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Counteracting Trapped lon Effects in the HESR

Frank Hinterberger
Helmholtz-Institut fur Strahlen- und Kernphysik, Unigéy of Bonn, Germany

Abstract

Methods to counteract trapped ion effects in the High-Epn&tprage
Ring HESR are studied in the present report. The circulairigproton
beam ionizes the residual gas molecules of the UHV vacuura.pfo-
duced ions are trapped in the negative potentential welleantiproton
beam. Trapped ions can be extracted using either singktésbtlear-
ing electrodes or continuous clearing electrodes. In addiesonant
transverse shaking of trapped ions and damping of cohesarthéam
oscillations can be used in order to reduce the adversa®tietrapped
ions. In the region of dipole magnets the problem of trapped can be
mitigated by upgrading the UHV vacuum, i.e. by sputterinig-fiim
NEG coatings onto the surfaces of the vacuum chamber andibyg us
heat jackets along the beam tubes. The highest clearingeeffies in
dipole magnets can be achieved by extracting the trappesdifothe
vertical direction along the magnetic field lines. A distive feature
of the HESR ring is the internal PANDA target which detertesathe
vacuum by a huge local pressure bump. Near the PANDA target co
tinuous clearing electrodes are necessary in order to emgttthe high
production rate of trapped ions. In the region of the electmoler (EC)
the optimum neutralization is reached)if= 1/2. Then, the azimuthal
cross-field drift velocity of the electrons is zero and thacgcharge
potential is reduced. A stable neutralization with= 1/~2 can be
achieved using the lon-Cyclotron-Resonance (ICR) heatiige ICR
heating can be realized using the electrodes of the beartiqrosion-
itors. The RF can be tuned to be in resonance with the chaisicte
cyclotron frequencies of the ion species in the magnetid béthe EC
solenoid.
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1. Introduction

The present report continues a recent study entitled 'l@pging in the High-Energy Storage
Ring HESR’ [1]. It is devoted to the question of how to couattrtrapped ion effects in the
HESR. The problem of trapped ions in the HESR has also bedrestin two previous reports
[2, 3].

The High-Energy Storage Ring (HESR) of the future Intevai Facility for Antipro-
tons and lon Research (FAIR) at GSI in Darmstadt is desigeeyachrotron and storage ring
for antiprotons in the momentum range 1.5 — 15 GeV/c [4, Skrimal target experiments with
antiprotons are planned by the PANDA collaboration [6]. dldiéion, two other collaborations
(PAX [7, 8], ASSIA [9]) proposed spin physics experimentshapolarized antiprotons.

The effects of trapped ions and trapped electrons have lesemeed in many accelerators
and storage rings [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 40T2& beam particles interact with
the molecules of the residual gas in the vacuum and produsigy@ions and electrons. Elec-
trons are trapped in positive particle beams while ions r@eped in negative particle beams.
The trapped particles can cause emittance growth, ingtebjlcoherent beam-ion oscillations
and beam losses. Adverse effects of trapped ions have bsenvel at the CERN Antiproton
Accumulator (AA), the Fermilab Accumulator and the FeriiRecycler Ring (RR). Various
methods have been used in order to remove the ions.

For the sake of completeness we resume some chapters froecére report [1]. We first
show the HESR lattice in Sect. 2., present the electric fielth@® antiproton beam in Sect. 3.,
show the updated UHV vacuum in Sect. 4., discuss the ionzgiocess in Sect. 5., evaluate
the mean thermal velocities of trapped ions in Sect. 6., ddafie terms production timé,,
clearing timeT, and neutralizatiom in Sect. 7. and sketch the ion motion in dipole magnets
and solenoids in Sects. 8. and 9..

The main part of the present report is devoted to the impbgiaestion of how to counter-
act trapped ion effects in the HESR. The extraction of trdgpas using either single isolated
clearing electrodes or continuous clearing electrodesasgmted in Sect. 10.. The extraction
of trapped ions in the region of solenoids is studied in SELt. The problem of the very high
neutralization in the neighbourhood of the PANDA targetiglged in Sect. 12.. The mitigation
of trapped ion effects in dipole magnets and the feasihilitgontinuous clearing electrodes is
studied in Sect. 13.. The damping of coherent beam-ionla8oits is studied in Sect. 14.. The
resonant transverse beam shaking is studied in Sect. 18.sgdcial problems of trapped ions
in the region of the electron cooler (EC) are investigatefents. 16.-18..



2. HESR Layout and Beam Parameters

The layout of the HESR ring is shown in Fig. 1. The circumfee6 amounts to 575.2 m.
In Fig. 2, the lattice functiong,, 3, and the horizontal dispersial, of the standard HESR
optics 'optic4’ with,, = 6.2, Q, = 7.5995 andQ, = 7.6216 are shown as a function af
with s = 0 at the beginning of the North arc (upper arc in Fig. 1). Thalfenctions amount
to about 175 m in the region of the electron cooler and abouti2 time region of the PANDA
target. In Figs. 3 and 4, the beam envelopes, i.e. the 1-siginaso,, ando,, are plotted as a
function of s for 1.0 - 10!! antiprotons at 15 GeV/c.

For the calculation of the negative potential well of thanoton beam we need the beam
envelopesr, ando, as a function ok. We perform the calculations using the standard optics
'optic4’ and the HESR List of beam parameters from July 2024].[ We calculate the en-
velopes assuming stochastic cooling. The effective tatgesity of the PANDA target will be
4.0 - 10* hydrogen atoms per chif the pellet target is used. The stochastic cooling will be
adjusted such that the transverse emittance growth by tma{p@rget interactions is compen-
sated and the highest-possible momentum resolution isweathi Therefore, the transverse rms
emittances stay constant and we can assume normalized rittane®se, ande, as given by
the RESR beam at HESR injection. The longitudinal emittascbaracterized by a long bunch
of constant lengtl.,; = 0.9C' and the relative rms momentum spreadThe rms values o#
which can be achieved with stochastic cooling are takenhercalculation of the envelopes.
They are listed below. The corresponding momentum spreadiesser than the momentum
spreads at injection.

