. Muons, Inc.

Electrostatic Separators

for Muon Colliders

Rolland Johnson,
Muons, Inc.

Rol -12/04/2007 ESSeps BNL MC 2007 workshop



. Muons, Inc.

Why consider Electrostatic Separators?

= If more than 1 on 1 bunches are needed. e.q.

e |arge single bunch intensities are impossible
= RF beam loading
= Space charge limitations
= Instabilities

e Too many interactions/collision
= Detector trigger or background limitations

e Topping-up can increase average luminosity

s [hen electrostatic beam separators can be used
e Alternative to having a ring for each muon charge sign

e Used at the Tevatron
= (déja vu! Talk from 5/4/1986, exactly 21.5 years ago!)
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- Electrostatic Separator R@D

Conditioning tests at MP-9

Tevatron Separator breakdown history

Conditioning test facility at MP-9

Separator R@D:
- conditioning tests up to 180kV
- hand/electro polish stainless steel plates
- titanium plates

Plans

O.Prokofiev AEM meeting, Apr. 25, 2005



TeV Separator Spark history _

There are 22 beam separators in the Tevatron main ring

Fermi news:
... Tev separator sparked and kicked out the last bunch...
... C17 separator started sparking...
... 1eV vertical separator sparked 3 times...
.... store 4078 quenched due to separator spark...
.... Separator sparks caused loss of luminosity and then...

: —

Total number of sparks
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Electrode length — 101.25 B11H-1(105kV) @ B11V-1(110kV) @ D11H-1 (106 kV)
Electrode gap — 50 mm @ C17V-1(120kV) @ C17V-4(120kV) - B17H-2 (120 kV)

: _ “® B17H-3 (120 kV) B17H-4 (115-120 KV) < A49V-1 (110 kV)

Maximum voltages — up to 120 kV / plate) o C49V.1 (95-103KV) B A4GV.2 (95-110 kV)
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Conditioning Test Facility at MP-9

New factory (clean room, baking oven, conditioning cave) was constructed at MP-9
for building beam separators (BTeV project).

R&D is being done to improve separator performance and reliability.
Tests new electrode materials, conditioning procedure
Goals: 1 spark/year at 150 kV/plate (60 kV/cm)

Measuring scheme
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New Materials for Electrodes

Separator # 6 with Electro Polish Plates

Current, mA

0.1

| ®Minus(Pos) |- oo
| ®Pls(Pos) | 4
. | ®Minus(Neg) | -
[ ¢ B o
,,,,,, Pus(Neg) | ¢ = 25
[ J
¢ B ' o o
e = o
7777777777777777777 -0 -0--—————————-
" e
L — = 5 85 o oo : :
80 90 100 110 120 130 140 150 160
Voltage, kV

100 r_-_-__-_-__-___-_-_ - - =~ =~ =¥ »-»=~=—~ -~ -~ -~ " -~ -___”_”_”_”_-”-—Z—Z-—Z-—ZZ-d
::::::::::::::::::::::::::::::
M ]
5 Spark Rate at 150 kV I
a .
? '.-'i I
Q 10 F. X ~—— MR
o IV N TG e
g 777777 lfffoff} 77777777777777777777 B
< ::::;t::: Stop z _ ____________]
< L e measurements |
|9 77777 I
|Spark rate: 0.25 +/-0.18 sparks per day|
1 ‘ L L L L L
4/6 4/8 4/10 4/12 4/14 4/16 4/18 4/20

Current at 150 kV is about 0.5 pA at both polarities

Titanium Plates

Low spark rate ~ 0.25 spark/24 hours
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Status of the Tevatron Low Beta and Separator Projects

K.P. Koepke
Fermi National Accelerator Laboratory*
P.O. Box 500
Batavia, Il 60510 USA

Abstract

Two low beta insertions and a set of electrostatic
separators have been installed in the Tevatron. This gives the
Tevatron two independently adjustable low beta insertions
and the ability to separate the colliding beams everywhere
except at the low beta collision points. The status of the
installation will be summarized and the initial operating
experience with the equipment will be reported.

1. INTRODUCTION

Two new low beta insertions [1] and 22 electrostatic
separators (2] have been installed in the Tevatron. The old
low beta insertion at the B0 interaction region of the
Tevatron has been replaced and a second and essentially
identical low beta insertion has been installed at DO. The
DO low beta insertion will serve the DO detector which will
come on line during the 1992 collider run scheduled after the
new systems have been commissioned.

In the past, the Tevatron Collider has operated with a
single low beta insertion [3] located at B0, the location of the
Collider Detector Facility (CDF). This insertion functioned
reliably but was not maitched to the rest of the lattice.
This mismatch introduced beta function and dispersion
distortions to the rest of the Tevatron lattice that made it
difficult to add additional low beta insertions to the
Tevatron or to obtain uniform proton- antiproton beam
separation with electrostatic separators.

The beta functions and dispersion of the new low bela
insertions are completely matched to the lattice.  This allows
two or more insertions to operate simultaneously, coupled
only through the tunes. Each low beta insertion adds
approximately a half unit to the tunes of the lattice. The
dispersion at the interaction point of the old low beta
insertion was approximately 0.2 m. The dispersions at the
interaction points of the new low beta insertions are
approximately zero.

The low beta insertions increase the luminosity of the
interaction regions. The luminosity of a proton-
antiproton interaction point is given by the expression,

3yfBNpNp E
B (ep+ep)

where vis the relativistic factor of the protons and
antiprotons , f is their revolution frequency , B is the
number of proton (or antiproton) bunches, Np and Np are the
number of protons and antiprotons per bunch respectively, F
is a form factor that compensates for the longitudinal bunch
length, ep and €p are the 95% normalized transverse
emittances of the beams, and § is the value of the beta
functions, assumed equal, at the interaction point. The low
beta insertions increase the luminosity by lowering B from
the nominal 70 m of a standard straight section down to .25
m.

