor settings for beam diagnosis
and so on.

Table 1: Beam-mode specifications

Mode Energy Charge
KEKBe | 8.0GeV | 1.2 nC, single bunch
KEKB ¢' | 3.5GeV | 10 nC for primary €’

0.64 nC for €', single bunch
PF1 2.5 GeV | 0.3 nC, multibunch
PF2. 2.5 GeV | 0.5 nC, multibunch

2.2 Switching Beam Modes

A beam-mode-switching panel (Fig. 1) has been prepared
so that all of the parameters can be easily and quickly
changed among the beam modes. For the present, we are
using two electon guns for the KEKB and PF beams,
respectively, which was inevitable because we had to
continue injection to the PF rings even during construction
of the KEKB linac [3]. This situation makes beam
switching between the KEKB and PF beams quite
complicated, though this situation will be improved in the
future. Since the energy ranges from 2.5 to 8 GeV and the
field strength of quadrupole magnets must be
correspondingly changed, we have introduced a simple
standardization of the magnets so as to avoid any
hysteresis effects. This procedure mainly determines an
overall time for switching of almost 1 minute. A
reliability check has been carried out not only by
examining the beam characteristics along the linac, but
also by actually injecting each beam into the
corresponding ring. It has turned out that beam switching,
itself, in a short period is quite reliable, although a long-
term drift of the beam characteristics has been observed
(see section 4).

" Email: yujiro.ogawa@kek.jp
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Ohsawa, K. Oide, K. Satoh, M. Suetake, T. Suwada
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Figure 1: Beam-mode switching panel.

3 IMPROVEMENTS OF BEAM QUALITY

3.1 Software Feedback Loop

Some software feedback loops have been introduced in
order to stabilise the gun energy, the powers of two sub-
harmonic bunchers (SHB) and the beam energy and the
orbits at the J-arc section (1.5 GeV) and at the end of the
linac, while hardware feedback loops are implemented for
the rf phase-lock system in the SHBs. Fig. 2 shows an
example of the feedback panels [4]. The time constant of
the software feedback is over several seconds. As a result,
the medium-period drift during beam injection was greatly
improved. A sudden large variation of the quantities,
however, which is discussed in the next section, can not
be cured by this feedback, simply because the dynamic
range is limited by various boundary conditions.

3.2 Wire Scanners for Matching

There are several regions where optics matching is
necessary: at the exit of the bunching section, before/after
the J-arc section and at the end of the linac. In order to
facilitate and automate this matching, sets of a wire
scanner system comprising at least three monitors at

appropriate intervals in each section were installed and
hardware-tested to measure the beam size [5]. Recently,
the software, which nearly automates the optics matching
as well as the beam-size measurement, has been
completed and beam-tested at the beam-transport line to
the KEKB ring. The results so far obtained are quite
satisfactory and will be applied to the above-mentioned
section at the linac.

Figure 2: Example of the feedback panels. (upper: control
panel, lower: status log)
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4 STABILITY ISSUES

The beam-stability issues in our linac are somehow
complicated in that we must accomplish stable operation
of different kinds of beams repeating a frequent beam
switching. A simple classification concerning the stability,
such as long- or short-term variations, is not clear, since
only one beam can not be continuously observed for
monitoring. It may happen that the status of some
equipment changes, even during beam switching. In this
case, for instance, it is not easy to identify the sources of
variations by observing just the status of different beams.
In this connection, various efforts to search for the sources
of variation have been pursued through deriving
information from the status of not only the beams, but also
all equipment.

4.1 Search for Sources of Orbit Variation by
Singular Value Decomposition (SVD)

The technique of singular value decomposition (SVD) [6]
was applied to search for the sources of the orbit variation
from the exit of the bunching section to the two upstream
sectors of the linac. The matrix comprises time sets of the
row vectors consisting of the signals of many beam-
position monitors (BPM) along the linac. Figure 3 shows
an example of the orbit patterns corresponding to the
largest singular value. It seems that the sources of orbit
variation originate just at the beginning of the linac. We
have tried to identify them by checking the corresponding
equipment, but have not yet succeeded.
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Figure 3: Example of the orbit patterns corresponding to
the largest singular value by the SVD method.

4.2 Reinforcement of Stability-Monitoring
System

In order to identify the sources of variation, a stability-
monitoring system is being prepared. One of the most
essential systems is an rf phase-monitoring system. For
the moment, this system works only in three upstream
sections, but has already been shown to be a quite
powerful tool for stability monitoring. For instance, it has
turned out that the phase of the first klystron for the
bunching section sometimes varies by a few degrees (Fig.
4), possibly due to the environmental temperature.

BPM number

Another example of a new monitoring system is a fast
BPM detection system [7], in which data-taking at a beam
repetition rate of 50 Hz can be realized. A FFT-analysis
of the data taken at a point of large dispersion in the J-arc
section suggests the existence of energy variations, rather
than simple orbit fluctuations, in the upstream sections. A
statistical treatment, such as a correlation analysis, for all
data taken by the above-mentioned system is being
applied in order to figure out what is happening in the
linac.

Figure 4: Observed phase variation of the first klystron for
the bunching section (upper).

5 CONCLUSIONS

Two linac injection modes for the KEKB rings and those
for the Photon Factory rings have been established.
Beam-mode switching among four kinds of beams has
been successfully verified by injecting a beam into each
ring, employing various beam-tuning procedures,
including feedback loops. The operation experience so far
indicates that there are some stability issues to be figured
out in order to maintain a high-quality beam. Many
efforts are being made to identify the sources of variations.
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THE SLAC LINAC DURING THE PEP-I1 ERA
F.-J. Decker, R.H. iverson, H. Smith, M.S. Zelanzny, SLAC*

Abstract

The 3 km long linac of the Stanford Linear Accelerator
Center (SLAC) has for many years provided low
emittance beams for the SLC collider. With the beginning
of the operation of the B-Factory, PEP-II, the linac will
now serve primarily as an injector for the low (LER) and
high energy rings (HER) of PEP-II. The different beams
are stabilized by a new regional linac energy management
(LEM) program, which keeps the magnet strengths and
therefore the deflections constant at each of the four
extraction points. They are at 3.1 GeV (positrons for
LER), 9 GeV (electrons for HER), 25 GeV (electrons for
the positron production), and 28.5 GeV (electrons for
other purposes such as test beams, plasma experiments,
and iris destruction tests). Since many components of the
accelerator can be configured on each pulse, it is possible
to run these beams with different intensities, bunch length,
energies, rates, etc. Only the quadrupole magnet strengths
are fixed, producing different lattices for different energy
beams, which must be matched at extraction from the
linac. Since PEP-II injection does not require all of the
full 120 Hz rate, it is possible to run other experiments at
the same time. That might include an extension of the
SLC run or a high charge, fixed target experiment, which
will require some additional pulsed magnets.

1 INTRODUCTION

For the SLC-collider, the SLAC linac ran at 120 Hz and
co-accelerated three beams together: positrons, electrons
and a scavenger bunch to the positron target at 2/3 of the
linac length. For the PEP-II era the main purpose is to
provide a stable fill rate for the low and high energy ring.
The linac runs mainly at 30 Hz till 2/3 of the linac and 60
Hz in the first 3 sectors till the extraction of the positrons
into the by-pass line. So there are the following rates
available: 10 Hz for e~, 10 Hz for e~(scav) and an extra 10
Hz for an e™-beam for additional experiments (like plasma
acceleration or plasma lens in final focus test beam area,
FFTB). The positrons are in between this in a 60 Hz
timeslot. On demand this can be changed to 30 Hz ¢~ to
HER, or 30 Hz e~(scav) and 30 Hz e* to LER for a three
times faster fill rate.

Besides the scheduling issues, the linac has to provide
stable and sometimes special beam properties for the
different beams.

*Work supported by Department of Energy contract DE-ACO03-
76SF00515.
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2 NEW LEM

The linac energy management program (LEM) keeps the
magnet focussing lattice stable by accounting for the
different klystrons which accelerate the beam. Since each
klystron can be on for one beam and off for another, it is
impossible to adjust the magnets to the same lattice on a
pulse by pulse basis. Different strategies are possible.

2.1 “Anti-LEM”

During the SLC-run the PEP-positrons got decelerated in
their last part in the linac and got after each quadrupole
adjustment by LEM a big kick in the last quadrupole where
they are off-axis. This needed corrector changes (anti-
LEM) and re-matching in some degree.

2.2 Regional LEM

To avoid these frequent adjustments, a regional LEM was
introduced, which keeps the end energy and magnet
strengths for each of the four beams constant (e*: 3.1 GeV,
e™: 9 GeV, e~(scav): 25 GeV, e (FFTB): 28.5 GeV). This is
only perfect when each beam has the same acceleration.
But since this keeps the lowest energy beam constant, a
higher energy, mismatched beam will see a weaker lattice,
which is not too bad.

2.3 Additional Matching

In principle this mismatched beam could be re-matched
after the lower energy beam got extracted from the linac.
This was never tried and has the potential of disturbing
other careful adjusted beam parameters like wakefield
bumps which cancel unknown errors at a special betatron
phases. o

24 Identical Energy Profiles

This leaves only the solution of identical energy profiles.
But since the FFTB beam needs a big initial energy spread
for transverse stability, which is accomplished by a 20°
phase offset (BNS-damping), the energy would be
different again, but the following trick helps. By timing
the klystrons (which use SLED) for the positrons pulse
240 ns late, so that the accelerator structure is not
completely filled, the e*-energy on the rf-crest is adjusted
to be identical to the FFTB beam, which is 20° off crest
(see Fig. 1).
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Fig. 1: Equal beam energies.
Injecting the positrons 240 ns early on crest (left) gives the
same energy like being 20° off crest but on the peak of the
(SLEDded}) klystron fill curve (right).

3 SENSITIVITY TO BEAM CHANGES

Since the PEP-II rings are not very sensitive to changing
beam emittances or offsets, the tuning is much relaxed,
just the availability for filling counts. This might change
when background issues get more important with the
BaBar detector in place. On the other hand the FFTB
beam for the plasma experiments has to be maintained to
much better accuracy. For instance, when the linac
steering feedbacks were keeping the e~(scav) “stable”, the
emittance for the FFTB beam changed easily by a factor
- of three. By switching the feedback to the FFTB beam,
this beam has stabilised, but also helped to keep the other
beams in a smaller range of variations.

4 POSITRON ENERGY SPREAD

Since the positrons have with 3.1 GeV the smallest energy,
their energy spread is still dominated by the energy spread
introduced by the compression in the ring-to-linac section
(RTL). With a damping ring bunch length of 6 mm and an
energy spread of 0.07% at 1.19 GeV, the following energy
spreads are possible (see Tab. 1). A total compression on a
linear slope is assumed, and wakefields and the rf sine
curvature in the linac are ignored.

Table 1: Possible Energy Spreads

Com- AE oy AE/E
pressor at 3.1 GeV
30 MeV | 10.7 MeV 0.47 mm 0.34 %
25 MeV 8.9 MeV 0.56 mm 0.28 %
15 MeV 5.3MeV 0.94 mm 0.17%
12 MeV 4.3 MeV 1.18 mm 0.14 %
10 MeV 3.6 MeV 1.41 mm 0.11 %

This table seems to be in discrepancy with the data where at
27 MeV a 0.15% energy spread is achieved (see below).