We assume the geometric rms emittances without cooling\e diy the RESR beam
at HESR injection. The kinetic energy at injection amouts310 GeV, the corresponding
beam momentum is 3.825 GeV/c afigd = 4.077. The normalized geometric rms emittantes
epormalized gmount to 1.0 mm mrad fax.5 - 10'° antiprotons in the ring. They scale @§;/3.5 -
101%)4/> with the numberN, of antiprotons. The relative rms momentum spread scales as
(Np/3.5-1010)%/5, Taking as reference values the emittangesnd relative beam spreadisat

injection energyl; = 3.0 GeV one has

e N; =1.0-10": e3 = 0.58 mm mrad; = 0.50 - 1073,

e N, =1.0-10": e3 = 0.089 mm mradds = 0.20 - 1073,
Accelerating or decelerating the injected beam yields ggomrms emittances = ¢, = ¢,
and relative rms momentum spreadshich scale according to the adiabatic damping law,

B373
Oy
0 = 53@ (1)
Oy
As mentioned, these values are kept constant by stochastimg during the measurements
with the PANDA target.

At the beginning, the HESR will be operated with the colleagiog (CR) as injector.
Then, the start rms emittance at 3 GeV will be= 1.25 mm mrad and the relative rms mo-
mentum spreads = 0.25 - 1073. We assume the barrier bucket mode of operation with a bunch
lengthZ; = 0.9C and a beam free gap of length = 0.1C'. The circumferencé€' amounts to
575.2 m.

1_normalized __
€x% = €zyBy




Assuming Gaussian beam distributions the envelopes aresemted by the one standard
deviationss,,(s) ando,(s),

Oy = Emﬁx + (Dx5)2

o, = e, ()

Here,e, ande, represent the geometrical rms emittanggsand 3, the horizontal and vertical
beta-functionsy the rms width of the relative momentum deviation angd is the horizontal
dispersion. The momentum range of the HESR ring is betweBrGgV/c and 15 GeV/c.
Usually, four standard momenta are considered. Here, wéhisbeam parametetsand §
which are used for the calculation of the envelopes assumbhgantiprotons in the HESR
ring,

1. S1:p=1.5GeV/c,T = 0.831 GeV,e = 1.48 mmmrad,§ = 1.9 - 1074,

2. S2:p =3.825GeV/c, T = 3.0GeV,e = 0.58 mmmrad,d = 1.4 - 1074,

3. S3:p =8.889 GeV/c,T = 8.0 GeV,e = 0.25 mm mrad,d = 1.2 - 1074,

4, S4:p =15 GeV/c,T = 14.091 GeV.e = 0.148 mm mradg = 0.9 - 10~%.
The corresponding list for0'° antiprotons reads

1. S1:p =1.5GeV/c,T = 0.831 GeV,e = 0.23 mm mrad,§ = 1.1 - 1074,

2. S2:p = 3.825GeV/c, T = 3.0 GeV,e = 0.089 mm mrad,d = 5.1 - 1075,

3. S3:p =8.889 GeV/c, T = 8.0 GeV,e = 0.043 mm mrad,d = 5.4 - 1075,

4, S4:p =15 GeV/c,T = 14.091 GeV.e = 0.023 mm mradg = 3.9 - 1072,
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3. Electric Field of the Antiproton Beam
3.1 Potential well and electric field of a round beam of constat density

The potential well of the antiproton beam can be calculated/érious particle distributions
and beam pipe profiles. The simplest case is to assume a reamd pipe of radius,. and a
round beam of constant density within the radiud he linear charge densityis

Nﬁe
I (3)

Here, N; is the number of stored antiprotonrsthe elementary charge add the length of the
barrier bucket bunches, e.g, = 0.9C = 517.68 m. The potential/(r), with the constraint
U(r.) = 0 at the surface of the beam pipe, is given by

A\ =

A Te
— < o>
U(r) e In . r>a,
A 1 r? Te
— - < <.
ulr) 2meq lQ 2a? +n ( a )1 r=a “)

We note that\/(27eq) = —0.556 V for 1.0 - 10!! antiprotons in the ring. The corresponding
electric fieldE, reads

Al
E.(r) = - r>a,
2meg T
AT
E.(r) = e a2 r <a. (5)

Note the minus sign in the definition of the linear charge dgh$herefore, the potentidl (r)
is negative and the electric field. is directed to the beam center. The potential depth, i.e. the
absolute value of the beam potential is maximal at the bearterce= 0,

0= 2 o (2]

Thus, the local depth of the beam potential depends on tleeafithe beam pipe radius and
the beam radiug. The absolute value of the electric field is maximal at thenbedger = a,

E(a)= -2t

2mep a

(7)

3.2 Potential well and electric field of a beam with a bi-Gaudgan charge distribution

For a bi-Gaussian distribution of the beam particles withrths valuesr, ando, and a round
beam pipe with inner radius., the potential U(x,y) can be calculated using the equations
the appendix of Zhou’s PhD thesis [17]. We are only integkstghe valued/(s) at the beam
center(z,y, s) = (0,0, s) which can be calculated using

7+m<witwﬂl’ )

wherey ~ 0.577 is Euler's constant. The profi@f the beam pipe radius is shown in Fig. 5.
The resulting values shown in Fig. 6 are calculated assuthigtandard opticg; = 15 GeV/c

U(s) =U(0,0,s) =

4meg

2|f the electron cooler is installed the radiysamounts to 100 mm in the region of the electron cooler.
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andN; = 1.0- 10" and a continuous inner beam pipe radius of 44.5 mm outsided?ANDA
target region (see Fig. 5). The potential distribution hasma at positions where the beam has
sharp waists (more precisely where the ratio, + o,) has a local maximum). The positive
ions are accelerated in the longitudinal direction towdhise potential minima which act as
trapping pockets. These are the ideal locations for theiolgalectrodes.