The electrostatic separators separate the proton-antiproton
closed orbits everywhere except at the BO and DO interaction
points. This reduces the beam-beam tune shift experienced
by the protons and antiprotons 1o a minimum by eliminating
the unwanted beam crossings in the Tevatron. The antiproton
beam-beam tune shift per beam crossing is given by the
relation,

L= M

Av = 00733 Np/ep (2)

where Np is in units of 1010 and €p is in units of ©# mm-mr.
Without separators, the total antiproton beam-beam tune shift
[4] in the Tevatron for 12 crossings (6 proton bunches on 6
antiproton bunches) has reached a value of .025. This equals
the available working space in the tune diagram bounded by
resonances of 10th order or less. The separators will
permit an increase in the luminosity of the two Tevatron
interaction regions by permitting an increase in the proton
phase space density (Np/ep) and an increase in the number of
beam bunches.
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Figure 1. Central part of a low beta insertion. The magnetic lengths of the low beta quadrupoles and their relative placements
are shown in meters. The filled elements are the remaining standard lattice dipoles and quadrupoles.

*Operated by Universities Research Association under contract to the U.S. Department of Energy.
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2. LOW BETA INSERTIONS

Each of the new low beta insertions consists of 18
quadrupoles designed and fabricated specifically for this
application. The quadrupole parameters are given in Table 1.
Two types of quadrupoles were utilized; a high gradient, high
current 2-shell design for strong focusing at the center of the
insertion, and a standard gradient, low current 1-shell design
mounted at the start and end of the insertion for matching to
the rest of the lattice. The low operating current of the
1-shell quadrupole is achieved by winding with 5-in-1
cable. Each cable contains 5 individually wrapped,
oversized strands connected in series for an effective
maximum current of 5 kA,

The B0 and DO low beta insertions utilize
interchangeable quadrupoles that have identical relative
quadrupole placements. However, their physical supports
and separate ancillary cryostat units reflect physical
differences in the two collision halls. The center portion
of an insertion is shown in Figure 1. The quadrupole pairs
Q1 through Q5 are placed symmetrically relative to the center
of the straight section. They are powered as focusing,
defocusing pairs with equal gradients, equal effective
lengths, and opposite gradient polarities. The remaining
quadrupoles are mounted within special correction coil
cryostats (called low beta "spools”). These "spools” are
located downstream and adjacent to the normal lattice
quadrupoles at the 43, 44, 46, 47, 13, 14, 16, and 17
locations of the standard lattice. These quadrupoles also
function as focusing, defocusing pairs. However, as
their placement is not exactly symmetric relative to the center
of the insertion, they require slightly different currents in the
upstream and downstream quadrupoles. A 15.24 m central
region, equal to the region of the older BO low beta insertion,
has been left for the interaction region detector.

The low beta quadrupoles are powered independently
of the Tevatron bus. This allows B to be programmed over
a 1.7 mthrough .25 m range. The beta functions are
antisymmetric relative to the center of the low beta insertion.
The dispersion function is nonzero except at the interaction
point. The dispersion could not be made uniformly zero
within the low bela insertion because the insertion contains
lattice dipoles. The dipoles could not be removed because of
tunnel constraints.

The Tevatron alternates between periods of fixed target
and collider operation. During fixed target operation, the
DO straight section contains the Tevatron's extraction
septa. Therefore, the inner low beta compenents of the DO
low beta insertion are designed to be easily removable.

The low beta insertions are unpowered during fixed
target operation as they add considerably to the heat load that
the refrigerators have to remove. For example, each
insertion adds 36 helium cooled power leads to the
refrigeration system plus the cyclic heal load generated
within the quadrupole coils. During collider operation, the
cyclic heat load of the lattice magnets and low bela magnets
is absent and the additional heat load of the low beta
insertion is tolerable. During fixed target operation with

Table 1: Quadrupole parameters

2-shell 1-shell
Number of quads per insertion 12 6
Peak gradient (T/cm) 1.4 0.58
Peak current (kA) 48 1.0
Q1 (T7) magnetic length (m) 1.4 .762
Q2 (T8) 3.35 762
Q3(19) 5.59 762
Q4 3.35
Qs 14
Coil inner diameter (cm) 7.5 7.5
Number of turns/pole inner 19 13
Number of tums/pole outer 28
Strand diameter (size)(mm) .528 1.09x1.76
Number of strands/cable 36 5%
Cable dim. w/o insulation(mm}) 897x9.78| 1.09x8.8
Copper/superconductor ratio 1.5 1.5
NbTi short sample ST.4.2K (A/mm?] 3000 | 3000
* Each strand is insulated

powered low beta components, the refrigerator satellites
adjacent to the low beta insertions would have required
added capacity. The exception to the not-powered rule are
the Q2, Q3, and Q5 quadrupoles at BO, and the Q5
quadrupoles at DO. Their currents during fixed target
operation are readjusted to mimic the function of the
standard lattice quadrupoles that were removed to make place
for the low beta insertion.

During collider operation, beam is injec‘ted into the
Tevatron and accelerated to peak energy with § equal to 1.7
m. This lowers PBmax on either side of the insertion to
approximately 250 m, and reduces the probability of
beam loss near the interaction region detectors during the
time of the acceleration cycle when the beam is at its largest.
The newly installed vertex detector at BO is particularly
sensitive to radiation damage. After the peak energy has
been reached, B' is reduced to increase the luminosity.

3. ELECTROSTATIC SEPARATORS

A 9 m long clear space has been left on both sides of the
low beta insertion for electrostatic separators. The
distribution of all the electrostatic separators within the
Tevatron is shown in Figure 2. The horizontal and vertical
separators are physically identical, differing only in their 90
degree relative orientation when installed. Each separator
hasa 3 m slot length, an electrode separation of 5 cm,
and a nominal maximum operating field of SO kV/cm. The
electrode pairs are connected to separate power supply pairs
that have opposite vollage polarities relative to a common
ground. Up to four separators have been connected o a
ccmmon power supply pair to obtain the required kick
angle.