4.1 Longitudinal Emittance

The longitudinal emittance is given by the damping ring rf.
The maximum reduction is about 10 %, by raising the rf
amplitude by 20 %.

4.2 Longitudinal Phase Space

The longitudinal phase space can be adjusted by lowering

the bunch length and raising the energy spread, which is

mainly done in the compression region. Three different
corrections come to mind to change this adjustment.

e Pre-compression in the damping ring: This will lower
the bunch length and therefore the non-linear part of
the compression rf. '

e Changing R, in the compression region (which is the
basic assumption of Table 1): This will require
changes of up to a factor of three in magnet strength,
-which might be not easily feasible.

e Correlated energy spread cancellation: By under-
compressing the beam, the bunch length will be longer
and there will be an energy-length correlation. This
correlation can be taken out later in the linac by
accelerating the beam at the right amount off crest.
This will reduce the energy spread, giving an
explanation why at 27 MeV the energy spread can be
as low as 0.15 % in the experiment.

4.3 Simulations

To compare the analytic result with reality, the longitu-
dinal phase space changes were simulated taking into
account the linac rf and wakefields. Fig. 2 shows the 1-, 2-
and 3-sigma contour lines after the compression (RTL)
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and at the 3.1 GeV energy point in the linac. By 6 SUMMARY

compensating the E-z-slope of the under-compressed PEP-II requires beams with different property, filling or
beam with the slope created by the rf in the linac (and the

topping of the rings and other experiments together with
wakefield for 2-10'0 particles), a fitted energy spread of PEP-II. This can be solved mainly by pulsed devices or

0.13% can be achieved (plus low energy tail). The needs a compromise in the set-up. The positron energy
longitudinal wakefields help to flatten the curve, which

spread is an example, where a careful cancellation can be
allows a longer bunch length, making a better correlation used to reduce the energy spread by a factor of two.
compensation possible. :
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Abstract

A variety of background detectors were installed at the in-
teraction point of PEP-II for measurements of machine
backgrounds during commissioning. Results from these
detectors, machine experiments, and simulations have
been used to reduce the backgrounds at PEP-II before the
installation of the BaBar physics detector.

1 INTRODUCTION

The PEP-II collider has a design luminosity of 3x1033
cm s}, which requires beam currents of 1 and 2 amperes
in the rings. The synchrotron radiation flux from the
magnetic beam-separation scheme, and the particle loss
rate from beam-gas scattering, are potential sources of
high backgrounds for the BaBar detector. Many detectors
were installed at the interaction point (IP) to measure the
backgrounds, from the start of PEP-II commissioning.
The background simulations used in the design of PEP-1I
were enhanced to help understand the measurements. Dedi-
cated beam experiments were done to diagnose and reduce
the backgrounds.

2 DETECTORS

An X-ray spectrometer measured the synchrotron radia-
tion (SR) spectrum. A 3x3x2 mm cadmium-zinc-telluride
crystal was enclosed in a copper collimator with 3" accep-
tance and remotely movable lead and steel filters. The col-
limator was mounted on a remotely steerable TV camera.
The readout was through a local pre-amplifier, remote

post-amplifier, PC-based pulse-height analyzer, and rate-

to-voltage converter. Energy resolution was 4% at 6 keV
to 1% at 100 keV, where the efficiency began to fall off.
The early commissioning IP beam pipe had poor SR
masking, and rates >1 kHz/mA were observed. Interest-

*Work supported iby U.S. Department of Energy contrace DE-
AC03-76SF00098, CEA, IN2P3, and PPARC.

0-7803-5573-3/99/$10.00@1999 IEEE.

ingly, the spectra had prominent Bragg-scattering features,
rather than the expected material fluorescence peaks. The
final beam pipe had much better masking, with X-ray
rates difficult to distinguish from lost-particle (LP) back-
grounds.

PIN diodes measured both SR and LP backgrounds on
the IP beam pipe. Pairs of 1 cm2, 300u thick reverse-
biased PIN diodes separated by 1 mm lead absorbers with a
thermally coupled thermistor were mounted at 3 positions
in Z and 8 in phi. Readout was 20-bit charge integrating
ADCs with analog and digital filtering giving 15 pA reso-
lution on currents up to 1z A at 7.5 Hz. An onboard mi-
crocontroller asynchronously passed data over a Controller
Area Network bus to a VME single-board computer run-
ning vxWorks. The data was logged to disk by a Java
server running on a SUN workstation. Real-time data for
beam-tuning and background experiments was also avail-
able. In addition, the increase in leakage current over time
measured the integrated radiation dose to the diodes, cali-
brated by the offline integrated dose.

A BaBar double-sided silicon strip detector with final ra-
diation-hard electronics and full readout chain measured oc-
cupancies next to the beam pipe. Occupancies were ini-
tially very high but decreased to 0.5-1% per 100 mA of
current for both beams by the end of commissioning.
Large steps in the detector leakage current were observed
over the running period. These were due to bursts of radia-
tion causing bias voltage to punch through strip capaci-
tors, inducing p-stop shorts. Bias voltage to the BaBar sil-
icon vertex tracker will be turned off during injection to
avoid this problem.

The Mini-TPC detector gave fine-grain 3D tracking in-
formation from 4.5 to 10 c¢m in radius (less a 110° wedge
for the silicon strip) and 10 cm in Z. It had 6 sectors of 8
radius rows of 4 phi cathode pads (trapezoidal to maximize
charge sharing), and operated with a drift field of 200
V/cm at a gas gain of 50000. The gate grid normally had
4220 V on alternate wires to reduce space-charge effects
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and was opened for 20 s at a few Hz for readout. The pad
pre-amps were 5 m away, and 30 MHz FADCs digitized
the data, which was recorded to disk on a microVax. Reso-
lution from a test-beam at CERN was 25% for dE/dx,
704 X [L,,, ®1704 in Z, 210y in R-phi, and 9 and 4
mrad in polar and azimuthal angles. An event display and
the hit and track counts were available in real time, and
the chamber current was also available as a hardware sig-
nal. A detailed Monte Carlo simulation included a com-
plete digitization in the miniTPC.

The Straw Chamber (originally built for the Crystal
Ball) was 544 aluminum tubes, 4 mm in diameter, 34 cm
long, in two double layers at 13 and 17 cm radius from
the beam. The signal from both ends of each wire was
amplified then recorded by analog storage, multiplexing,
and a NIM ADC combined with a scanner-memory mod-
ule in a CAMAC crate controlled by a PC. The chamber
current also gave a real-time measurement of the radiation
level. ‘

The Crystal Ring measured the MeV photon back-
ground using 12 CsI(Na) crystals with photomultiplier
tube (PMT) readout. The crystals were 6x6x15 cm, at ra-
dius 30 cm from the beam, on a trolley that scanned +80
cm in Z. A RAID 8235 processor running EP/LX con-
trolled a CAMAC crate with FERA ADCs that could be
self-triggered for calibration with the 1.46 MeV photons
from KCI salt-substitute. This system also measured
background photon spectra at low beam current. The PMT
current was used as the background measurement at higher
beam current, since the spectrum was dominated by pileup
and the PMT voltage was limited by anode heating. A
fiber-optic and LED pulser system propagated the calibra-
tion from the source+ADC system to the PMT current
system at lower voltage.

The mini-Stand-Off-Box (mSOB) background detector
simulated the 6000 liter water tank with 10000 PMTs on
one surface that is the external part of the BaBar
Cherenkov particle identification system. The mSOB wa-
ter tank was 1 ft3 with a quartz window at one face, allow-
ing 48 PMTs to view the Cherenkov light created in the
water. A CAMAC ADC system with 100-500 ns gates
was controlled by a small Unix workstation via GPIB.
The backgrounds were primarily MeV photons which
Compton scatter, making electrons just above Cherenkov
threshold, typically producing a single photoelectron in a
single tube. Since the rate was high, in later runs a single
mSOB tube was fed into a frequency to voltage converter
for real-time measurements. This system was also used
with (3 in)? lead-glass blocks glued to PMTs, with a sen-
sitivity similar to the mSOB but easier to manipulate.
The mSOB single-tube rate extrapolated to 1 MHz for the
HER and 10 MHz for the LER at design currents, moti-
vating the construction of shielding upstream of BaBar.

The BaBar Calorimeter Prototype detector measured the
photon background from 20 MeV to a few GeV. It was
four Csl crystals mounted near the future BaBar endcap
calorimeter location, read out by PMTs via scalars and

ADCs in a CAMAC crate controlled by a Macintosh. The
single crystal rate was 140 Hz with a 100 MeV threshold
for a LER current of 300 mA in February 1999. A drop in
the light yield of about 30% has been found after an expo-
sure estimated to be a few hundred rads.

The instrumented flux return (IFR) background detector
simulated the outer layers of the BaBar IFR. Eight resis-
tive plate chambers (RPCs) about (1 m)? and operated at 8
kV alternated with 1.25 in steel plates, with the first and
last layers covered with 0.25 inch of steel. Counting rates
as a function of position were recorded using BaBar IFR
electronics and a CAMAC crate controlled by a PC. Early
data motivated the addition of shielding on the two ex-
posed edges of the chambers, and the corresponding areas
of BaBar, and shielding in the PEP-II tunnels.

An array of 8 RadFETs was positioned at the future in-
ner radius of the BaBar CsI calorimeter to measure the in-
tegrated dose via threshold shifts. From November 1998
to February 1999, a dose of about 600 rads was accumu-
lated in unshielded devices.

3 SIMULATIONS

The program SYNC_BKG traced the beam envelope
through the magnets near the IP, calculated the number
and spectrum of SR photons from each magnet, and pro-
jected them to apertures that modelled the beam pipe. This
was input to MASKING, which used EGS4 to calculate
the number, energy, and angle distribution of the photons
that scatter from, for instance, a mask tip and penetrate the
IP beam pipe to register as background in the SVT.
MASKING could also generate an output file of photons
to be used as input to detector simulations.

Lost-particle rates from bremsstrahlung and Coulomb
scattering were calculated with the LP_TURTLE Monte
Carlo, derived from Decay TURTLE. The optics and aper-
tures of both rings were modeled for their entire circumfer-
ences. Information about the trajectory of particles strik-
ing apertures near the IP was stored to file in the form of
ntuples. LP_TURTLE output was input for collimator
placement studies, multi-turn and longitudinal beam-
dynamics simulations, and detector simulations.

The BaBar detector simulation with GEANT3 (BBSIM)
includes the PEP-II beam pipe, magnet material, and
magnetic fields to 8 m from the IP. An equally complete
simulation was done of the IP configuration used for early
commissioning of the HER, and of the various back-
ground detectors. Rays which hit TURTLE apertures close
to the IP were backed out to 8 m and tracked again in
BBSIM since it has a more detailed 3D model of the aper-
tures in the detector. BBSIM modelled electromagnetic
showering and energy deposition in detectors.

4 EXPERIMENTS

Initially backgrounds were much higher than expected
from simulations. Turning off distant vacuum pumps in-
creased the background, indicating that distant beam-gas
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scattering was important, which had not been included in
the initial LP_TURTLE simulation. Reducing the RF
voltage to the point where the quantum lifetime was short
did not increase the backgrounds, indicating that distant
bremsstrahlung was not dominant.