The magnitude of the potentidl(x,y, s) and the potential depth'(s) depend on the
numberN; of stored antiprotons. Since « N; we getU(s) « N; if the dependence of
(0. + 0,) on N; in the logarithmic term in Eq. (8) is ignored. Thus fof, = 1.0 - 10'°,
the potential deptli/(s) is a factor of ten lesser. Taking the dependenc&of+ o,) on N;
(024 N§/5, see Sect. 2.) in the logarithmic term into account yieldsduction factor of
about eight.

For a bi-Gaussian distribution of beam particles withand o, and a round beam pipe
with inner radiusr. the electric field distribution can be calculated using tbhenplex error

functionW (z) [32],
1 ) - i T2t gy 2=

S SR Y SR TR B 1€ o) M (bl il | B
2¢0,/2m(02 — 02) 2(02 — 02) 2(02 —02)

T Y Yy
A 1 / (e o
Ey:— » W T+ —e 2( Jr”.)W © v ) (10)
2¢€0 \/2m(02 — 02) 2(02 —02) 2(02 —02)
Here, the symbol®|...] andS[...] denote the real and imaginary part of the analytical expass
[...], respectively.

The transverse electric field near the beam center, whiabeded in order to estimate the

oscillation frequency of the trapped ions, can be calcdlateng the following linear approxi-
mation

ol
9q |<

[N
< )

M
<

SHE]
LN
<A

A 1 x
Ey(z,y) = — 11
(z,9) 2meg (0, + 0y) 0 (11)

A 1 Y
Bywy)— L (12)

" 2meq (00 + 0y) 0y

The transverse electric field componehts £, and £, of a round Gaussian beam with
o, = 0, = 0, can be evaluated quite simply using

A 2\ 1

E.(r) = 1-— — -, 13
(r 27eg < P 20?) r (13)

A x? + 92 x
E.(x,y) = 1 —exp— : 14
(z9) 27eg < P 202 ) 2% +y? (14)

A 2?2 + Yy
E(z,y) = e, <1 —exp—— o | s (15)
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3.3 Maximum transverse electric field

The absolute value of the transverse electric field is malximahe short axis of the elliptical
beam distribution. For instance if, < o,, the maximum is neay = 1.60, and can be
calculated using Egs. (9) and (10). The electric fields ofdlearing electrodes should be
essentially larger than the maximum values of the transvaectric field in order to extract the
positive ions out of the beam. Therefore we calculate a sgpemdimit £,,,, of the transverse
electric field distribution using the following simple fota

_ 1
azxr 271'60 \/é /Ug +—O_§ .

This equation holds true for the maximal transverse elefitid componentt, ... | if o, < o,
and for the maximal transverse electric field componént,,..| if o, < o,. The resulting
valuesk,,,, shown in Fig. 7 are calculated assuming the standard optjcs, 15 GeV/c and
N; = 1.0 - 10™. If positive ions are trapped within the negative antiprob@am the potentials
and the electric fields are reduced by the fa¢tor 1) wherer is the neutralization factor.

If the electron cooler is installed the effects of the el@ctbeam have to be taken into
account. The resulting modifications are discussed in 36éct.

En,

(16)

—~. 150

150

& €
& &
¥U LQ
100 100}
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ol v P N S E N B
0 100 200 300 400 500 g@o 505 510 515 520 525

s (m) s (m)

Fig. 5: Inner beam pipe radius(s) (without electron cooler). Left: the complete HESR ringrfre = 0 m to
s = 575 m. Right: the PANDA target region from = 500 m to s = 525 m. The PANDA target is located at
s = 509.481 m.
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Fig. 6: Central beam potentiél(s) assuming the standard optids, = 0.9C, p; = 15 GeV/c,N; = 1.0 - 10!
andn = 0. Left: the complete HESR ring from = 0 m to s = 575 m. Right: the PANDA target region from
s =500mtos =525m.
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Fig. 7: Upper limitE,,,, of the transverse electric field distribution of the antiprobeam assuming the standard
optics,L; = 0.9C, p; = 15 GeV/c,N; = 1.0 - 10! andn = 0. Left: the complete HESR ring from= 0 m to
s = 575 m. Right: the PANDA target region from= 500 m to s = 525 m.
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3.4 Longitudinal electric field componentsE,

It is important to study the longitudinal electric field coomgntsE, of the antiproton beam. In
drift spaces (and solenoids) the produced ions are actedeirathe longitudinal direction by
those field components towards the potential minima. Kngwire central potentidl/(s) in
fine stepss;; one can deduce numerically the longitudinal electric fielchponentr,,

U1 — Us

E,=— .
Si+1 — S¢

17)
The resulting longitudinal electric field along the beansagishown in Fig. 8. The longitudinal
field E, is directed in the positive or negative direction dependinghe local gradient of the
central potential. The zero crossings mark the positionmatima and minima of the beam
potentialU(s). The longitudinal electric field components vary on the agerbetween a few
mV/m and about 100 mV/m. The peak-like structures near tHé[PAtarget are due to sudden
changes of the inner radius of the beam pipe which are listéei following list.

1. Betweens = 506.606 m ands = 506.856 m, the inner radius increases from 44.5 mm to
75 mm within 0.25 m yielding a longitudinal field excursionugs to +1.29 V/m which is
large and has the same sign as the preceding longitudirdbfielbout +0.12 VV/m.