The separators have been made as strong as possible and
are placed symmetrically and as close as possible to the
interaction point. This separates the colliding
proton-antiproton bunches before they reach the next beam
crossing points on both sides of the interaction region.
Beam crossings at small bunch separation are believed to be
more harmful to the beam than head on crossings and may



ultimately limit the maximum number of bunches that are
injected into the Tevatron.

The separators function as "3-bumps” in the vertical
and horizontal planes to form separated orbits. The proton-
antiproton bunches are on the unseparated closed orbit as
they collide at BO and DO. When the bunches exit the
interaction region, the separators kick them off-axis
vertically and horizontally. The bunches now oscillate
around the unseparated orbit and the approximately 90 degree
phase difference between the vertical and horizontal
oscillations prevents any head-on crossings . The
proton-antiproton displacements relative to the unseparated
closed orbit are always equal but of opposite sign. Vertical
and horizontal separators located between BO and DO are
adjusted to bring the bunches back on the unseparated orbit
as they cross the third set of vertical and horizontal
separators before entering B0 and DQ. The third set of
separators is adjusted to cancel the orbit slopes present as the
bunches enter the separators. This maintains the bunches on
the unseparated orbit as they again cross BO and DO for
another collision.

The acceleration sequence of the Tevatron collider is as
follows: The proton bunches are first injected onto the
unseparated Tevatron closed orbit. Then the horizontal
separators at B11 and B17, and the vertical separators at C17
are turned on. These separators result in totally separated
orbits for the protons and antiprotons with the proper orbit
displacements at the antiproton injection septum magnet after
the antiprotons are injected. The counter-rotating bunches
are accelerated on these orbits and remain on them until the
low beta insertions are adjusted to a lower B'. Finally,
the remaining separators are rapidly turned on to bring the
protons and antiprotons into collision at the BO and DO
interaction regions.

4. STATUS

All of the B0 low beta insertion, and all of the DO low
beta insertion except Q1 through Q4, were installed and
commissioned prior to the 1991 fixed target run. The
remaining DO insertion quadrupoles were installed during
the February 1992 shutdown after the completion of the fixed
target run. The successful completion of the fixed target
run indicates that the low beta insertions installed at BO
and DO have not degraded the Tevatron’'s fixed target
capability.

Approximately half of the electrostatic separators had
been installed and commissioned prior to the February 1992
shutdown. The rest were installed during the shutdown. Six
of the separators were powered during the fixed target run to
measure their tunnel sparking rate in the presence of beam,
The separators were tested "parasitically” by forming local
orbit bumps with the separators and adjacent lattice correction
dipoles. At 50 kV/cm, a single spark occurred during a full
week of operation.

The performance of the B0 low beta insertion in collider
mode was tested with protons immediately after its
installation down toa B" of .5 m. Prior to the February
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Figure 2. Tunnel placement of the electrostatic separators.

1992 shutdown, it was further tested with protons,
antiprotons, and separators as follows: Protons and
antiprotons were injected into the Tevatron and accelerated
to full energy on separate closed orbits; the BO low beta
insertion was adjusted 1o a B‘ of .5 m; and the separators
were reprogrammed to bring the beams into collision at BO.

The first test of the whole system will be the collider
run scheduled for this year. At this time, the DO low beta
insertion and the remaining electrostatic separators are still
undergoing electrical tests without beam. The next phase of
commissioning will include a short period of beam studies
and tuning, followed by the first collider run with separated
orbits and two low beta insertions in the Tevatron.
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BEAM LOSS HANDLING AT TEVATRON: SIMULATIONS AND
IMPLEMENTATIONS

A.l. Drozhdin and N.V. Mokhot, Fermilab, P.O. Box 500, Batavia, IL 60510 USA

Abstract This causes irradiation of conventional and superconduct-
hg (SC) components of the machine, an increase of back-

beam loss in the critical locations at the Fermilab Tevatroﬁround rates in the detectqrs, possible radiation damage,
uench, overheating of equipment and even a total destruc-

to reduce background rates in the collider detectors and . . .
10n of some units. A very reliable multi-component beam

protect machine components. Based on detailed Monte- .~ °. ) .
. . collimation system is the main way to handle beam loss and

Carlo simulations, measures have been proposed and If- - -

. . IS mandatory at any SC accelerator, providing[4, 5, 6]:

corporated in the machine to reduce accelerator-related in-

stantaneous and residual background levels in the D& ande reduction of beam loss in the vicinity of IPs to sustain

CDF detectors. Recent measurements are in good agree- favorable experimental conditions;

ment with the predictions. A re-alignment of the electro- e minimization of radiation impact on personnel and

static deflector and the Lambertson magnet and the addi- environment by localizing beam loss in the predeter-

tion of shielding in the A@ straight section has resulted mined regions and using appropriate shielding in these
in reduction of beam induced energy deposition in the su-  regions;
perconducting magnets, which allowed an increase in the ¢ protection of accelerator components against irradi-

extracted beam intensity. Using the same simulation tech-  ation caused by operational beam loss and enhance-
nique, it has been calculated that the total beam of 10 ment of reliability of the machine;

protons can be removed from the Tevatron at the end of ¢ prevention of quenching of SC magnets and protec-
the store, leaving the antiproton beam in the machine for  tion of other machine components from unpredictable

recycling. Using the E@ collimator with attached scatter-  abort and injection kicker prefires/misfires and unsyn-
ing targets, this process will require about 100 seconds to  chronized abort.