Backgrounds were sensitive to beam steering at the IP,
particularly changes in IP angle, which corresponds to
beam position in the high-beta quads. In the initial IP ge-
ometry with poor masking, extreme steering bumps varied
the SR contribution differently from the LP contribution,
which allowed them to be separated in some detectors.
Backgrounds also decreased in some detectors when the IP
beta function was increased, decreasing the beam size in
the quads. Later in commissioning, single-sided fixed col-
limators were installed in the HER 350 m upstream of the
IP, at points where the beam could be bumped close the
aperture. This reduced backgrounds, and the sensitivity to
steering and beta function.

Measuring the backgrounds as a function of beam cur-
rent was very informative. Synchrotron radiation and
beam-gas scattering on base pressure and give linear cur-
rent dependence, and beam-gas scattering on dynamic pres-
sure induced by the beam gives a quadratic contribution.
The quadratic term was dominant at high current.

There were many non-evaporable getter (NEG) pumps
in the IR, which expelled hydrogen when they were heated
for regeneration. Heating a NEG pump produced a large
localized pressure bump of known composition, with
magnitude measured by the nearby ion pumps or by the
change in beam lifetime. The increase in backgrounds
from the pressure bump allowed a precision check of the
simulation. The agreement was good.

5 CONCLUSIONS

Measured backgrounds from the January 1998 configu-
ration of the HER were consistent with a factor of 7-10
more background at design current than estimated in the
BaBar design report [1]. The measurements were consis-
tent (within a factor of 1.5-2) with a simulation using
measured pressure profiles rather than a uniform 1 nTorr,
LP_TURTLE simulation of the full ring rather than just
the IP and a short arc region, and BBSIM shower simula-
tion including all the IP quads rather than just those inside
the detector. See figure 1. Collimators reduced the HER
arc contribution by a factor of 2-5 in the final HER con-
figuration.

Measured backgrounds from the LER (without collima-
tors) were comparable to the HER at the same current.
The absolute LER background levels agreed with the ex-
tended simulation to within factors of 2-5; work is in
progress to clarify the origin of these differences.

Extrapolating present measurements to design currents,
LER background would dominate. A substantial reduction
in LER background is expected from distant Coulomb col-
limators presently being installed. Some reduction is ex-
pected from the larger aperture of the final Q2 vacuum
chamber. The LER vacuum will improve with further
scrubbing, and a program of vacuum improvements in the
LER is underway.

6 REFERENCES

[1] BaBar Technical Design Report, SLAC-R-95-457,
March 1995
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Abstract

The PEP-II High Energy Ring (HER), a 9 GeV electron
storage ring, has been in commissioning since spring 1997.
Initial beam commissioning activities focused on systems
checkout and commissioning and on determining the be-
haviour of the machine systems at high beam currents. This
phase culminated with the accumulation of 0.75 A of stored
beam—sufficient to achieve design luminosity—in January
1998 after 3.5 months of beam time. Collisions with the
3 GeV positron beam of the Low Energy Ring (LER) were
achieved in Summer of 1998. At high beam currents, col-
lective instabilities have been seen. Since then, commis-
sioning activities for the HER have shifted in focus to-
wards characterization of the machine and a rigorous pro-
gram to understand the machine and the beam dynamics is
presently underway. ‘

1 HER COMMISSIONING

The PEP-II [1] High Energy Ring (HER) was completed
at SLAC in Spring of 1997. It is located in the PEP tun-
nel at SLAC, where it is part of the B-Factory together
with the Low Energy Ring (LER) and the BABAR detector.
Beam commissioning of the HER began in earnest in June
1997, and the ring reached 0.75 A of stored beam current—
sufficient to achieve the design luminosity of 3 x 1033— in
January of 1998, after 3.5 mo. of running time. Parameters
of the Ring are given in Reference [1]. Since July of 1998,
HER commissioning work has focused on understanding
and tuning of the beam parameters, background measure-
ment and reduction, tuning of the beam feedback systems
and understanding of the multi-bunch instabilities and sup-
porting collisions [2] with the completed LER.

Table 1 gives an overview of the commissioning results
achieved up to date.

* Supported by US DOE under contract DE-AC-76SF00515
 Now at CERN :
! On leave from CERN, Geneva, CH

0-7803-5573-3/99/$10.00@1999 IEEE.

Beam commissioning has been helped significantly by
fairly good hardware performance: for the last run, hard-
ware availability was 79% for the PEP-II facility, this in-
cludes HER, LER and the Injector.

In this report, we will not cover the rf system [3, 4] or the
beam feedbacks [5, 6] since they are described elsewhere.

1.1 Magnet System and Lattice Functions

Alignment of the ring magnets appears to have been within
the stated accuracy of 250pum (rms), judged by the ease
with which the first turn was achieved and the rms corrector
strength needed to reduce orbit excursions to a reasonable
level. As of this writing, rms orbit excursions of 0.75 mm
rms are routinely achieved. Figure 1 shows a plot of the lat-
tice functions in the vertical plane, together with the design
values, measured on-line by phase-advance analysis. The
agreement is rather good, but to reach this level of agree-
ment the inner insertion quadrupole had to be tweaked by

Table 1: HER Commissioning results

Parameter Unit Design Achieved
Energy GeV 9 95919
(ramped)
Current A | 099 0.75
Luminosity | cm™2s™1 | 3x1033 5x10%2
B cm 50 50
M cm 2 1.5
Bunch length cm 1.15 1.15
ép/p % 0.061 0.066
€, horiz. Tnmr 48 56
€, vertic. nmr 19 4
Coupling 0.03 0.0007
Life time h 12 20 @ 50 mA
25@075A

¥ for ,8; =2 cm
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Figure 1: Measured vertical lattice functions

about 0.13%. The amount of correction needed has var-
ied for different lattice configurations and is now thought
to arise from a longitudinal position error rather than a cal-
ibration error. [7] There are still differences in the details
of the lattice functions that remain to be understood.

1.2 Vacuum System

Until early 1998 the vacuum system of the HER has
cleaned up according to the schedule outlined in the PEP-II
CDR {8], see Fig. 2. With the installation of the final inter-
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Figure 2: Beam life time vs photon dose

action region, beam life times have slid back somewhat due
to the extensive vacuum work and the large number of new
chambers installed. In the Fall of 1998, however, beam life
time recovered and up to 24 h were measured at low beam
current.

In general, the HER has not experienced significant dust
trapping. However, in our last run we have seen occa-
sional life-time reductions, mainly at beam currents below
200 mA, which sometimes could only be cured by aborting
the beam and reinjecting. Without a systematic study it is
not possible to give a cause for this behaviour.

On the other hand, at high residual pressures the beam

has been clearly less stable than under good vacuum condi-
tions. Also, the presence of a gap (usually 10%) in the fill
is mandatory at high intensity to preserve beam stability.
This strongly suggests the presence of ion trapping. The
measurement of fill-pattern dependent ion-clearing cur-
rents further supports this assertion.

1.3 Transverse Beam Dynamics

Machine resonances have been measured by systematic
scans of beam life time vs tune and by following an off-
axis injected bunch over 1024 turns and Fourier-analysing
the result. Identified lines are indicated in Fig. 3.

Transverse beam size has been measured by perform-
ing scraping experiments using beam scrapers installed in
one of the straight sections. Horizontally, the beam size
is within 10% of the prediction, but vertically the results
indicate almost twice the beam size predicted. This is to
be considered an upper limit, since the measurement of the
small vertical extent of the beam by scraping is difficult.
There also is evidence for vertical tails.

1.4 Longitudinal Beam Dynamics

Once the rf stations were phased w.r.t. each other, the syn-
chrotron tune was measured at the design value (0.0446 at
14 MV). Beam life time was measured against rf voltage,
the result indicates a momentum spread of 0.066% (rms),
about 8% larger than the expected 0.0614%. Bunch length
was measured using a streak camera and agrees with the
predicted oy of 1.15 cm at 14 MV.

1.5 Single-Bunch Intensity Related Effects

Tune shift vs beam current relates to the broadband
impedance in the ring (which is inductive) and was mea-
sured several times. The measured tune shifts have in-
creased slightly over time, this is attributed to the changes
in the vacuum system made during the various down
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times. In the present configuration the tune shifts are -
0.56x10~3/mA horizontally and 1x10~3/mA vertically.
The resulting impedance of > 100 nH is larger than pre-
dicted by a factor of about 2. However, the max. single-
bunch current is limited not by beam dynamics but by
hardware considerations and so this is of no consequence.
Bunch lengthening up to 2.5 mA bunch current was found
to be consistent with potential-well distortion, with no in-
dication for the onset of turbulence.

Excess heating of the shielded bellows close to the beam
scrapers was seen and indicates excitation of a localized
wakefield. This excitation arises from the step transitions
that these experimental scrapers introduce in the vacuum
system. These scrapers will be replaced with tapered colli-
mators in the near future.

1.6 Multi-Bunch Effects

Longitudinal Plane Based on the measured HOM

spectrum of the rf cavities (which are very well damped)
the HER was expected to be stable up to 330 mA, with
the longitudinal bunch-to-bunch feedback system designed
to be able to stabilise the beam well beyond 1 A cur-
rent. Grow-damp measurements were carried out demon-
strating that the first modes going unstable were a cluster
around mode 750. .. 800, with a threshold around 550 mA.
The modes agree in frequency with a measured cav-
ity resonance[4]. The increased threshold. is thought to
arise from the Landau damping introduced by the sizeable
synchrotron-tune shift along the fill (due to the 10% ion-
clearing gap).

Transverse plane Instability thresholds have been un-
expectedly low in both planes in the HER. Even at low
beam current coherent bunch motion is detectable. The
modal spectrum shows predominantly low-order modes,
with indication of a shift from mode 0—1—2...with in-
créasing beam intensity. The instability shows grossly non-

linear growth rates, saturating before the beam is lost unless
the beam intensity is several hundred mA. This behaviour is
consistent with trapping of heavier ions like CO. However,
in a recent run a strong dependence of the growth rate on a
vertical orbit wave at a certain phase was observed, which
would indicate the presence of a local high-Q impedance.

Bunch-train experiments have shown the instability to be
dependent on chromaticity (above £ &+10 the beam was
markedly less unstable) and on coupling (a fully coupled
“round” beam could have about 50% more intensity for the
same level of beam motion). These observations were not
confirmed for even fills with a small gap, indicating that the
bunch-train behaves in a way qualitatively different from
the even fills. '

Improved beam stability was observed during collisions,
most likely due to increased Landau damping. A quantita-
tive measure of this effect is the reduction in height of the
betatron peak when the HER beam is brought into collision
with the LER beam,; this is shown in Fig. 4. The damping
due to this effect exceeds that obtained from the bunch-to-
bunch feedback system.

2 SUMMARY

Beam commissioning of the HER has progressed well, with
most of the important commissioning milestones met or
exceeded. Multibunch beam operation, however, has un-
covered a transverse instability the cause and exact na-
ture of which still remains to be explained. While the ex-
cited modes and nonlinear behaviour are consistent with
ion trapping, the orbit dependence is not. Preliminary indi-
cation from our collision runs is that the Landau damping
due to the beam-beam effect will greatly increase the trans-
verse instability threshold, however.
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Abstract

After the installation of 32 additional RF cavities in the
1997-1998 shutdown LEP was operated at a beam energy
of 94.5 GeV. The total integrated luminosity for the year
1998 clearly surpassed its target and reached 198 pb’.
Vertical beam-beam tuneshifts of more than 0.07 were
obtained. The performance did not seem to be beam-
beam limited, but the total beam current was limited by
power dissipation problems to around 6 mA.