2. Betweens = 509.231 m ands = 509.481 m, the inner radius decreases from 75 mm to
10 mm within 0.25 m yielding a longitudinal field excursionug to -7.5 V/m which is
very large and has an opposite sign compared to the preckmtiggudinal field values
of about +0.01 V/m.

3. Betweens = 509.631 m ands = 509.731 m, the inner radius increases from 10 mm
to 20 mm within 0.10 m yielding a longitudinal field excursioh+3.79 V/m with an
opposite sign with respect to the neighbouring field valdezbout -0.13 V/m.

4. Betweens = 510.631 m ands = 510.731 m, the inner radius increases from 20 mm
to 32 mm within 0.10 m yielding a longitudinal field excursioh+2.48 V/m with an
opposite sign with respect to the neighbouring field valdezbout -0.13 V/m.

5. Betweens = 512.331 m ands = 512.581 m, the inner radius increases from 32 mm to
52 mm within 0.25 m yielding a longitudinal field excursionwg to +1.35 V/m again
with an opposite sign with respect to the neighbouring figllligs of about -0.12 V/m.

6. Betweens = 512.781 m ands = 513.181 m, the inner radius decreases from 52 mm to
50 mm within 0.40 m yielding a longitudinal field excursionug to -0.22 V/m in the
same direction as the neighbouring field values of abouf-@/fn.

7. Betweens = 515.631 m ands = 515.831 m, the inner radius increases from 50 mm to
90 mm within 0.20 m yielding a longitudinal field excursionugd to +2.02 V/m with an
opposite sign with respect to the neighbouring field valdexbout -0.08 V/m.

8. Betweens = 520.031 m ands = 520.231 m, the inner radius increases from 90 mm to
125 mm within 0.20 m yielding a longitudinal field excursidirup to +1.01 V/m with an
opposite sign with respect to the neighbouring field valdexbout -0.048 VV/m.

9. Betweens = 521.731 m ands = 522.031 m, the inner radius decreases from 125 mm
to 75 mm within 0.30 m yielding a longitudinal field excursiohup to -1.52 V/m in the
same direction as the neighbouring field values of aboudZB0//m.

10. Betweers = 522.131 m ands = 522.231 m, the inner radius decreases from 75 mm to
44.5 mm within 0.10 m yielding a longitudinal field excursiohup to -2.94 V/m in the
same direction as the neighbouring field values of aboutt20\M0m.
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The longitudinal electric field components can be used ieota accelerate trapped ions
towards clearing electrodes. This is possible in the regimtraight sections which consist of
drift spaces, quadrupole magnets, sextupole magnets &mbsis. However, it is not possible
to use this effect in the region of dipole magnets. Therejdhe gyrate around the magnetic
field lines. Finally, we note that the longitudinal electii|ld componentg’, depend strongly
on the numberV; of stored antiprotons. Fa¥; = 1.0 - 10'°, the potential depths and there-
with the field component&’, decrease by about a factor of eight, see discussion at thefend
Subsect. 3.1.
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Fig. 8: Longitudinal electric field componeAt, of the antiproton beam assuming the standard oplicss 0.9C,
py = 15 GeV/c andN; = 1.0 - 10'*.The modification of the beam potential by the neutralizatjds neglected.
Top: the complete HESR ring from= 0 m to s = 575 m. Bottom: the PANDA target region from= 485 m to

s = 535 m. The peak-like structures near the PANDA target are duadden changes of the inner radius of the
beam pipe.
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4. UHV Update

In order to cure the adverse effects of trapped ions in theomegf the dipole magnets an
especially high UHV vacuum is needed in the region of the.aft® original design value of
the UHV pressure was. 1.0 - 1072 mbar. Now, it is planned to improve the UHV vacuum
substantially in the North and Sout arc [23]. This can beeatd by sputtering thin-film NEG
coatings onto the surface of the vacuum chamber and by usatinly jackets along the beam
tubes. The aim is to achieve residual gas pressures of alibut0~!! mbar in the North and
South arc, see Fig. 9.

Outside the arcs and the PANDA target region the UHV vacuuesgure amounts to
< 1.0 - 107 mbar which can be achieved without heating the beam pipegertteless, it is
recommended to install bake-out jackets everywhere caitsid PANDA target region. The
baked UHV vacuum system at the CERN Antiproton Acceleratas wperated at pressures of
aboutl1.3 - 107! mbar.

In the region of the PANDA target the pressure rises up to ebol)—> mbar if the pellet
target is used [24, 25]. The target is located at 509.481 m. The pressure as a function of
the positions in the ring is shown in Fig. 9. The residual gas contains nydifyl molecules.
Therefore, the beam neutralization by trapped ions is datathby H ions. The interaction of
the beam with trappedHions yields also a certain amount of trappet idns in the beam. In
addition, there are always heavier ions, especially @ihs present. The CO molecules in the
residual gas of the UHV are produced by surface processeggaages and pumps. Surface
hydroxides are reduced by hot electrons or ions (in gaugésoampumps) and liberate oxygen
which combines with carbon on surfaces (which is alwaysetlaé¢so) [26].

B ) T S R R S
0 100 200 300 400 500 480 500 510 520 530

s (m) s (m)

Fig. 9: Vacuum pressung(s). Left: Complete HESR ring from = 0 mto s = 575 m with p < 1.0 - 10~ mbar
outside of the PANDA target region and with= 1.0-10~'! mbar in the region of the North and South arc. Right:
PANDA target region frons = 485 m to s = 535 m. The PANDA target is located at= 509.481 m.