keep the power deposition in the superconducting magnets

Summary of studies is presented towards minimization )

below the quench level. At the early Tevatron days the first collimation system
was designed [2] on the basis of the MARS/STRUCT [7, 8]
1 INTRODUCTION full-scale simulations of beam loss formation in the ma-

chine. The optimized system, consisted of primary and sec-
Tevatron is the world’s first superconducting and most powsndary collimators about 1 m long each, was installed in the
erful hadron collider. Enormous efforts at Fermilab, reli-Tevatron which immediately made it possible to raise by a
ably provided 900< 900 GeVpp collisions with the peak factor of 5 the efficiency of fast resonant extraction system
luminosity up to 2.%10°' cm=2s~!, recently resulted in and intensity of the extracted 800 GeV proton beam. The
the discovery of the top quark, among many other imporata on beam loss rates and on their dependence on the col-
tant achievements. The current fixed target run, begun fimator jaw positions were in an excellent agreement with
May 1996, exhibits the impressive performance of both thehe calculational predictions.
machine and experiments. At the same time, work pro- Later, we have refined the idea of a primary-secondary
gresses to upgrade the accelerator and detectors into egetimator set and shown that this is the only way to use
more powerful research tools[1]. The high performancsuch a system in the TeV region with a length of a pri-
of Tevatron both in the fixed target and collider modes isnary collimator going down to a fraction of the radiation
achievable only with a dedicated beam cleaning system etiength. The whole system should consist then of a primary

bedded in the lattice [2, 3, 4]. ‘thin scattering target’, followed immediately by ‘a scraper’
with a few ‘secondary collimators’ in the appropriate lo-
2 BEAM LOSS HANDLING cations in the lattice [5, 6]. The purpose of a thin target

. _is to increase amplitude of the betatron oscillations of the
In the Tevatron, as in any other accelerator, the creatiqq,q particles and thus to increase their impact parameter

of a beam halo is unavoidable: proton (antiproton) scattefy, the scraper face on the next turns. This results in a sig-
ing in the IPs, in beam-gas interactions and on the limityificant decrease of the outscattered proton yield and total
ing apertures, the diffusion of particles due to various Norleam oss in the accelerator, scraper jaws overheating and
linear phenomena out of the beam-core, as well as vafjigating requirements to scraper alignment. Besides that,

ous hardware and software errors — all result in emittanGRe seraper efficiency becomes independent of accelerator
growth and eventually in beam loss in the lattice [2, 5, 6} ning, there is only one drastic restriction of accelerator

*Work supported by the U. S. Department of Energy under contra@Pe€rture and only the scraper region needs heavy shielding
No. DE-AC02-76CH03000 and probably a dogleg structure. The method would give

0-7803-4376-X/98/$10.00 [J 1998 IEEE 133



an order of magnitude in beam loss reduction at multi-TeViarrow region of resonance phases used for extraction, the
machines, but even at the Tevatron we have got a noticealalegle of the Lambertson magnet alignment depends mostly
effect. Recently the existing scraper at AQ was replacesh the septa position, not on the resonance phase. This an-
with a new one with two 2.5 mm thick L-shaped tungstemyle is equal to x'=-0.330 mrad for the septa at 20 mm from
targets with 0.3 mm offset relative to the beam surface otihe beam orbit. Any misalignment can drastically increase
the either end of the scraper (to eliminate the misalignmettte effective septum thickness and thus beam loss.
problem), resulting in reduction of beam loss rate upstream

of both collider detectors[3]. A few other recent studies 0s

04 "PARPHO.ONN2' + |

are described in the following sections. 0sl
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The detector[9] consists of four Roman Pot units placed
in the DA straight section upstream and downstream of the >l N
separators, and of three units at the C48 location. Each unit  .s| ¥

consists of two squarex2 cn¥ detectors placed from both R RN 0w
sides of the closed orbit. 000 ‘ —
Particle background in the Roman pot detectors is orig- s000 |-

inated in proton and antiproton interactions with the pri-
mary and secondary collimators. The primary collimators
are positioned atd while secondary ones a8 The Ro-

4000

dN/dX

3000

man pot detectors are at 8 for proton beam and 9+ 2000

for antiprotons. Moreover, antiproton intensity intercepted w000 -

by the collimation system is 3.6 times lower compared to wmﬂrﬂlm ‘ ‘

the proton intensity. Therefore, antiproton background in R Yombesneney,m. 2 2w

the Roman pots amounts only 2% of the total backgroun

and backgrounds in the D@ detector due to Roman pots g—‘llpure 2: Fast extraction phase space at the Ad Lambertson

the proton side about two orders of magnitude higher conluTJagnet entrance. Top —extracted beam (black crosses) and
pared to the antiproton side. protons outscattered from the D@ deflector (grey squares).

Total background hit rates in Roman pots are (2_3E_30ttom — transverse distribution of outscattered protons.

3.3)x 10 p/s for detectors atd, and (0.87-1.09) 10° p/s Proton distributions at A@ are shown in Fig. 2 with pro-
for detectors at@,, i. e. the rates are three times lower forton beam kicked by the D@ electrostatic septum. Protons
the detectors at larger distance from the closed orbit. Beadtitscattered from the septum wires are intersepted by the
loss distributions in Tevatron with the Roman pot detectorevatron collimators. The E@ straight section is a very con-
at &, are presented in Fig. 1. venient place for the absorption of scattered protons, but
unfortunately, there is no collimator in this location. It was
found that the antiproton injection Lambertson magnet can
be used as a collimator with particles catched by the normal
conducting magnet yoke. Fast resonant extraction related
beam losses (in SC magnets only) with and without colli-
mation are presented in Fig. 3. Collimation system reduces
beam losses in the superconducting magnets downstream
of D17 by one order of magnitude. The D@ collimator right
after the septum, catching the low-energy debries from the
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°
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° i i wires, unfortunately doesn’t protect the D@ - D17 region.
Calculations show that a 1 m long collimator
0 1000 2000 2000 5000 000 (r;n=15 mm) upstream of the extraction line superconduct-