A high phase advance optics (102°, 90°), with a smaller
natural emittance, was used for regular operation in 1998.
This contributed to the excellent performance of LEP,
together with the further reduction of both the horizontal
and vertical beta function at the interaction points. No
dynamic aperture problems were encountered.

1 PERFORMANCE

The total integrated luminosity delivered by LEP to each
of the experiment during 1998 was 198 pb". This is
significantly more than the performance of the previous
years. Figure 1 gives a comparison of the LEP
performance over the last six years with the
corresponding beam energies. The beam energy increased
over the years following 1995 because of the addition of
superconducting cavities to the existing copper RF
system. The operating beam energy for 1998 was
94.5 GeV, apart from 3.2 pb” at the Z’ peak (45 GeV)
used for detector calibration.

Gl
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Figure 1: Comparison of the integrated luminosities for
the years '93 to '98 with the corresponding beam energies.
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The total beam current was limited to around 6.2 mA
by the RF system (see section 2). Operation was with two
beams of four bunches, except for the Z° running where
two beams of eight bunches were used due to beam-beam
limitations.

Vertical beam-beam tune shifts of more than 0.07 have
been obtained on several occasions, with peak
luminosities of about 10” cm’". From figure 2 it is
apparent that the beam-beam limit has not been reached.
Beam size measurements do, however, show beam-beam
blow-up when large beam currents are collided [1].

The improved performance, compared to 1997, can be
attributed to the small beam size of the high phase
advance optics, the further squeezing of the beta function
at the interactions points, the larger beam currents
(typically 6.0 mA in 1998 compared to 5.2 mA in 1997)
and the good performance of the RF system.

102/90 94.5 GeV  €x =21 nm (+135 Hz, Jx = 1.75)
fills 5142 - 5262 (8.9.-5.10.1998), Px*=125m, Py*=Scm

08

vertical tune shift parameter &y
€

02

0 02 04 0.6 0.8
Bunch current in mA

Figure 2: Vertical beam-beam tuneshift versus bunch

current for the fills during the month of September.

2 THE RADIO FREQUENCY SYSTEM

The beam energy of 94.5 GeV could be obtained by the
installation of 32 additional superconducting RF cavities.
The RF system consisted of 272 superconducting cavities
and 48 copper cavities. The maximum total voltage
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obtained was 2870 MV, while the required operating
voltage to have sufficient quantum lifetime was 2720 MV
(this allows operation with J, = 1.75). This safety margin
was generally sufficient: only about 10 % of the fills that
were put in physics were lost due to the RF system. The
good performance can for a large part be attributed to the
new control facilities which included automatic switch on
of tripped cavities, automatic field reduction in case of
field oscillations and an automatic tuner set-point control
to reduce the ponderomotive oscillations.

The total beam current that could be accelerated in
LEP during 1998 was limited by the heating of the main
antenna cables to around 6.2 mA. The antenna cables
couple out a fraction of the higher order modes above
3 GHz. At high enough power levels the cables can be
irreversibly damaged (burnt). As the signal from the main
antenna cables are also used for the tuning of the cavities,
the cavity becomes unusable if both main antenna cables
are damaged.

The higher order modes above 3 GHz depend strongly
on the bunch length. For this reason the bunch length was
kept as long as possible during the ramp and generally
above 10 mm. This involved careful control of the
wigglers, RF voltage, frequency offset (to lengthen the
bunch) and betatron tunes to avoid dangerous resonances.
The gymnastics which were necessary is illustrated in
figure 3. It shows the measured bunch length and the
power measured at the exit of an antenna cable during the
energy ramp.

A study estimated the maximum power level which
could be tolerated by the antenna cable to be 8.0 W. A
beam dump interlock was established at 8.5 W. Attempts
to push the power limit higher towards the end of the year
lead to a rapid increase in the number of broken cables.
The total number of broken cables at the end of the
running period was 31, resulting in 8 cavities being out of
function.

During the 1998-1999 shutdown all main antenna
cables will be replaced so they will not limit the beam
current in 1999.
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Figure 3: Bunch length and power measured at the exit of
the RF antenna cable during the energy ramp.

3 OPTICS

Towards the end of the 1997 operational period a new
high phase advance optics (102°, 90°) was commissioned
[2, 3]. This optics was used for both the high energy
running and the Z’ calibration run in 1998. The main
advantage of the (102°, 90°) optics relative to the
previously used (90 °, 60 °) optics is the small natural
emittance of 39.4 nm, at 94.5 GeV, compared with
50.8 nm for the (90°, 60°) optics. The high phase advance
optics has a smaller momentum compaction factor which
increases the energy that can be achieved for a given RF
voltage.

No evidence of dynamic aperture problems were
found, even not after further squeezing the horizontal and
vertical beta functions at the interaction points during the
year. Table 1 summarises the § values used over the
year. The initial squeeze of the horizontal beta function
had a clear positive effect on the luminosity. The
following reductions of the beta functions probably
contributed to the improved performance, but were hard
to unravel from the other optimisations which took place
continuously.

At injection and during the energy ramp the frequency
offset was 115 Hz. This was necessary to lengthen the
bunch during the ramp (see section 2). During physics the
frequency shift was generally 135 Hz, resulting in a value
of J, of about 1.75. This reduced the horizontal emittance
to 22.1 nm at 94.5 GeV. Assuming that the vertical
emittance stays constant, this increased the luminosity by
33 %. The reduced beam size was also beneficial for the
reduction of the background. However, the background
was sensitive to small changes in especially the horizontal
tune, resulting in background storms [4].

Table 1: The values of the horizontal and vertical beta
functions at the interaction points during 1998.

Date B’ B
Startup: 6" May 20m 50cm
29" May 1.5m 50cm
8" September 125m 5.0cm
5" October 1.25m 40cm

4 PHASES OF OPERATION

4.1 Injection

Injection took place at the usual 22 GeV using
synchrotron injection. The maximum bunch current was
around 775 pA, resulting in a total beam current of
6.2 mA. The injection efficiency was often not very good
and had a typical value of about 60 %. Almost all the RF
cavities were kept on at injection, so the time lost waiting
during the ramp for switching on cavities was minimised.
The 520 MV demanded at the injection energy kept the
RF cavities near the lower limit of their operational
voltage.
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Figure 4: Distribution of the total time available for
operation in 1998.

Figure 4 shows that 38 % of the total time available for
operation was spent injecting particles. This was
significantly larger than in other years.

4.2 Energy Ramp

Because of the limitation imposed on the bunch length
and the working points at injection and full energy, the
energy ramp was difficult and a lot of time was spent
optimising the ramp, varying betatron and synchrotron
tunes. This is reflected by figure 4, which shows that only
about half of the total time which was spent injecting
particles, was followed by a physics coast.

The development of the ramp was made a lot easier by
the use of the Q-loop, a real time feedback of the
measured betatron tunes to a pair of trim power supplies
which act on the main quadrupoles. The fine control of
the coherent betatron tunes would have been very
difficult without it.

Once a good ramp was established excellent
transmission rates (current at injection divided by the
current in physics) were obtained, generally above 90 %.

Initially the squeeze of the beta functions took place
near 45 GeV (the Z° energy). Small beam losses were
observed in the ramp between 50 and 60 GeV, possibly
caused by an insufficient momentum aperture of the
squeezed (102°, 90°) optics. Squeezing the beta functions
above 92 GeV proved to be a solution to get rid of these
beam losses.

At 92 GeV a pause in the ramp was made to optimise
the RF system if necessary. At this energy the RF was
already ramped to the level needed at 94.5 GeV
(2720 MV). Once the RF system was optimised, the
continuation of the ramp to 94.5 GeV was generally
without any problems.

4.3 Physics

As in the previous years a continuous optimisation of the
horizontal and especially the vertical orbit took place to
find the so-called 'golden orbit'. Even once this orbit was
found it needed regular updating because of the
continuously changing machine conditions. It is likely
that the golden orbit is the result of an empirical search
for the orbit with the lowest residual vertical dispersion

for both beams. Typical values for the RMS vertical
dispersion were around 3 cm. The coupling was well
comrected. Dispersion free steering was also developed
and will be available in 1999 [6].

4.4 Turn-around

The average turn-around, the time between dumping a fill
which was in physics and restarting physics for the next
fill, was 1 hour and 38 minutes, with a minimum of 42
minutes. Poor turn around was mostly related to poor
injection or optimisation of the RF system.

The average time after which a physics coast was
dumped was 3 hours and 42 minutes.

S5 ENERGY CALIBRATION

Four percent of the operational machine time was used to
measure the beam energy by resonant depolarisation. A
dedicated (60°, 60°) optics was used for these
measurements. For the first time polarisation was
measured and the beam energy calibrated at an energy of
60 GeV. More details of the energy calibration results can
be found in [7].

6 CONCLUSIONS

The year 1998 was a very successful year of LEP
operation with a total integrated luminosity of 198 pb” at
a beam energy of 94.5 GeV. The total beam current was
limited to about 6 mA due to the heating of the RF
antenna cables. The heating of the cables also imposed a
limit on the bunch length during the energy ramp which
resulted in a laborious development of different ramps.
The (102°, 90°) optics, developed in 1997, was used
during the whole of 1998 for both the high energy run
and the Z’ run. The small emittance of this optics together
with the additional squeeze of the beta functions at the
interaction points and the operation with J, = 1.75 largely
contributed to the excellent machine performance.
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OBSERVATION OF RADIATIVE SPIN-POLARIZATION AT 60.6 GeV
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Abstract

Radiative spin-polarization has been used extensively at
LEP to accurately measure the beam energy around the Z
resonance. As the LEP physics has moved on to the W bo-
son the calibration based on polarization must be extended
towards higher beam energies. This is difficult as the depo-
larizing effects of spin resonances grow rapidly with beam
energy. At LEP it has been possible for the first time to
measure transverse beam polarization at 60.6 GeV. To al-
low a build-up of polarization the tunes and the energy were
chosen accurately. A low phase advance optics was used
and careful orbit correction was carried out using dynamic
beam based alignment data. Harmonic spin matching was
applied both in a deterministic and a novel semi-empirical
way.

1 INTRODUCTION

Transverse spin polarization in LEP builds up sponta-
neously due to the Sokolov and Ternov effect [1]. Po-
larized beams are used in LEP since 1990 for the precise
measurement of the beam energy {2]. Resonant depolar-
ization of the initially polarized beams provides the by far
most accurate method to measure the absolute energy scale.
The method allowed determining the properties of the Z at
2Epeam = 91 GeV with unsurpassed accuracy [3]. As
LEP physics has moved on towards the W boson at around
2Epeam = 190 GeV, energy calibration must be extended
into this range. This is difficult as the depolarizing effects
of spin resonances grow rapidly with beam energy.

The LEP strategy for determining the energy scale of the
W is to calibrate the absolute beam energy at the highest
possible energy, using the highly accurate method of reso-
nant depolarization (a minimum level of 5% polarization is
required). The scale is then extrapolated using other meth-
ods. The final error on the energy scale for the W depends
on the range that must be extrapolated. In 1998 polariza-
tion was for the first time established in LEP at 60.6 GeV,
allowing a more accurate energy calibration of LEP.