3Non-Evaporating Getter Material
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5. The lonization Process

5.1 Energy transfer

The circulating antiprotons interact with the electrongha residual gas molecules. The dif-
ferential cross section for an ionization process with argytransfer betweef andF + dFE
may be written

do mec® 7 1
— =27 — 52 ) —. 18
aE "’ eA( ﬁEmam E? (18)
Here, Z /A refers to the residual gas molecule. The constants are ¢éee@h massin.c*> =
0.511 MeV, the classical electron radiug, = 2.818 - 10~ cm and the maximum energy
transferk,,, ...,
9 m60252’72
14 25(me/m) + (me/m)*
Here,m, is the electron mass, the antiproton mass antland~ depend on the beam energy.
We get for instance for a kinetic energy of 8.0 G&V= 0.9945, v = 9.526 and F,,,., =
91.7 MeV. This numerical example shows that the energy transfietbe very high. But due to
the 1/ E? dependence of the differential cross section, ionizatients occur mainly at rather
low transfer energies. It is interesting to evaluate themeeergy transfef,

(19)

maxr —

_ / " d“ L EAE | / —dE (20)

The minimum energy transfer is not zero. It is given by the meecitation energy of the
residual gas molecule. An ionization occurs only if the ggdransferred to the electron is
above the ionization potential. Solving (20), we get

E:I<1 Enar 52> (21)

For H, gas moleculeg amounts to 19.2 eV. For an antiproton beam of 8.0 GeV kinet&rgy
and H, molecules we get a mean energy transfer to the electron of

E =430eV. (22)

This example shows that the mean electron energies frormatan processes are much larger
than the mean thermal energy of 0.039 eV at 300 K. The cornepg rms velocity amounts
to aboutl.23 - 107 m/s. Thus, the electrons leave the potential well of thepaotbn beam with
rather high velocities.

In contrast the energy transfer to the ion is negligibly $m@aherefore, the rms veloc-
ities of the ions can be estimated using the mean thermad)er#r0.039 eV at 300 K, see
Subsection 6..

5.2 lonization cross section

The ionization cross section depends on the molecules in the residual gas and the velocity
B = v/c of the beam particles. It does not depend on the charge anchdks of the beam
particles. Using Bethe’s formula it can be described by

(N e[ (P Y] LG
el ()5 e
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where
(24)

A 2
4 ( ) = 1.874-10"* m*.
meC
The other constants are listed in Table 1. The resultingzadion cross sections are listed in

Table 2 for different molecules and four beam momenta. Thescsections for CO and,Nire
nearly equal.

Table 1: The constant&? andC for the calculation of the ionization cross section.

Molecule M? C Z A

H, 0.695 8.115 2 2

CH, 423 4185 10 16
H>,O 3.24 32.26 10 18
Ny 3.74 3484 14 28
CO 3.70 3514 14 28
0O, 420 3880 16 32
CGo, 575 55.92 22 44

Table 2: lonization cross sections.

p; (GeVic) o(Hz) (Mm?) o(CHy) (M) o(H20) (m*) o(CO) (m?*) o(0z) (Mm?)
1.500 2.16-1072  1.12-10"%2 8.60-1072 9.37-1072 1.04-10"22
3.825 1.87-107% 9.88-10723 7.61-107% 835-107%% 927-1072
8.889 2.00-1072  1.07-10"%2 8.27-107% 9.11-1072 1.01-10"22
15.000 2121072 1.15-10"%2 8.84-107%% 9.78-10"2 1.09-10"22

Finally, we note that the ionization cross sections depeygweakly on the beam veloc-
ity in the momentum range 1.5 - 15 GeV/c of the HESR. Therefaretake in the following

the calculated values at 15 GeV/c.
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6. Mean Thermal Energy and Mean Thermal Velocity

Since the momentum transfer during the ionization proceregligibly small the mean energy
of the ions at the moment of ionization is equal to the meamthkenergy of the molecules,

W = ng. (25)

ForT = 300 K we getWW; = 0.039 eV. This mean thermal energy of the positive ions is small
compared to the typical well depth of the antiproton beam (13W). Therefore, the positive
ions can be trapped by the antiproton beam.

The corresponding mean velocities are the rms velagijty

3kT
Urms = 5 (26)
m;
and the mean value of the magnitude of the velocities in oreetiony,
2kT
U =< |vg] >=< |vy| >=< |v.| >= : (27)
T,

They are listed in Tab. 3.

Table 3: Mean thermal velocitied'(= 300 K, W; = 0.039 eV).

Particle A Vs (M/S) o) (M/s)

e 1/1836 1.1710° 5.3810%

H 1 2.7310° 1.26103
H, 2 1.9310® 8.8910°
CH, 16 6.8110% 3.14107
H,O 18 6.4210° 2.96102
CO/N, 28 5.1510> 2.37.10?
O, 32 4.8210* 2.2210°
CO, 44 4.1110*> 1.8910°
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7. Production Time 7}, Clearing Time 7. and Neutralization »
7.1 Production timeT,

In order to estimate the amount of neutralization we defigepttoduction timel, ;, the pro-
duction rateR,; = 1/7,,,, the clearing tim€, ; and the clearing rat&.; = 1/7. ;. The index

i is refers to the special ion. The production tiffig refers to the ionization produced by one
single antiproton in the beam. It is defined as the time wisameieded to neutralize the nega-
tive elementary charge of the antiproton. The correspangdinduction rate&?,; = 1/7,,; of a
certain ion species may be written

Ryi(s) = 0ipma(s)Be. (28)

Here,o; is the ionization cross sectiop,, ;(s) the local number of molecules per volume, and
Bc the beam velocity. The local number density;(s) is given by

_ ANmi(s) _ pils)

Here,p;(s) is the partial pressuréd; the Boltzmann constant and T the absolute temperature.
With p; = 1.0 - 107 mbar =1.0 - 10~ Pa andl" = 293 K we get for instance

Pmi = 24710 m™. (30)

The resulting production of ions depends on the numjeof antiprotons in the ring and the

production timerl}, ;
N; N3
Nils) _ Np (31)
dt Tpﬂ‘(S)
We note that the production tinig, ;(s) depends on the local partial densitigs;(s) and
therewith on the local partial pressuggss).