3000
Path length, m

_ S _ ing skew dipoles will protect them from the secondaries
Figure 1: Beam loss distributions in Tevatron for D17 colproduced in the Lambertson magnet. Similar collimator

limation with Roman pots atd, . with a round aperture of,;=20 mm upstream of the first
and second quadrupoles will protect them and other ring
4 FAST RESONANT EXTRACTION superconducting magnets.
Our recent simulations have shown that with the appropri- 5 PROTON BEAM REMOVAL

ate collimation, additional shielding in AQ and electrostatic

deflector and Lambertson magnet realignment, one coulthe upgrade plan requires to remove proton beam from
reduce beam loss rates in Tevatron and increase the &evatron before the deceleration leaving antiproton beam
tracted intensity without quenches. It was found that in &or recycling. There are two main concerns with the intense
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Path length, m

‘ ‘ ‘ ‘ This is three times below of that was expected, what is eas-

FO A0

‘ h ‘ ‘ ] beam was removed from Tevatron without problem until a

ily explained by absence of a scattering target in the col-
limator and possible closed orbit displacement. Moreover,
w000 analysis of the spill at beam removal has shown peaks of
losses at frequency of 1, 4.6, 13.9, 21, 37, 73 and 90 Hz,
Figure 3: Fast resonant extraction losses without collimgghich are understood from the Main Ring and Central He-
tion (top), and with D@ , D17, F17, F49, AJ collimators|iym Liquefier performance and the beam position oscil-
and Lambertson magnet at EQ (bottom). lations with synchrotron frequency. The experiment has
shown that a feed-back system from the Beam Loss Moni-
beam fast removal: superconducting magnet quenchtsgs to the dipole correctors used for the beam displacement
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Abstract

The beam-beam effect is a significant source of non-
linearities in the Tevatron. We have developed a code
which alows us to estimate its contribution to the finite
lifetime of the anti-proton beam, both at collision and in-
jection energy, by tracking realistic particle distribution for
a high number of terms and extrapolating from the particle
loss rate. We describe the physical modeling underlying
the code and give benchmarking results.

INTRODUCTION

In its current operating mode, the Tevatron operates
with 36+36 (anti-)proton bunches circulating in the same
beampipe on separated helices and being brought to colli-
sion in two interaction points, BO and DO at an collision
energy of 980GeV.

Thus, each bunch will experience 2 design and 70 para-
sitic collision with an antagonist bunch. The pattern of par-
asitic crossings experienced by the weak bunch will depend
on the cogging stage and the number of the bunch in its
train; athree-fold symmetry introduces equival ence classes
of bunches, reducing the number of discernible bunches to
12.

In the injection stage with an energy of 150GeV, the he-
lices are completely separated, leading to 72 parasitic col-
lisons. In both cases, the beam-beam effect will exert
strongly non-linear forces on the anti-proton bunch, pos-
sibly leading to particle loss due to diffusion or incoherent
resonances. In the past, we have been able to predict parti-
cle lossrates and extrapolate lifetime signatures for differ-
ent operating parameters with long-term tracking studies
using a crude approximation of the lattice dynamics of the
Tevatron. In this paper, we study amore careful implemen-
tation aimed at preserving the more important non-linear
effects of the lattice, in particular chromaticity, while re-
taining the high tracking speeds necessary. We can not ex-
pect absolutely to predict beam lifetimes (at injection and
collision, the typical timescalesare 10h and 100h; requir-
ing about 10'? and 10'* particlesturns simulation effort,
resp.), but attempt to establish signatures of beam loss rates
for different operational parameters.

PHYSICAL MODELLING

The goal of our tracking studiesis to obtain insight into
beam loss rates and lifetimes by tracking macro-particles

* akabel @stanford.edu

for very long times and recording their amplitude vs. time
behavior, thus going beyond the more conventional dy-
namic aperture calculation which only provide a limited
insight about the machine behavior.

Clearly, afull simulation of the machine—full humber of
particles, full lattice, full machine-time simulation—s be-
yond today’s computational resources. We have to restrict
ourselvesto

e asimplified model of the lattice. While retaining al
beam-beam interactions exactly, the rest of the lat-
tice can be lumped together as either linear elements;
chromatic elements (see below), or can be treated
element-by-element, where multipoles are handled to
the required order, other elements symplectically with
up-to-cubic hamiltonians.

e arestriction of the number of turns and the number of
particles; the maximum Nr7,ns Nparticies 1S limited
by the speed and number of CPUs available; a rough
estimates shows that we require Nty ns Nparticles =
10*° to predict lifetimes in the range of hours.

e therestriction of the number of turns forces us to ex-
trapolate from the loss rate vs. turn number to itslong
term behavior. Solutions for the diffusion equation
with absorbing boundary conditions (provided by the
scraping aperture) behave as e VUT and o e=t/T
for small and large apertures, resp.; we use T's ob-
tained by a fitting to both asymptotic behaviors to
characterize loss rates.

THE TRACKING CODE dumbbb

To address the issues laid out in the previous sections, a
code, 'dumbbb’, was developed. Great care was taken to
yield maximum speed for raw tracking while retaining the
flexibility of a general-purpose tracking code; i. e., easy
set-up and manipulation of beamlines and parameters as
well as flexibility in the choice of accuracy of the physical
model and the resulting speed trade-off.

The structure of the code and the programming tech-
niques used as well as a beam dynamics C++ library used
asaprogramming environment are described in more detail
in[5].

Lattice Manipulation

dumbbb will read a MAD 8.x conformant input file. As
the MAD syntax seems not to be formally defined, the
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parser isrestricted to the well-defined subset of files gener-
ated by MAD’s SAVE command.

The read file is converted to an internal representation,
allowing for manipulation of elements and beamlines. In
particular, a MAD definition can be expanded into a flat
lists of beamline elements; flat lists, in turn, can be subject
to insertions at arbitrary longitudinal positions, including
within elements, which are split in two sections. This is
used for inserting beam-beam elements at positions accord-
ing to the currently examined bunch and cogging stage.