2 OVERVIEW ON POLARIZATION
OPTIMIZATION IN LEP

The polarization build-up in a e*e™ storage ring is char-
acterized by a build-up time 7,. The build-up time is in-
versely proportional to the fifth power of the beam energy;
polarization build-up is therefore strongly enhanced with
increasing beam energy. Concurrently unavoidable imper-
fections cause depolarizing effects. They are characterized

0-7803-5573-3/99/$10.00@1999 IEEE.

by a depolarization time 7;. The asymptotic polarization
P, describes the equilibrium between the two processes:

924% 92.4% o)

= > 252
1+:2 1+aEbeam

The term 7,/74 has been parameterized by an energy-
independent imperfection term o and the beam energy
Epeam- The given scaling law applies only for the most
optimistic scenario, the so-called linear regime of polar-
ization. LEP, for higher energies, operates in the so-called
higher-order regime and the decrease in equilibrium polar-
ization is much steeper with increasing energy. The theory
of polarization for high energy e*e™ storage rings is sum-
marized in {4] and is evaluated for LEP in [5].

The process of polarization optimization in LEP trys to
maximize the degree of spin-polarization in LEP. It is cru-
cial to minimize the imperfection term «. The optimization
process at LEP can be summarized as follows:

P

o Problem: Imperfections in beam position monitors
(BPM’s) and quadrupoles. Solution: Hardware align-
ment, dynamic beam-based alignment.

o Problem: Orbit offsets and dispersion due to residual
imperfections. Solution: Orbit correction, knob tun-
ing, dispersion-free steering, low phase advance op-
tics.

o Problem: Excitation of depolarizing resonances due
to residual orbit offsets and dispersion. Selution: En-
ergy and tune scan to sit in between resonances, deter-
ministic and semi-empirical harmonic spin matching.

A strong effort is invested at LEP in order to improve the
chances for polarized beams at highest beam energies.

2.1 Accelerator alignment and optics

Vertical quadrupole misalignments are the main origin of
depolarizing effects. They are minimized with a yearly re-
alignment of all LEP quadrupoles. The vertical offsets of
the BPM’s with respect to the center of the quadrupoles
is determined via a dynamic beam-based alignment tech-
nique [6]. The effects of the residual quadrupole misalign-
ments on the beam orbit are minimized with a low phase
advance optics.

2.2 Basic orbit and energy setup

The residual imperfections cause orbit offsets and disper-
sion. Standard MICADO orbit correction is used to min-
imize the vertical orbit especially in the arcs of the stor-
age ring. Special attention must be put on eliminating any
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mw-bump in the accelerator. A coupling correction is per-
formed via special coupling knobs. A dispersion-free orbit
correction reduces dispersion and allows to find additional
#-bumps. This method has been tested in 1998 and will be
used routinely starting from 1999.

Depolarization is a resonant process. Therefore special
care must be taken to avoid depolarizing resonances. The
beam energy must be adjusted such that the working point
has a maximum distance to all important spin resonances.
The required accuracy in the setting of the beam energy is
on the order of £10 MeV for high energies. Nuclear mag-
netic resonance devices are used to extrapolate the beam
energy from a measurement at about 45 GeV.

2.3 Harmonic Spin-Matching

Depolarization for high energy storage rings is mainly
driven by the residual vertical orbit deviations y; (¢ = 1, N)
in the N quadrupoles. The Fourier components of the orbit
deviations are important:

03]
3

Here, k is the harmonic number, «; is the integrated bend-
ing angle up to quadrupole i (running from O to 27) and dov;
is the change in bending angle for quadrupole i. ay is the
“cosine” strength and by the “sine” strength of harmonic k.
Tp /74 can then be written as:

_7_-1_’. 125:

Here, v is the spin tune (v = Ejpo,p,/440.65 MeV) and &’

is some constant. It is seen that only the two closest har-

monics kg = Int(v), k1 = Int(v)+1 are important. v is put

close to an half-integer for LEP. The polarization is then:
92.4
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Note that for a given energy the spin tune and &’ terms have
been put into the constant . The term (7, /74)o takes into
account depolarizing effects from less important sources.

Harmonic Spin Matching (HSM) is performed by intro-
ducing perturbations ag,, Bko, dg, and 5k1 such that the
harmonics due to vertical orbit offsets are cancelled [7].
Special orbit bumps are used in LEP to generate the har-
monics [8]. The bumps are chosen such that changes in dis-
persion, coupling etc. are minimized and additional depo-
larization is not introduced. The bumps were re-optimized
in 1998. The HSM consists in minimizing the following
system:

92.4%
Po

~1+ 22 2 4 (bro — bro)? +

(akl — @k, )2 + (bk1 - I;kl)z]

+ ”[(ako - &ko)

(6

Two different approaches have successfully been applied.

A) A fully empirical approach, where each of the four
harmonics is scanned in turn while polarisation is mea-
sured. For each bump the setting where polarisation is max-
imum is kept. This is the method applied at PETRA [9]
and HERA [10], with several (typically 5) settings for each
harmonic. The most important difficulties in applying this
empirical method to LEP are: 1) The long polarization time
(Tp = 300 minutes at 45 GeV, 80 minutes at 60 GeV). 2) The
low degree of polarization. 3) The limited accuracy in the
polarisation measurement (~ 0.8%/minute. At high ener-
gies the initial LEP polarisation is 1-2%. A polarization of
1% corresponds to 7, /74 ~ 100. Halving 7, /74 increases
the polarization to about 2%. This is difficult to measure.

B) The deterministic spin-matching, where the orbit data
are used to determine the Fourier harmonics directly. This
method is ideal if precision is sufficient, and has proven
very successfull at the Z peak [11]. However, as energy in-
creases the strength of depolarizing resonances increases
and the precision required is very high. The quality of
the orbit measurement has been improved recently with
the dynamic beam-based alignment [6]. The deterministic
method does give a good starting point and an estimate of
the location of the overall optimum, but is often insufficient
by itself at high energies to provide optimal results.

The two established methods of HSM are not sufficient
for LEP at high energies. A semi-empirical method has
therefore been applied in 1998. It can be noticed that Eq. 6
depends on only five parameters: Four optimal settings a,,
brys Giy» bk, and the residual depolarization (-E)o The
semi-empirical HSM procedure consists in measuring the
polarization for five different settings of the HSM bumps
and then performing a fit of the observed polarization lev-
els to Eq. 6. We now take as an example the case where
the starting polarization level is around 2%. This means
that the total depolarization term 2 T2 ~ 50. If one hopes

to reach a polarization level of 6%, th1s means that ;df’- o is
around 15. The harmonics to be corrected contribute 35,
i.e. typically 9 per harmonic; the harmonics are typically
off by 3 units. This sets the scale for the changes to make
to the bumps in order to scan them efficiently. When all
four considered HSM bumps have been scanned, a total of
five points is available. A fit to the polarization data gives
a new optimum. One can then set oneself to the predicted

optimum, and repeat the procedure.

3 MEASUREMENT AT 60.6 GeV

In September 1998 sufficient polarization for energy cal-
ibration was established for the first time at 60.6 GeV. A
careful application of the optimization procedures provided
a polarization of 2-3% after deterministic but before semi-
empirical HSM. At this time the process of semi-empirical
harmonic spin matching was applied. Table 3 summarizes
the settings ag, (cos), bko (sin), g, (cos), bkl (sin) for har-
monics kg = 137 and k; = 138. Figure 1 shows the ob-
served response in polarization and the fits of the asymp-
totic polarization level. The fit results are tabulated in Ta-
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ble 3. Data were taken with the 60/60 degree optics, no low
beta and experimental solenoids off.
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Figure 1: Polarization data from 21 September 1998.
Shown is the measured polarization signal. Superimposed
is the result of the polarization fits. The horizontal axis is
the daytime.

Table 1: Results of polarization fits for different harmonic
components. The last line shows the result of the global fit
over all measurements.

HSM bumps settings Fit results
Time 137 137 138 138 Py (%)
hr:min | (cos) (sin) (cos) (sin)
02:35 00 0.0 00 00]1.15+023
02:58 20 00 00 00]{303+£037
03:10 20 00 20 00](228+0.30
03:23 20 00 20 20| 145+0.27
03:36 20 20 20 001{351+028
03:54 20 20 20 -2.0]288+0.25
04:06 20 20 20 00 ]3.331+040
04:16 40 20 20 00}453+034
04:33 60 20 20 00] 1.86+0.27
04:41 30 40 20 002664035
04:53 30 20 06 -06]7.69+0.36

The last line of Table 3 shows the result from the global
fit of the optimal harmonic components. The fitted har-
monics were applied and polarization rose to (7.7 & 0.4)%.
This level of polarization was comfortably above the 5%
as required for energy calibration by resonant depolariza-
tion. The process of semi-empirical HSM required about
1.5 hours, being significantly faster than empirical HSM.

The maximum measured polarization levels in LEP are
shown in Figure 2 as a function of beam energy. The
measurement at 60.6 GeV is higher than the polarization
observed at 55 GeV, demonstrating the excellent setup
at 60.6 GeV. The observed decrease in polarization from
45 GeV to 60.6 GeV can be fully explained from the
higher-order polarization theory [5].
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Figure 2: Measured maximum polarization in LEP for dif-
ferent energies. The data is compared to the higher-order
(solid curve) and the linear (dashed curve) prediction, as-
suming equal residual imperfections after correction.

4 CONCLUSION

Highly accurate energy calibration at LEP requires trans-
verse spin-polarization of at least 5% up to the highest
beam energies. Polarization drops sharply with increasing
beam energy. Therefore extensive optimizations of the stor-
age ring are required in order to extend polarization to the
highest beam energies. The quadrupoles are aligned and a
special optics is being used; the tunes and the beam energy
are chosen accurately to avoid spin resonances; a careful
orbit correction is carried out using dynamic beam based
alignment data; harmonic spin matching is applied both in
a deterministic and a novel semi-empirical way. The opti-
mization allowed for the first time to establish a clear po-
larization signal at 60.6 GeV. After optimization a polariza-
tion degree of (7.7 + 0.4)% was measured. This is, in terms
of residual machine imperfections, equivalent to the polar-
ization record of 57% at 44.7 GeV. In 1999 it will be tried
to extend polarization and energy calibration to 70 GeV or
even higher [5].
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THE REGIMES OF POLARIZATION IN A HIGH
ENERGY e¢'e’ STORAGE RING

R.W. Assmann, CERN, SL Division, Geneva, Switzerland

Abstract

Several regimes of polarization must be considered for
high-energy e'e” storage rings. Based on a theoretical pa-
per by Derbenev, Kontratenko and Skrinsky from 1979
we describe the different cases. Particularly, it is shown
that from a certain high energy onwards the polarization
degree is expected to increase with energy. This is in
sharp contrast to the usually considered regime where the
expected polarization level decreases for higher beam
energies. The theory of Derbenev, Kontratenko and
Skrinsky is applied to the LEP storage ring with its en-
ergy range from the Z at 91 GeV to the W at 200 GeV.
Though the theoretical expectations for beam polarization
at the highest beam energy remain low, it is shown that
the depolarization can move into a new regime for LEP
above 60 GeV. The high energy LEP is the first storage
ring that operates in this new and experimentally un-
known regime of beam spin dynamics.