In Fig. 10 we show the production tin#(s) of H; ions assuming that the partial pres-
sure of H, molecules is equal to the total pressuyrg,(s) = p(s). This assumption neglects the
contributions from other ions. It yields a rough estimatdgifs). The vacuum pressure in the
HESR ring outside the PANDA target region will be< 1 - 1072 mbar. In the North and South
arc the residual gas pressure is much lowes; 1 - 107! mbar. In the PANDA target region
the pressure rises up to abdut 10~ mbar. In order to take this pressure bump into account
the pressure profilg(s) near the PANDA target [24, 25] has been taken into accouttsrcal-
culations. The pressure profile is shown in Fig. 9. In the PAN&rget region, the production
time has a marked dip with nearly 10~* s at the minimum. In regions with- 10~? mbar, the
production time amounts to 6.4 s (at 15 GeV/c). In the regibthe North and South arc the
production time amounts to 640 s.
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Fig. 10: Production tim&,(s) for HJ ions assuming that the total pressg@) is dominated by the partial

pressure of bl molecules, i.ep;(s) = p(s), taking the pressure profilgs) shown in Fig. 9, and assuming the
standard opticsl; = 0.9C, p; = 15 GeV/c andN; = 1.0 - 10''. Top: the complete HESR ring from= 0 m

to s = 575 m. Bottom: the PANDA target region from= 485 m to s = 535 m. The PANDA target is located at
s = 509.481 m.
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7.2 Clearing timeT,

The local clearing timé ;(s) refers to the mean time which is needed to remove one positive
elementary charge of a certain iout of the beam. If singly charged ions dominate it is the
time needed to remove one single ion. In other words, theingdmeT, ;(s) defines the mean
lifetime of the positive ion in the beam. The clearing ratthis inverse of the clearing time,

1

RC,Z‘(S) = Tc Z(S) .

(32)

The clearing time depends on the velocity of the ions movawgatrds the clearing electrodes.
Therefore, we need the indésxn order to discriminate betweel, ions and heavier ions like
for instanceC'O™ ions.

In order to illustrate the relation between production ticlearing time and neutralization
we consider the neutralization caused by a certain ion epgeig. ;" ions. To this end, we
consider the differential equation of the number of idfsn the beam as a function of the time
t (again assuming only singly charged ions),

dN; Ny N;

dt — T,; T..

(33)

The production of ions is proportional to the number of amtipns. The number of removed
ions per second depends on the momentary number ofNpnsthe beam. The solution may
be written

/ T, /
N;(t) = N;(0) eXp(—T ) + Nﬁ—T"[l — exp(—T )] (34)
c,i i c,i

Normally, the number of ion&/;(0) at the beginning is zero and the number of ions in the beam
tends asymptotically towards; 7. ;/7,,. That means the number of produced ions is equal to
the number of cleared ions and we have in the steady state

T,

i Ry
Ni — N]jT—7 — NﬁRp’. .
D, c,t

(35)
This steady state is quickly reached after a few time perfods

7.3 Neutralizationn

The resulting local neutralization;(s) of the beam caused by a certain ion species may be

written

77<5> _ &Tc,i(s) — &Rp,i(s)
' C T,i(s) C Re(s)

Thus, the local clearing timé. ;(s) and the local production timg, ;(s) are needed in order to
estimate the local neutralizatiof(s) caused by a certain ion species. We note fhdt” = 0.9
for the barrier bucket mode of the HESR. Thus, werget) = 0.97,,(s)/1,.(s) for the HESR.
Summing all contributions;(s) yields the total neutralization(s),

. (36)

o) = Yonls) = BT (37
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8. lon Motion in Dipole Magnets
8.1 Cyclotron motion of trapped ions in bending magnets

The motion of an ion in the vertical direction along the magngeld B = (0, B,,0) of the
bending magnets is like in a field-free drift space. Thusvéréical ion oscillations due to the
vertical componenty, of the electric field of the beam are not influenced by the mifield.

In order to extract ions out of the beam one should instadirahg electrodes yielding external
electric fields in the verticaj-direction.

The motion of the ions in the transverseand the longitudinat-direction is far from
being free. An ion with a velocity, perpendicular to the uniform magnetic field of a bending
magnet performs the well known cyclotron motion around tlagnetic field lines. The angular
frequencyw; (cyclotron frequency) is given by

@B
=

The radius of the gyration around the magnetic field depends® velocityv; perpendicular
to the field lines, _—
= 7 z. 39
=B (39)
In the following Tables we list for some typical magneticdieB the angular frequency
w;, the revolution frequency; = w;/(27), the revolution timel; = 1/f; and the cyclotron
radiusr; = v;/w; for HY, Hy and CO' ions. Fory;, we take the mean thermal velocity in one
direction,v; = (/2kT/(mm;), with T" = 300 K (see Table 3). We mention that the cyclotron
frequenciesf; of the ions are generally quite high, and the ragdiior mean thermal velocities
v are very small.

Table 4: Cyclotron motion of therm&l ™ ions (" = 300 K): magnetic fieldB, angular frequency;, cyclotron
frequencyyf;, revolution timeT;, mean radius;.