Elements

Theflat list of elementsactsasa’ classfactory’ for track-
ing elements proper. Each MAD element will generate
a finite number of tracking elements, acting on particles
phase space vectors. The currently implemented elements
and their implementation methods are:

e Drift Spaces. Either linear or first-order chromatic.

e Quadrupoles. Either linear or first-order chromatic.
First-order chromaticity is implemented either by the
exact solution of the 3rd-order Hamiltonian or by a
sequence of thick-lens matrices and chromatic thin-
lenskicks.

e Sector Bends. Either linear or first-order chromatic.
Chromaticity is implemented as a sequence of thick-
lens matrices and kicks according to the 3rd-order
Hamiltonian.

e Multipoles, RF Cavities, Electrostatic Separators Im-
plemented by a sequence of, possibly chromatic, drift
spaces and thin-lens kicks.

e Beam-Beam Elements, Tune Prints, Apertures, Coun-
ters. See below.

Lumping and Optimization

The generated beamline and its elements can act ei-
ther on raw floating-point phasespace vectors x or on
differential-algebraic (DA) objects z+a; de+asdxVdae+
.... At program startup, the closed orbits of both rings are
determined (by Newton iteration) and differential-algebraic
maps around it are constructed.

We then find the (3 each) eigendistributions’ correlation
matrices of the proton beam, use the emittancesto construct
beam matrices which, together with the orbit offsets with
respect to the anti-proton orbit, are used to construct beam-
beam elements at the 72 crossing points. Strictly speaking,
this procedure should be iterated until convergent.

The interjacent elements can then be lumped together in
a symplectic fashion, either by using a chromatic map (see
below) or just alinear map. If no lumping is used, an op-
timization steps joins elements whose adjacent maps can
be simplified, e.g., a sequence of two drift spaces, linear
transfer elements, or thin-lens multipoles.

Using the full Tevatron lattice as of March, 2005, which,
in our representation, comprises 12902 tracking elements,
we obtain the tracking speeds given in 1. It should be noted
that, given the estimated turn number from above, track-
ing element-by-element to obtain absolute lifetimes is not
without the realm of the possible.

Table 1: dumbbb Tracking Speeds for Different Physical
Models (on a 1.8GHz Xeon Processor

M odel Speed[turns/s]
200 Sextupoles + Chroma lumping 5700
96D dlices+ 70 4D parasitics 6200
+ 200 Sextupoles + Chroma lumping 3200
+ elment-by-element 610

Code Validation

We have carefully checked the validity of the tracking
part of our code by comparing to established tools such as
MAD 8.x. Optical functions on the zero orbit generally
agree to CPU precision, on the helices, deviationsof 10~°
can be observed, which can be traced back to the thin-lens
approximation for the electrostatic separator in dumbbb.

Element-by-element tune prints (calculated by the
Laskar method in dumbbb) show excellent agreement.
Symplecticity of al element and lump maps is checked at
program startup by tracking DA vectors; usualy, the quan-
tity />, (MTJM — J)3 < 10712,

A Symplectic Prescription for Chromatic Lump-
ing

One of the dilemmas of high-order 'lumped’ tracking is
the non-symplecticity of a truncated power series expan-
sions of asection map. This can be remedied by very high-
order expansion, which iscomputationally expensive, or by
any of anumber of symplectification approaches.

For the problem at hand, chromatic effects seem to be of
significant importance. When handling sextupoles in dis-
persive sections correctly, the chromaticity of the interja
cent section also has to be implemented correctly to obtain
the correct net chromaticity.

This can be achieved by writing the total map of a sec-
tionas M = M(1 — p,G) 4+ O(p?) = Me PG + O(p?),
where M isthe linear part of the map and G is a symplec-
tic generator acting on the transverse subspace; it is ob-
tained by evaluating the third-order map around the disper-
sion orbit. e~ issymplectic by construction. By writing
H = —%JG and expressing H in an eigenbasis of G, the
Hamiltonian reduces to any of three forms:

e H = apq, arescaling operation
o H = 5(p?+ ¢*), aharmonic oscillator

o H=71(p*—¢*+P?*—Q*)+5(q¢P—Pq), anisotropic
repulsive oscillator in arotating frame of reference.



All these case can readily be evaluated either in closed form
or as a sequence of 3 thin-lens kicks by determining the
eigenvectors of JG and constructing a canonical basis in
which it has harmonic oscillator form, reducing the prob-
lem to at most two quadrupole transformations.

Beam-Beam Effects

At present, the Tevatron is operated in the weak-strong
regime of the beam-beam interaction. Assuming gaussian
distributions, the effect on the antiproton bunch can then
be calculated using the Bassetti-Erskine formula[3], which
involves the evaluation of the complex error function.

While not the dominant part of CPU time for some of
the more extensive beamline models, care was taken to find
an efficient implementation. We benchmarked severa nu-
meric implementation and found the prescrition given in
[4] to be fastest. Other approaches have been used in simi-
lar codes, such as Pade approximations and grid interpola-
tions.