1 INTRODUCTION

Radiative polarization of the particle beams provides the
most accurate tool to measure the beam energy in LEP
[1,2]. In order to determine the W mass with the required
accuracy it is important to establish polarized beams for
the highest possible energies. Sufficient radiative spin-
polarization in LEP was measured up to 60.6 GeV [3]. In
order to examine the possibilities for establishing polari-
zation at even higher energies, the theory of radiative spin
polarization in e'¢” storage rings must be analyzed care-
fully. This paper reviews the relevant theory and applies
it to LEP parameters.

2 THEORY OF POLARIZATION AT
ULTRA-HIGH ENERGIES

The particle beams in LEP spontaneously polarize due to
the Sokolov-Ternov effect [4]. A polarization build-up
time 7, and an ideal final polarization degree of 92.4%
characterize the process. The polarization rate A is the
inverse of the build-up time 7, and is here used in units of
the LEP revolution frequency. It is a steep function of the
spin tune v. The spin tune is the precession frequency of
the spin vectors and can be expressed via the beam en-
ergy E: v=ay = E/440.6486 MeV. Unavoidable imper-
fections in the vertical orbit cause depolarization. It turns
out that synchrotron radiation drives both polarizing and
depolarizing processes. The depolarization is character-

ized by a depolarization time 7, and the asymptotic degree
of polarization is reduced to:

_ 924%
l+z,/7,

0]

Polarization theories aim at estimating the depolarization
term 1, Here, we follow the basic theory by Derbenev,
Kondratenko and Skrinsky from their summary paper in
1979 [5].

2.1. Basic Quantities

A few basic beam and machine parameters determine the
behavior of polarization:
1) The spin tune v describes the energy dependence of
polarization. 2) The polarizing rate A determines the
speed of polarization buildup. 3) The synchrotron tune Q,
gives the distance between synchrotron sidebands of spin
resonances. 4) The spin tune spread &, causes a smearing
out of spin precession frequencies so that they eventually
overlap Q, sideband resonances.
The particles in LEP traverse the ring about 11000 times
per second. Let’s assume the average spin tune v, is not
on any resonance. However, particles perform synchro-
tron oscillations around the average spin tune: v = vo +
dv. Depending on the spin tune spread some particles
might be on a spin resonance, for example v = k + n-Q..
During a large number of subsequent turns the particles
will periodically cross the spin resonance. In order to
evaluate the depolarizing effect on the ensemble polari-
zation, it must be determined whether subsequent pass-
ings of a spin resonance are correlated or not. As shown
by Derbenev, Kondratenko and Skrinsky, the criterion for
correlated passings is:

vii
0 <1 (7))

5

a=

If subsequent passings are correlated then spin rotations
can average out to some extent and their effect is less
severe.

2.2. Correlated Spin Resonance Passings

The following theory applies if the correlation criterion in
Equation 2 is true. Polarization can be described by:

51 Wl (Tbr))

- (3)
7, 18 ia [(k—V"sz)z—Qsz]
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Here, w, is the complex strength of the spin resonance at
integer k, v is the spin tune averaged over the ensemble
and m an integer giving the order of the synchrotron
sideband resonance. The equation contains a Bessel func-
tion term T,. Assuming a Gaussian distribution over
squared amplitudes A of synchrotron oscillations one ob-
tains:

il o

The I, are the modified Bessel functions. The spin tune
spread is of central importance for the strength of the T_
term. The above equations are valid in the approximation
of high energy. Note that betatron spin resonances with
the transverse tunes Q, and Q, do not appear. For high
energy lepton storage rings they are much weaker than
synchrotron resonances and are therefore neglected here.
Two regimes are distinguished in the regime of correlated
spin resonance passings. If the spin tune spread is much
smaller than the synchrotron tune then higher order syn-
chrotron sidebands are not important and only the linear
spin resonances (k *+ Q) affect the achievable polarization
degree. In the following this is called the “linear” theory.
If the spin tune spread becomes larger than the synchro-
tron tune then the higher order synchrotron sidebands
limit the achievable polarization degree. This is referred
to as “higher-order theory”.

2.2. Uncorrelated Spin Resonance Passings

A different situation is encountered if subsequent pass-
ings of spin resonances are uncorrelated. They are uncor-
related if the criterion from Equation 2 is not true and in
addition 6, >> v,. In this case passings of synchrotron

resonances are completely uncorrelated. For LEP uncor-

related passings are always completely uncorrelated. With
o, << 1 the polarization can be calculated from:

W, 2-|:1+

4
T, 11x
I _ RV

r, 54

108exp(-20,)™
v &)

12 Jrvia

In the case of o, >> 1 Derbenev, Kondratenko and Skrin-
sky have obtained a very simple result for the expected
depolarization:

2
t, zlw|
7, - 2 . 6)

Polarization does not show any resonant dependence on
beam energy in this regime, but exhibits an increase with
energy, as the polarizing rate A becomes very large for
highest energies. In this regime the spin tune spread o, is
very large and particles constantly sweep over spin reso-
nances. As the polarization rate increases, depolarization
does not increase as rapidly any more.

The theory by Derbenev, Kondratenko and Skrinsky
does not include the LEP energy sawtooth that causes

rapid energy changes of + 500 MeV with 100 GeV aver-
age beam energy. The single particles constantly cross the
integer and linear spin resonances. The crossings are very
fast, about 40 times faster than the synchrotron oscilla-
tion. Therefore the associated crossings of spin reso-
nances might be fully correlated and cause little harm.
However; the consequences of the sawtooth on the spin
motion in LEP are not clear and require further study.

3 LEP PARAMETERS

The polarizing rate A (in units of the revolution fre-
quency) for LEP is:

5
a=tozoxion | —E 0
T, 044065GeV )

The resonance strength w, is calculated from 57% polari-
zation at 44.7 GeV [6]":

2
2 -10 E
wiff =1.94x10"°.| ————
i (0.44065 GeV] ®

The spin tune spread o, is proportional to the square of
the beam energy E:

2
G, =676x10° | — = ©)
0.44065GeV

4 PREDICTIONS FOR LEP

The numerical evaluation of the correlation criterion is
shown in Figure 1. It is seen that the LEP1 working point
is clearly in the correlated regime as is the working point
at 60.6 GeV with Q, = 1/11. With high energy and small
Q, LEP moves into the uncorrelated regime of spin po-
larization. '

T T T
0.3 £ Correlated regime 3

o -Uncorrelated regime K
. | EFALMNE s L i
4 50 60 70 80 9% 100

Energy [GeV]

Figure 1: Evaluation of correlation criteria as a function
of beam energy and Q. LEP can stay in the correlated
regime by increasing the value of the synchrotron tune Q..

The polarization optics (60°/60°) allows a high Q, of
above 0.25 until its aperture limit at around 75 GeV (see
Figure 2). With that Q, LEP remains in the correlated

! The linear polarization then decreases with the fourth power of
energy. This result by Derbenev, Kontratenko and Skrinsky is
not in agreement with other predictions. Their result might be
overly pessimistic.
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regime of spin resonance passings and the higher-order
polarization theory can be used to predict the achievable
polarization degree (Equations 3 and 4). Note that this
theory correctly predicts the decrease of polarization with
energy that is observed in LEP (see Figure 3). The pre-
dicted polarization degree has been evaluated as a func-
tion of beam energy and for different values of the syn-
chrotron tune Q.. In order to achieve the maximum dis-
tance to all spin resonances, Q, is chosen to be equal to
one over an odd integer. For illustration we consider Q,
values of 1/13 (LEP1 value), 1/5 and 1/3. The predicted
dependence of polarization on energy is shown in Fig-
ure 4. High Q, values significantly improve the chances
of spin polarization for higher beam energies.

04
035 F
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0.25 E

"

S o2
015 F
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Energy [GeV]

Figure 2: Maximum achievable Q, as a function of energy
and for different optics (with 3 GV RF voltage).
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Figure 3: Measured maximum polarization degrees in
LEP compared with higher-order correlated polarization
theory (solid) and linear theory (dashed).
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Figure 4: Predicted transverse spin polarization in LEP as
a function of beam energy for different values of Q..

The expected polarization is shown in Figure 5 for both
the correlated and uncorrelated regime. For the highest
LEP energies at 90-100 GeV the uncorrelated regime
must be considered. We evaluate this regime under the
assumption of a large spin tune spread (o, >> 1). Includ-
ing the energy sawtooth LEP will just enter into this re-
gime at the highest beam energies. It is seen that the po-

larization prediction in this regime increases with the
beam energy. At about 100 GeV a polarization degree of
roughly 1% is expected. This is not sufficient for energy
calibration. However, in view of the uncertainties in this
energy regime, an experimental test is clearly warranted.
At the end of the 1998 run it was tried to measure polari-
zation at 90 GeV. This attempt was unsuccessful due to
problems in the detector shielding at high energies.
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Figure 5: Expected polarization in LEP for ultra-high
energies. The higher-order theory in the correlated regime
(Q, = 1/5) and the “ultra-high term” (Equation 6) in the
uncorrelated regime are shown. LEP is expected to enter
the uncorrelated regime at around 80 GeV.

5 CONCLUSIONS

Transverse beam polarization and accurate energy cali-
bration has been extended to 60.6 GeV in 1998. The ad-
ditional range in energy calibration helps to reduce the
extrapolation error for physics energies and the W mass.
The application of the polarization theory to LEP pa-
rameters shows that a 5% polarization degree can be ex-
pected up to about 70 GeV with the polarization optics
and high Q.. This extension of polarization range will be
studied at the end of regular energy calibrations in 1999.
If polarization is found at up to 70 GeV, it can be used for
energy calibration.

The prospects for polarization in LEP at around 100 GeV
are very uncertain. However, it cannot be excluded that
polarization of a few percent is possible in the so-called
uncorrelated regime. A dedicated experiment in 1999 will
try a to explore this regime of beam polarization.
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ISLEP BEAM-BEAM LIMITED AT ITS HIGHEST ENERGY ?

D. Brandt, W. Herr*, M. Meddahi and A. Verdier, CERN, Geneva, Switzerland

1 ABSTRACT

The operation of LEP at 45.6 GeV was limited by beam-
beam effects and the vertical beam-beam parameter
never exceeded 0.045. At the highest energy of 94.5 GeV,
the increased damping allows higher beam-beam parame-
ters §,. Values above 0.07 in the vertical plane averaged
over four experiments have been obtained frequently with
peak values up to 0.075 in a single experiment. Although
the maximum intensity in LEP is presently limited by tech-
nical considerations, some observations indicate that the
beam-beam limit is close and the question of the maxi-
mum possible values can be raised. These observations
are shown in this paper and possible consequences are pre-
sented. The optimum operation of LEP in the neighbour-
hood of the beam-beam limit is discussed.