B(T) wi(s) fi(Hz) Ti (s) ri (M)

3.0 2.87-10% 4.57-107 2.19-10"% 4.37-106
20 1.92-10% 3.06-10" 3.29-10% 6.56-1076
1.7 1.63-10® 259-107 3.86-107% 7.71-10°F
1.5 1.44-10% 229-107 4.37-107% 8.74-10°F
0.2 1.92-10" 3.06-10° 3.28-10"7 6.55-107°
0.17 1.63-107 2.59-10% 3.86-10"7 7.71-107°
0.03 2.87-10% 4.57-10° 2.19-10°% 4.37-10~*
0.02 1.92-10° 3.06-10° 3.28-107% 6.55-107*
0.01 0.96-10° 1.52-10° 6.57-1076% 1.31-1073
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Table 5: Cyclotron motion of therm&l; ions (T' = 300 K): magnetic fieldB, angular frequency;, cyclotron
frequencyyf;, revolution timeT;, mean radius;.

B(T) wi(s) fi(Hz) Ti (s) ri (M)

3.0 1.44-10% 2.29-107 4.37-10® 6.18-10°¢
2.0 9.60-10" 1.53-10"7 6.54-10° 9.27-10°¢
1.7 814-10" 1.30-107 7.72-107% 1.09-10°°
1.5 7.18-107 1.14-107 875-107% 1.24-10°°
0.2 9.58-10° 1.52-10° 6.56-10"7 9.27-107°
0.17 814-10° 1.30-10° 7.72-1077 1.09-10~*
0.03 1.44-10% 2.29-10° 4.37-107% 6.18-107*
0.02 9.58-10° 1.52-10° 6.56-10"% 9.27-10~*
0.01 4.79-10° 7.60-10* 1.31-10"° 1.85-1073

Table 6: Cyclotron motion of therm&@O™ ions (T' = 300 K): magnetic fieldB, angular frequency;, cyclotron
frequencyyf;, revolution timeT;, mean radius;.

B(M) wi(sh fi (H2) T; (s) 7; (M)

3.0 1.03-10" 1.64-10° 6.10-1077 2.30-107°
2.0 6.91-10° 1.10-10° 9.08-10"" 3.46-10°°
1.7 587-10° 9.32-10° 1.07-107% 4.06-10°°
1.5 5.18-10° 824-10° 1.21-107% 4.61-107°
0.2 6.91-10° 1.10-10° 9.08-10¢ 3.45-10"*
0.17 5.87-10° 9.32-10* 1.07-107° 4.06-10~*
0.03 1.03-10° 1.64-10* 6.10-107° 2.30-1073
0.02 6.91-10* 1.10-10* 9.08-10"° 3.45-1073
0.01 3.46-10* 5.50-10° 1.82-107* 6.90-1073

8.2 E x JI?/B2 cross-field drift velocity in dipole magnets

Now, we discuss the combined effect of an electric fieldnd a magnetic field, the so-called
cross-field drift velocityi,. The cross-field drift velocity, arises, ifE is perpendicular ta3,
. ExB
Up = 32 . (40)

Thus, for an electric fields = (E,,0,0) directed in the positive/negativedirection and a
magnetic field in they-direction, B = (0, B, 0), the cross-field drift velocity, is directed
into the positive/negative-direction and amounts to

v, = —. (41)
The illustrative explanation of the cross-field drift veltyds shown in Fig. 11. An ion created
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Fig. 11: lllustrative explanation of the cross-fiell & B) drift velocity @5 of a positive ion.

with the start velocity, moves on a cyclotron-like trajectory around the magnetid fiees.
During the time where the ion moves in the direction of thetie field F, it is accelerated
and the radius of it's trajectory is increased. During timeetiwhere the ion moves against the
direction of the electric field it is decelerated and the wadif it’s trajectory is decreased. As a
consequence, a mean drift velocity perpendicular to thés- and E fields arises. The cross-
field drift velocity vp is independent of the start velocity, the charge;, the sign of the charge
¢; and the massy; of the ion. Thus, ions (of whatever mass and charge) andrefecimove in
the same direction at the same veloaity.

We note that the electric field, (z) is not constant. Near the beam a¥s depends
linearly onz, E, = ;212  Therefore, Eq. (41) only applies if the variation of the

2meQ Ox+0y O

electric fieldE, over the cyclotron motion is small, i.e. if

|ri0FE, /0x| < |E.(x)|. (42)

This condition is fulfilled if the Larmor radius; of the ions is very small and if the ions are
created at a certain distancdérom the central axis with
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For instance, the Larmor radius of Hons atB, = 1.7 T amounts to about 1Am, see Table 5.
Thus, one can apply Eq. (41) for transverse distancggh |z| > 11 um.

The cross-field drift velocities due to the electric field gmnentsE, of the antiproton
beam are largest near the edge of the beam. The absoluteofdheeselectric field component
|E,| of a bi-Gaussian beam distribution with, ~ o, has a maximum aftz| = 1.5850,.
For \/(2mey) = —0.556 V (1.0 - 10! antiprotons) andr, = 1.5 mm at 15 GeV/c we get
|E;| = 167 VIm. This yields withB, = 1.7 T

lup| = 98 m/s. (44)

We note that the cross-field drift velocity along the beanmigpposite directions on either side
of the central beam axis. On the right side it is directed enftrward direction, on the left side
in the backward direction. The electric field componefitsand therewith the drift velocities
fall to very low values for ions born near the center of therhe@hey are even zero at the beam
center. Therefore, high ion concentrations and high nkzeitgon levels can exist in bending
magnets, if only the mean cross-field drift velocity (seestalh. 8.3) is used in order to extract
the ions in the longitudinal direction.

There is another cross-field drift velocity component= £,/ B, due to the longitudinal
electric field E, of the beam (see Fig. 8). Itis directed in the transvetrskrection. In dipole
magnets, the longitudinal electric field componehtstogether with the transverse magnetic
field componentB, yield drift velocitiesv, = E;/B, which are much too small to extract
the ions in the transversedirection. We get for a typical longitudinal electric fiedd about
0.01 V/m|v,| = 0.006 m/s at 15 GeV/c.