When g, , < coy, the hourglass effect becomes impor-
tant. We then have to slice the strong bunch and to include
the full 6d dynamics of the weak bunch; the symplectic
prescription used is given in [2]. We use severa optimized
functions, distinuishing the cases of

e Four-dimensional:

— Coupling: tilted beam
— No coupling: upright beam

e Six-dimensional:

— Coupling: slice with position-dependent tilt
— Coupling: beam with constant tilt
— No coupling: upright beam

Weak Bunch Population

Lifetime calculations are based on particle migration
rates across a boundary in configuration space. It is
safe to assume that, for realistic distances of that bound-
ary, most of the particles in that bunch will never cross
that boundary within the simulated time; these stable par-
ticles will be close (in action space) to the closed or-
bit. A previous version of dumbbb consequently pro-
vided a’de-coring’ option, restricting bunch population to
particles far (in action space) away from the closed or-
bit. Because of the high dimensionality of phasespace,
the action radius of the omitted core has to be chosen
quite large to result in an appreciable reduction of the
particle number. This is unsatisfactory, however, as for
high actions the deformation of surfaces of equa ac-
tion due to the nonlinear dynamics becomes significant.
The present version of dumbbb thus uses a weighted-
macroparticle approach: The weak bunch is represented
by particles equidistributed in radial and angular space
in six-dimensional spherical coordinates; particles carry a
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Figure 1: Typical Particle Loss Rate from Simulation Run

gaussian weight exp —r2/2r°drddd, sin® 9, ... 95. The
cutoff radius of the distribution can be chosen freely. The
radial and angular distribution is generated from an unique
integer particletag by means of aHalton pseudorandom se-
guence over thefirst 6 primes, thus reducing charge distrib-
ution noise and facilitating parallelization and reproducibil -
ity of simulation runs. 1t should be noted that, by weighting
particles and recording their migration rates, post mortem
emittance parameter scans for loss rates are possible by re-
assigning weights according to different emittances.

Smulation Runs

We have ported the code to the DOE’'s NERSC facility
SP computers and performed runs on 256 nodes each, vary-
ing chromaticity in steps of 5 from 0 to 20. An evauation
of the results will be the subject of aforthcoming paper. A
typical particlelossrateis showninfigure (chromaticity 5,
aperture 5.80).
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Abstract

In the Tevatron, protons and antiprotons circulate in a
single beam pipe, so electrostatic separators are used to
create helical orbits that keep the two beams separated
except at the two interaction points (IP). Increasing the
separation outside of the IPs is desirable in order to
decrease long range beam-beam effects during high
energy physics (HEP) stores. We can increase separation
by running the separators at higher gradients or by
installing additional separators. We are pursuing both
strategies in parallel. Here, we describe Tevatron
operation with higher separator gradients and with new
separators installed during a recent shutdown. We also
describe possible future installations.

INTRODUCTION

The Tevatron provides collisions of 980 GeV protons
and antiprotons (36 bunches each) at the two IPs, denoted
B0 and DO. The bunches are grouped in three symmetric
trains of 12 bunches each. The bunches are separated by
396 ns (21 buckets) within the trains. Gaps between the
trains are used for injecting antiprotons and for ramping
up the extraction kickers when aborting beam. Typical
beam parameters for recent high-energy physics stores are
given in Table 1. Additional information on the Fermilab
accelerator complex can be found in [1].

Since the two beams circulate within a single beam
pipe in the Tevatron, 24 electrostatic separators are used
to separate them around the ring, except the IPs where
head-on collisions are desired for HEP stores. The
electrostatic separators comprise two 100 inch stainless
steel, parallel plate electrodes separated by a 5 cm gap
through which the beams pass. Each electrode is
connected to its own power supply. The maximum design
separator gradient for HEP operation was 40 kV/cm, but
we have been testing the use of the higher gradients to
provide additional beam separation.

For colliding beam operation, the separators are
grouped to form closed three-bumps in each plane
(horizontal and vertical) in the so-called short (B0O—DO)
and long (D0—BO0) arcs between the two IPs. This
arrangement allows control of beam-crossing offsets and
angles in each plane at the two IPs independently. Figure
1 shows the separation between the two beams at all
parasitic crossing points around the Tevatron. The
separation s is defined as:

*Work supported by the U.S. Department of Energy under contract No.
DE-AC02-76CH03000.

s @ o] 0

where d,, d, are the horizontal, vertical distances between
the protons and antiprotons, and o;, o, are the horizontal,
vertical beam size assuming 95% transverse emittances of
20 © mm mrad. The first parasitic crossings, located 59 m
away from the IPs, have the smallest separations, so they
are the dominant contributors to long-range beam-beam
effects during HEP stores. Improving the collision helix
entails increasing the beam separation to help mitigate
detrimental long-range beam-beam effects [2-4].

Table 1: Typical beam parameters at the beginning of
recent Tevatron HEP stores.

Proton Intensity / Bunch 230-240 E9

Proton Transverse Emittance
16-18 m mm mrad

(95%)
Proton Bunch Length 1.58-1.68 ns
Pbar Intensity / Bunch 25-75 E9

Pbar Transverse Emittance
9-15 m mm mrad

(95%)
Pbar Bunch Length 1.52-1.62 ns
ADDITIONAL SEPARATORS

Employing additional separators is one way to provide
additional separation between the protons and antiprotons.
However, available warm space at appropriate betatron
phase advances is rather limited, and some spare
separators must be retained for use in the event of a
failure. We have developed a proposal to install five
additional separators at four locations: two vertical
separators at D17 (long arc), one horizontal at A17 (long
arc), as well as one horizontal and one vertical at B48
(short arc). These additional separators help increase
separation in the specified plane only for the arc in which
they are placed. The new separators combine with the old
to form closed horizontal or vertical four-bumps within
each arc. Consequently, the new separators do not need to
be installed all at once in order to gain increased
separation. As an example, the D17 separators were
installed during the fall 2004 shutdown, and they have
been used for HEP stores since then.

Figure 1 demonstrates how the beam separation
benefits from the additional separators. The separations at
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Figure 1: Separation between protons and antiprotons at all parasitic crossings for the design separator configuration
(black squares), with the addition of vertical separators at the D17 location (red circles), and with all proposed

additional separators (blue triangles).

the first parasitic crossings can be increased by
approximately 1o (=15%), while the average separation
in the arcs increases by a similar amount. In addition, the
additional separators allow greater flexibility in
controlling the beam angles as they enter the IPs.