2 TUNE SHIFT AND BEAM-BEAM
LIMITS

2.1 Beam-beam tune shift
For stable motion, the relation between the tune shift AQ
and the beam-beam parameter £ is [1]:

cos(27Q + 27rAQ) = cos(27Q) — 27€sin(27Q) (1)

and

Bsin(27Q)
sin(27Q + 27AQ)
where @ is the tune of the machine and 3 and 3* are the un-
perturbed and perturbed 3-functions at the collision point.
The unperturbed beam-beam parameter ¢ is written as:

N"'e,Ba:,y
210 5,y(0z + 0y)

B = )

bey = 3)
For small tune shifts, it can be shown that AQ = &, but is
different for large values. The perturbed 8* can be written
as [1]:

B

g = \/1 + Aw€(cot(2wQ?)) — 4m2£2 4)

where 27Q" is the phase advance between two interaction
points. The tune shift is therefore a function of the tune
which can be chosen to keep the actual beam-beam tune
shift small, i.e. a working point close to the integer is

* Email: Werner.Herr@cem.ch
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preferable unless this is prohibited for other considerations.
Since the tune shift is amplitude dependent, it will also cre-
ate a tune spread which cannot be corrected. While for
small £ the tune shift and 8* hardly change over a large
range of the phase advance, for larger ¢ this variation is
strong and therefore for the high values of beam-beam pa-
rameters now observed at LEP, one can expect significant
effects on the optics and beam dynamics. For LEP, the ver-
tical tune is 96.19 and Fig.1 shows the vertical tune shift
AQ)y as a function of the unperturbed beam-beam parame-
ter £, for this tune value. For the maximum beam-beam
parameter observed in LEP, i.e. 0.070, the tune shift is
around 0.05 and 3y is reduced from 5 cm to 2.8 cm at the
collision points for small amplitude particles. It is this ac-
tual tune shift AQy which is important for the evaluation
of resonances excited by the beam-beam force while the
beam-beam parameter £ merely measures the strength of
the beam-beam effect and could be used to compare oper-
ational performance. The LEP2 values can easily compete

Tune shift veraus beam—beam soremeter for O=0.19/4

Tune shill 4Q

]
']
®
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©.617 0.0z ©0.03 004 0.08 O0.08 007 0.08 O0.08 0.1

beam—beam parameter &

Figure 1: Beam-beam tune shift as function of beam-beam
parameter for typical LEP tune

with previously achieved records: at ADONE the beam-
beam parameter was as high as 0.08, but the tune shift AQ,
was around 0.03 [2], i.e. significantly lower than for LEP2.
During a dedicated experiment with round beams [3] at
CESR, a beam-beam parameter up to 0.09 was measured,
however with rather large 3, therefore low luminosity and
only a single experiment. The LEP2 values are the highest
observed in high luminosity operation.

2.2

What is generally recognized as a signature of the beam-
beam limit is a linear rather than a quadratic increase of the

”Strong” beam-beam limit
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luminosity with intensity. This is interpreted as a satura-
tion of £ with the bunch intensity and an emittance increase
with increasing intensity. It is desirable to operate LEP at
or near this “first beam-beam limit” since the luminosity
would reduce only linearly with decreasing bunch intensity
and give a larger integrated luminosity. Various tools such
as e.g. artificial emittance increase with wigglers, damping
partition change, coupling and optics are used to control
this limit.  However, this limit is not very sharp and al-
ready well below other effects may be observed. Particles
at large amplitudes exhibit an unstable behaviour, leading
to the formation of tails and a decreased life time. This
can usually be understood by resonances exciting particles
at large amplitude. Together with a reduced dynamic aper-
ture this “second beam-beam limit” may be found early and
the region of constant £ cannot be reached. Therefore care
must be taken to provide sufficient dynamic aperture when
the machine is operated close to the beam-beam limit. In
LEP both effects were clearly observed.

2.3

Apart from the classical beam-beam limits discussed
above, a strong beam-beam interaction can cause effects
on the beam dynamics which manifest themselves in other
types of limitations or operational difficulties, eventually
leading to a limited performance. Signs of such weak lim-
its are clearly observed in LEP. The coherent beam-beam
effect can limit the available space in the working diagram
significantly and beam-beam induced orbit distortions lead
to collision offsets or parameter splitting between the two
beams. Such effects eventually limited the performance
of LEP running with bunch trains [4]. The excitation of
coherent modes is usually damped with a finite chromatic-
ity, however significant chromaticity splits between the two
beams caused by strong beam-beam effects can severely
limit this possibility. As it was already mentioned, the
beam-beam interaction perturbs the beam optics in a pre-
dictable way. Combined with possible imperfections such
as e.g. phase errors or collision offsets this can lead to sig-
nificant distortions and limit the overall performance. This
will be treated in more detail in a later section.

"Weak” beam-beam limit

3 EXPERIENCE AT 45.6 GEV

LEP was run for 7 years at 45.6 GeV, corresponding to
the Z° resonance. Since beam-beam effects are stronger
at lower energies, they were the main intensity limitation.
Details about running LEP at lower energy and the opera-
tional procedures can be found in [5] and are not discussed
here. Only the main observations are summarized.
Already at rather low intensities LEP showed the typical
behaviour of operation at the beam-beam limit, i.e. satu-
ration of the beam-beam parameter £. Using wigglers to
control the horizontal beam size allowed to run at the limit
for several hours and the ultimate limit for the bunch in-
tensity was due to the significant amount of non-Gaussian
tails. For most of the time an optics with phase advance

of 90%/60° in the horizontal and vertical planes was used
which had a sufficient dynamic aperture and the region of
constant £ was reached at bunch intensities around 400 p:A,
corresponding to £*** =~ 0.045.

4 OBSERVATIONS AT HIGH ENERGY

With increasing energy the effects of synchrotron radiation
increase rapidly. For a given optics, the horizontal emit-
tance increases with'E? and therefore the horizontal beam-
beam parameter decreases with E~3. Special low emittance
optics have been developped for high energies [7] to com-
pensate for the emittance increase. The damping times also
decrease with E~2 and one can expect that larger values for
£ can be obtained before the beam-beam limit is reached
because the effects of resonances are suppressed.

4.1 Luminosity and tune shift

The vertical beam-beam parameter £, is computed from the
luminosity measured by the experiments, using the mea-
sured bunch intensity, the unperturbed 3, and the theoret-
ical horizontal emittance. All values quoted are averaged
over the 4 experiments and 2 minutes. With this procedure
maximum values of 0.07 for £, and around 0.05 for ¢, have
been obtained at 94.5 GeV. The highest value was 0.075,
however only in a single experiment and for less than one
minute. The Fig.2 shows the evolution of the vertical beam-
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Figure 2: Vertical beam-beam parameter &, as function of
intensity for one fill

beam parameter during one of the best fills as a function of
the decreasing bunch intensity. No sign of saturation can
be seen up to the maximum of &, = 0.07 and § seems to
linearly decrease with the intensity. At this energy LEP is
operated with four bunches per beam and the current per
bunch at the start of a fill was approximately 750 uA. From
Fig.1 it can be derived that the tune shift per interaction
point is around 0.05, i.e. a very significant part of the tune
space is occupied by the beam-beam tune spread. For both
planes it is increasingly difficult to find a working point to
avoid resonances. It was demonstrated [6] that in particular
the background generated from tails or coherent motion is
extremely sensitive to the choice of the horizontal working
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point. This requires a continuous monitoring and adjust-
ment of the tune while it changes with decreasing current.

4.2 Optics dependence of beam-beam effects

The effects of the beam-beam interaction depend on the op-
tics used. In particular they depend on the phase advance
between the interaction points, the lattice non-linearities
and imperfections. In the course of the search for an ap-
propriate low emittance lattice it was found that the beam-
beam interaction can create or enhance beam tails which
can limit the performance of the machine when the dy-
namic aperture is not sufficiently large. This effect and its
dependence on the optics parameters is treated in another

paper [7]. -

4.3 Optical functions at interaction point

The beam-beam forces at the interaction points act as non-
linear lenses and therefore distort the optics. The most ob-
vious manifestation of these distortions is the tune shift AQ
and the amplitude dependent beating of the optics func-
tions. Such effects are non-negligible and must be taken
into account for beam measurements, such as e.g. emit-
tance measurements[8, 9]. The change of the 3-functions
at the interaction points can be calculated as shown above
for small amplitude particles: without any further imper-
fections, the effect of four symmetric beam-beam colli-
sions is a decrease of the horizontal and vertical 3. This
effect is equal for all collision points when the phase ad-
vance between them is equal (eq. (4)). Phase advance
errors between the collision points can break this symme-
try. A “phase bump”, i.e. a small phase advance error be-
tween two interaction points and compensated in the fol-
lowing arc usually introduces a global beating and reduces
the 3 symmetrically everywhere. In the presence of beam-
beam interactions however, this symmetry is broken and 3
is drastically decreased in one single interaction point, pos-
sibly leading to different luminosities. Such imbalanced
luminosities have been observed during a large part of LEP
running in 1998 [10] and beam-beam induced optics dis-
tortions remain a possible explanation. A similar effect is
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Figure 3: Optical functions at interaction point modified by
beam-beam interactions

reproduced by small collision offsets. While for head on
collisions the modification of the optics function is fully
symmetric, with small collision offsets of the order of the
beam size a strong beating is introduced, similar to that due
to phase advance errors. The correction of a collision off-
set in one collision point will therefore also improve the
performance in the others. These effects are summarized
for one example in Fig.3. The value of 3, is shown for the
four interaction points under different conditions, The un-
perturbed values are indicated as (o) and the effect of a pure
phase advance error before and after IP4 as (o). The phase
error introduced to produce this effect was around 10°. Fur-
ther we show the effect of a symmetric beam-beam inter-
action without imperfections (A), phase advance error with
beam-beam (x) and beam-beam with a small offset in IP2
(¢). It is clear that running LEP in the strong beam-beam
regime requires a careful setting of the machine parame-
ters, in particular phase advance errors or collision offsets
must be avoided.

5 CONCLUSION

The beam-beam effect in LEP was analysed as a func-
tion of the bunch intensity and no sign of saturation of the
luminosity or the beam-beam parameter was found. Al-
though LEP is therefore not beam-beam limited in the clas-
sical sense, the very strong beam-beam effect with beam-
beam parameters above 0.07 is the origin of other effects
which indirectly limit the performance and constitute there-
fore a "beam-beam induced” limit, or a ”weak” beam-beam
limit.
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PROTECTION OF LEP EXPERIMENTS AGAINST PARTICLE
BACKGROUND AT HIGHEST BEAM ENERGIES

G. von Holtey, M. Lamont, CERN, Geneva, Switzerland

Abstract

The protection system wused to shield LEP
experiments against particle backgrounds has been
upgraded in view of the much higher photon background
rates expected at LEP2 energies. General experience
with background rates in the LEP experiments at highest
beam energies is reported and special features are
highlighted.

1 INTRODUCTION

The main particle backgrounds at LEP are off-energy
electrons and positrons produced by beam-gas
bremsstrahlung and synchrotron radiation (SR) photons
produced in the closest bending magnets and in
quadrupoles in the straight sections on either side of the
experimental detectors. While off-energy electron rates

30 mrad |

under normal vacuum conditions are acceptable and are
not expected to increase with energy, the low energy SR
photon background is many orders of magnitude larger
than can be tolerated and increases rapidly with beam
energy. The LEP collimator protection system, designed
for 45 GeV, therefore had to be extended in order to
cope with the much increased photon rates to be
expected at twice the beam energy. The most important
limit on photon background comes from aging of gas
tracking detectors. They are designed to be sensitive to
energy depositions of <lkeV for minimum-ionizing
charged particles and are therefore sensitive to keV
photons, which interact in the gas or other local material
f11.

After a description of the LEP2 background
protection system, experience with detector backgrounds
at high beam energies are reported.

SCAL
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Figure 1: Schematic layout of SR-mask around a LEP IP, indicating the boundary conditions for a mask solution.

2 LEP BACKGROUND PROTECTION

The LEP detectors are protected against beam
induced background particles by a system of movable
two-jaw collimators placed at strategical locations in the
experimental insertions. The LEP1 system is composed
of 16 horizontal or vertical collimators for each
experiment, plus six aperture limiting collimators

0-7803-5573-3/99/$10.00@1999 IEEE.

located in a non-experimental insertion [2]. Simulations
of SR-photon background at 90 GeV indicated a large
increase of the photon rate, mainly due to back-
scattering of photons from the first 50 m of vacuum
chambers around the IP [3]. The solution proposed was
to enlarge where ever possible vacuum chambers, to
install eight more collimators per experiment, and as the
main defense to incorporate cylindrical tungsten
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absorbers into the experimental vacuum chambers [4].
The functionality of these SR-masks and the MC
predictions were verified with a test SR-mask installed
in DELPHI during 1994 and 1995 using 45 GeV and
65 GeV beams [5]. A schematic layout of a SR-mask is
shown in Figure 1, a comparison of measured
background rates with different simulations is given in
Figure 2.
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Figure 2: Monte Carlo predictions and measurements in the
DELPHI TPC. Data points (photons per bunch crossing BX)
are from the TPC, solid line MC [3], broken line MC [6].
E. . =65GeV.

Following the positive test results, the upgraded
LEP2 protection system, including SR-masks, was
installed for the 1997 run in all four experiments and has
proven since to protect the detectors well at increasing
~ beam energies up to the 94.5 GeV run during 1998. As
an example SR-photon and off-energy background rates
for different energies and LEP optics measured by
OPAL are shown in Figure 3. Rates increase linearly
with current. The large fluctuation of the SR-photon rate
reflects the strong dependence of this background on
several machine parameters.

3 LIMITATIONS OF THE MASK
SOLUTION

On the other hand, as the SR-masks are protruding
into the vacuum chamber only 2.5 m away from the 1P,
they become very effective sources for low energy
photons to be scattered into the detectors. The absorber
rings are therefore shaped in such a way as to suppress
all forward scattering. Back-scattering however from the
downstream mask can not be avoided. The only solution
is therefore to shield the downstream mask against direct
photon hits.

This is achieved by a pair of additional horizontal
collimators (COLH.QS3 or 4), placed close to a

horizontal beam waist, some 50m from the IP’s.
However, as LEP beam optics are considerably different
in insertions IP4 and IP8 compared to the two other
insertions, the horizontal beta-functions at the collimator
location in IP4 and IP8 are two times larger and the
mask protection is consequently not as good.

Sufficient protection can, however, still be achieved
for both types of insertions as long as the density
distribution of the horizontal beam tails stay close to
Gaussian. An example is shown in Figure 4. Closing the
protection collimators to 14 ¢,, the minimum allowed
setting before scraping into the beam, good protection is
obtained in OPAL (IP6) and DELPHI (IP8). The
measurement also demonstrates the limited margin left
for the collimator opening in DELPHI, at which point
the SR-mask is no longer protected and the photon rate
starts to increase exponentially. ‘

According to simulations for IP8 the downstream SR-
masks are hit by about 3.10° photons per bunch crossing
(BX) with Gaussian beams of 3 mA, against about 7.10°
photons/BX with exponential beam distributions. These
photons are radiated by electrons on *6 sigma orbits in
straight section quadrupoles 50 to 150 m upstream of the
IP. The scattering probability from the tungsten mask
into the detector for photons in the several 100 keV
energy range is of order 5.10°, which amounts to several
100 photon hits/BX in the case of exponential beams. As
the trip level for the central detectors is in the region of
10 photons/BX, such high rates could not be tolerated.
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Figure 3: Hit rates per bunch crossing of synchrotron radiation
photons and off-energy electrons measured in the OPAL
Vertex Drift Chamber (CV) are shown as function of the total
current in the two crossing bunches. The different symbols
belong to different beam energies and LEP optics. One unit of
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‘figure-of-merit’ corresponds to a photon hit rate of about
0.6/BX and an electron hit rate of about 0.9/BX [7].
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Figure 4: “Figure-of-merit” for SR-photons (BGD1) measured
in DELPHI and OPAL as function of the opening of horizontal
collimators COLH.QS3 and COLH.QS4, respectively.
(92 GeV, €= 30 nm).

While off-energy and SR-photon background rates
stayed acceptably small under normal beam conditions
during 1998 running at 94.5 GeV with currents up to
3 mA/beam, occasionally large spikes and short periods
of high photon background were observed, which led in
many cases to detector trips, particularly in ALEPH
(IP4) and DELPHI (IP8) [8].

These “photon storms” are believed to be due to
resonance build-up of non-Gaussian beam tails in the
horizontal plane. In the two insertions, where limited
mask protection exists, SR-photons radiated by electrons
in the far tails can reach the inner tip of the downstream
mask and back-scatter into the detectors. Photon storms
can occur several times during a fill, apparently
uncorrelated to beam current. The slow exponential rise
of the photon rate over several minutes can be stopped
and restored by a very small increase of the horizontal
tune of order 0.005 (see Figure 5).

In a MD experiment [9] photon storms could be
triggered by reducing the horizontal tune to reach the
3Qx+Qy=1 resonance. No reduction of the beam
lifetimes was observed, however, tail scans unveiled a
strong increase of the particle density in the horizontal
and vertical tails of one of the beams.

Further beam studies are needed to better understand
the underlying effects during data taking conditions and
to isolate the resonance’s in question. Better collimator
protection can be achieved if the horizontal aperture
limit can be reduced below the present 126,. Increasing
the horizontal beta-value at the interaction points will
reduce the beam size at the low-beta quadrupoles and
allow for closer collimator settings.
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figure-of-merit
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Figure 5: Background rates in ALEPH (dotted line), DELPHI
(full line), OPAL (dash-dotted line) and L3 (dashed line)
during a “photon storm” with data taking at 94.5 GeV. The
exponential rise was stopped and the rates restored by a Q,
trim of +0.005.
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ENERGY LOSS MEASUREMENTS AT LEP2

H. Burkhardt, A.-S. Miiller*, J. Wenninger, CERN, Geneva, Switzerland

Abstract

The accurate measurement of the W Boson mass at LEP re-
quires to determine the beam energy to the highest possible
precision. Present schemes rely on accurate energy deter-
minations in the range from 40 to 60 GeV using resonant
depolarization and on precise extrapolations to high energy.
Several methods based on measurements of the energy loss
due to synchrotron radiation have been studied. Different
approaches such as the study of the damping time of trans-
verse oscillations, the radio frequency sawtooth and the de-
pendence of the synchrotron tune on the total accelerating
voltage are described and results are discussed.

1 MOTIVATION

LEP2 provides a rather unique opportunity to study energy
loss and synchrotron frequency in an environment with ma-
jor energy losses and high @),. The main motivation for the
studies presented below however is the development of a
reliable energy determination at the highest energies with
an accuracy of 20 MeV or better. The presently used ex-
trapolation methods using magnetic measurements cross-
calibrated with resonant depolarization in the range from
40 to 60 GeV show systematic effects of the order of 20
MeV at highest energies [1]. The methods mentioned be-
low are alternatives, based mainly on determinations of the
energy loss and using existing LEP equipment.

2 MEASUREMENTS
2.1 Damping of Coherent Oscillations

A coherent horizontal oscillation is excited by a single kick
and the center-of-charge position of the bunch is observed
over 1024 consecutive turns. A fit to the data by a damped
oscillation with amplitude dependent frequency yields the
coherent damping time 7 as described in [2]. The coher-
ent damping at LEP is composed of radiation and head-tail
damping:

'3
1/ = 1/T0 4 1/ T With 1/Toeuan ~ _EQ_ I,
0

where @' is the chromaticity, I, the bunch current and E,
the beam energy. An extrapolation to I, = 0 yields the
damping rate due to synchrotron radiation ;! from which
the energy loss or energy can be extracted. Table 1 gives the
results for measurements at 60 and 45.625 GeV. Although
the measurements are in good agreement with the MAD {3]
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energy loss [MeV]

energy [GeV] MAD | measured
45.625 127 | 126 £ 9
60.000 380 | 382 + 4

Table 1: Results and MAD predictions of the energy loss due
to synchrotron radiation at 45.6 and 60 GeV beam energy.

predictions, the resulting relative energy uncertainty is of
the order of O(1%).

2.2 The Energy Sawtooth

The horizontal beam position is a function of the local mo-
mentum. The continuous energy loss in the arc sections
leads to sawtooth-like horizontal orbits in the LEP ring.
The difference between the positron and electron orbits can
be used to determine the energy loss with the help of the
horizontal dispersion. Results of fits to the sawtooth are
shown in figure 1 where the energy loss is plotted as a func-
tion of the day in the year. Details on the fit method can be
found in [4]. The fit results seem to scatter around a central
value but there are clear “jumps” some of which correspond
to BPM calibrations (dashed lines). The other jumps could
not yet be accounted for. The RMS of the energy loss distri-

- bution before day 275 is relatively small and corresponds to

a relative uncertainty of the energy of around O(5 - 10~4).
This method however is strongly limited by systematic ef-
fects. The fit results differ between the octants, depend on
the selection of rejected (faulty) BPMs and exhibit “jumps”
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Figure 1: Energy loss from the sawtooth fits in MeV as
Junction of day in year. The dashed lines denote BPM
calibrations.
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sometimes correlated to BPM calibrations. The good in-
trinsic accuracy and the parasitic measurement favor this
method but the systematics are not yet under control.

2.3 @, and total RF Voltage

As the synchrotron tune depends on the beam energy as
well as on energy loss Up and total RF voltage Vg, mea-
surements of these dependencies can be used to determine
the beam energy. The upper plot of fig. 2 shows a measure-
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Figure 2: Upper plot: Synchrotron tune as function of
total RF voltage measured at 50.005 GeV. The curve is
a best fit according to eq.(1). Lower plot: Difference
between data and fit for the same range.

ment of the synchrotron tune as function of total RF voltage
at 50.005 GeV. The curve is a best fit according to

ch
Q= (;’;E) VVar - U3 M

with Uy = C,/p E*, a. being the momentum compaction
factor, h the harmonic number and p the average magnetic
radius. This analytical model is only valid when the RF
voltage is homogenously distributed along the ring and for
slow synchrotron oscillations. It has to be refined to take
into account the large energy loss of Up / E ~ 2% at highest
energies. The bottom plot of fig. 2 shows the difference be-
tween data and fit. Residuals and x# show the sensitivity of
the data to additional corrections which can be determined
in the fit or included as constraints from separate measure-
ments and calculations. A first step is the correction of the
energy for differences between the central frequency and
the actual RF frequency

EczE(l_i_(fRF;fffF)) %))

o frF

and the introduction of a “voltage correction factor”
VrRF — g Vrr to take care of RF voltage calibration
and phasing errors. In addition to the synchrotron radia-
tion loss in dipoles other energy losses have to be taken
into account: energy loss from quadrupoles due to saw-
tooth and closed orbit distortions, energy loss from correc-
tors, parasitic mode losses, corrections due to finite beam

size and to the momentum offset due to central frequency
and tides. The finite beam size adds a contribution equiv-
alent to a shift of the 