HIGHER SEPARATOR GRADIENTS

Running the separators at higher gradients is the most
direct way to increase beam-beam separation. Higher
separator voltages can increase the amplitude of the orbit
helix, and, hence, the separation between the protons and
antiprotons. The separator voltages must be scaled to
maintain the 3-bump (or 4-bump) closure conditions in
the arcs. It turns out that the separation scales as the
voltage of the IP separators, i.e., scaling the helix such
that the IP separator voltages increase by 10% results in a
10% increase of the separation.

Although the power supplies are limited to provide a 60
kV/cm maximum gradient, the breakdown (spark) rate of
the separators determines the practical maximum of the
gradient. When a spark occurs between the two plates of
a separator during an HEP store, the resulting orbit
deviation can drive beam into collimators (typically
placed < 1 mm from the beam tails), causing a quench of
nearby superconducting magnets and loss of the store.
The breakdown rate rises exponentially with gradient; we
would likely tolerate at most 1 spark per month among all
the separators during HEP stores.  This practical
maximum should be determined operationally by trying
higher separator voltages and retreating if the spark rate
becomes intolerable.

We have recently run a number of HEP stores with
collision helix sizes (90%, 100%, and 110% of nominal)
in order to investigate the impact on operations. As
expected, the tune changes caused by feeddown effects

for the different orbits were small (<0.0003), so we did
not need to compensate the working point of the machine.
Studying many stores allowed us to sample over a range
of conditions, e.g., luminosities, beam intensities and
emittances. For example, Figure 2 shows the initial
luminosity lifetime, obtained from an exponential decay
fit from the CDF experiment’s luminosity counters, as a
function of the initial luminosity and the so-called
effective emittance of the beams. The effective emittance
is defined as:

. _lo—s*f*B*NP*NA*(@BV)H(O/) )
o = AnfL £

where f'is the revolution frequency, B = 36 is the number
of bunches, Np is the number of protons per bunch, N, is
the number of antiproton per bunch, = 35 c¢m is the
design beta function at the IPs, L is the luminosity, (6/%)
is the kinematic factor for calculating 95% emittance, and
H is the hourglass factor depending upon the bunch
lengths o and f". Effective emittance is a measure of the
particle intensities per unit luminosity; the lower the
effective emittance, the more luminosity per beam
particle. The correlations are obvious: luminosity lifetime
decreases for larger luminosities and smaller effective
emittances. The range of effective emittances stems
primarily from the number of antiproton bunches
originating from the Accumulator and the Recycler;
antiprotons from the Recycler typically have transverse
emittances 5-8 m mm mrad smaller than those from the
Accumulator. The brighter Recycler antiprotons lead to
Tevatron stores with smaller effective emittance stores.

In order to see any effect of the helix size on the
luminosity lifetime, we looked at lifetime in different
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Figure 2: Luminosity lifetime in the first hour for the CDF
experiment as a function of the initial luminosity and
effective emittance for many HEP stores with different
collision helix sizes; only the projections onto the three
planes are shown. The luminosity lifetime was obtained
from a fit to an exponential decay. The statistical

uncertainties of the luminosity lifetime values are all less
than 0.1 hr.
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Figure 3: Luminosity lifetime in the first hour for the CDF
experiment for a specific set of initial luminosities and
effective emittances; only projections onto two planes are

shown. No 90% helix stores are in this population of
stores.

ranges of initial luminosity and effective emittance. The
benefit of 110% versus 100% helix is not obvious, but it
seems clear that the 90% helix results in lower luminosity
lifetimes. Figure 3 shows the initial luminosity lifetimes
for the stores with the highest initial luminosities and the
smallest effective emittances. The approximate 1 hour
spread in lifetimes for a given helix size makes it difficult

to identify the smaller (few tenths of an hour) expected
improvements from the 110% helix.

The benefits of a larger helix size are more obvious
when looking at the so-called non-luminous loss rate of
the antiprotons. The non-luminous loss rate represents
how quickly particles are lost from sources other than
being “burned-up” in proton-antiproton collisions at the
IPs. Figure 4 demonstrates how the non-luminous
antiproton losses decrease as the helix size increases. The
antiproton non-luminous loss rate early in a store is
dominated by burn-up in collisions (=4 %/hr), and it also
depends on the antiproton emittances [4]. The non-
luminous lifetime of proton bunches does not depend on

the helix size.

Average Antiproton Non-Luminous Loss Rate vs Helix Size
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Figure 4: Average non-luminous loss rate of the 36
antiproton bunches in the first hour of many HEP stores

for various collision helix sizes. The red line is the result
of a linear fit.

CONCLUSION

In order to decrease long-range beam-beam effects in
the Tevatron during HEP stores, we are attempting to
increase the separation between the protons and
antiprotons at the parasitic crossing points. Additional
electrostatic separators are being installed into the arcs
during long maintenance shutdown periods to gain up to
15% more separation. In addition, running the separators
at higher voltages also increases the separations around
the ring. We do observe improved non-luminous lifetimes
for antiprotons with 10% higher separator voltages. The
ultimate separation increase via higher voltages depends

upon separator spark rates which increases exponentially
with voltage across the gap.
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Muons, Inc. .
. Some ESS Conclusions

Muon Collider ESS much simpler problem than Tevatron
fewer bunches
no need for double helix
pretzel will work fine (only 1 plane as in CESR, LEP,...)
fewer turns so needed separation less (ms not hours)
no ramping of collider, constant ESS Fields
one spark does not destroy a day’'s work

shielding from upstream radiation may be needed, but
if the pretzel is vertical, ESS midplane can be free

decay electrons within the ESS can be kept from plates
with a small superimposed dipole field (new SBIR?)
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Some ESS Conclusions (cont.)

Collider simulations needed to get Av requirements
Lattice should have space for pretzel ESSs
ESS shielding requirements need to be estimated

Beam-induced ESS breakdown needs to be estimated/measured
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