Magnetic mirror effects occur for ions drifting from fieldeke regions towards the fringe
field of magnets. The longitudinal gradient of the magnegidfcan reverse the ion motion thus
creating a barrier. Therefore, it is also important to ihsti@aring electrodes in the field-free
sections between the magnets.

8.3 Estimate of the mean cross-field drift velocity in dipolanagnets

Here, we evaluate the mean cross-field drift velocitigsin dipole magnets for: > 0, i.e.
for ions created on the left side of the beam axis and driftindpe backward direction. lons
created on the right side of the beam axis drift in the forwdirdction. They experience the
same mean cross-field drift velocity in opposite directia,vp(x < 0) = —op(z > 0). We
assume bi-Gaussian beam distributions with= o, = ¢ in the region of the dipole magnets.
The transverse electric fieldd, due to the beam charge is given by

22 + o> x
27eg (1 P ) x? 4+ y? (45)
with \/(2meq) = —0.556 V for 1.0 - 10'! antiprotons. The absolute value Bf is zero at the
beam center and rises linearly for small It has a maximum near = 1.5850, y = 0. The
normalized transverse beam distribution functfgm, ) is given by

1 ? + y?
fla,y) = 5—exp————.
The mean valué, of the electric field componenfs, (z, y) on the left side of the beam distri-
bution, i.e. forz > 0, is obtained by foldingv, (x, y) with f(x,y),

7 _ SN B y) f (@, y)dedy
’ S22 00 f (@ y)dady
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The folding can be done analytically. It yields the mean gdlly,

_ 1 2—-+2
) A \/_

= 48
2meg 2w 0T (48)
The absolute value of the mean drift velodity,| in longitudinal direction reads
_ E,
o] = 122l (49)

Y

The lengthL of the dipole magnets amounts to 4.2 m. Now, we assume thabtiseare
captured by clearing electrodes with clearing fieldsat the entrance and exit of a dipole
magnet. We assume that the clearing electrodes are locateid® of the dipole magnets and
that the distance between them amounts to about 4.5 m. Treus)e¢an drift distance i5/2 =
2.25 m and the mean clearing timeé is given by

L

T
2|vp|

(50)

This equation holds true for ions created:at 0 as well ast < 0. We note that the beam width
o scales likel /,/p according to the adiabatic damping law with~ 1.5 mm at 15 GeV/c. This
scaling is taken into account in the evaluation/f The transverse magnetic fielg], scales
linearly with the beam momentum In Table 7, we list the mean cross-field drift velodiity, |
and the mean clearing tin&. for L/2 = 2.25 m. We recall that the cross-field drift velocity
does not depend on the mass and charge of the ions. Thusidd®experience the same drift
velocity as H ions.

Table 7: Mean cross-field drift velocity | and mean clearing timg. for 1.0 - 101! antiprotons and. = 4.5 m.

p GeVic |op| (M/s) T.(s)

1.5 51.3 0.0439
3.825 32.1 0.0701
8.889 21.1 0.107
15.0 16.2 0.139

The mean cross-field drift velocities,| are rather small. This is due to the fact that
the electric fieldE, and therewith the cross-field drift velocity, drops down to zero at the
beam center. Therefore, ions created near the beam ceatpraatically not cleared and the
resulting mean cross-field drift velocities are rather lavdipole magnets when averaged over
the Gaussian beam profile. As a consequence, the resuliagrg times/,. are rather high.

In addition, the mean electric fields and therewith the measszfield drift velocities
depend critically on the numbé¥; of stored protons. The linear charge densitg proportional

to N;, and the beam width is proportional toNg/5 (see Sect. 2.). Therefore, the mean cross-

field drift velocity vp is proportional toN§/5. Compared tal.0 - 10! antiprotons the mean
cross-field drift velocities fott.0 - 10'° antiprotons are by a factor @H%/°=3.98 lesser and the

mean clearing time$, are by a factor 0f03/°=3.98 larger, see Table 8.
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Table 8: Mean cross-field drift velocity, | and mean clearing timg. for 1.0 - 1019 antiprotons and. = 4.5 m.

p GeVic |vp| (M/s) T.(s)

15 12.9 0.175
3.825 8.06 0.279
8.889 5.30 0.426
15.0 4.07 0.553

9. lon Motion in Solenoids

The ion motion in solenoids has been analyzed in detail inexipus report [1]. Here, we
summarize the main results of this study.

A speciality of the HESR ring are solenoids which are usedsfmcial purposes. The
electron cooler (EC) consists of a long solenoid of aboud 8dlength which guides the electron
beam along the axis of the antiproton beam. The solenoid &eldunts to 0.2 T yielding a
solenoid strength of 4.8 Tm. In addition, there are two camspéion solenoids of about 5.0 m
length with a maximum solenoid fiel® = 1.5 T and a maximum solenoid strength of 7.5 Tm.
They are located upstream and downstream near by the ECoghlem the region of the
PANDA target the spectrometer magnet consists of a supduoobing solenoid with external
iron return yoke which allows to achieve a uniform longitalifield of 2.0 T and to keep
enough space for detectors surrounding the interactiamt.pdhe maximum solenoid strength
is about 7.0 Tm. In addition, there is one compensation sadeof about 5.0 m length with a
maximum solenoid field of 1.5 T and a maximum solenoid stiedt7.5 Tm in front of the
target solenoid.

9.1 Cyclotron motion of trapped ions in solenoids

First, we discuss the situation in the beam-free time gapsioA which is created inside of a
solenoid cannot escape in the transverse direction. Thentoforcey,;v; x B causes each ion
to spiral around a magnetic field line. We assume that the @&nahcertain thermal velocity
with velocity components perpendicular and parallel tortregnetic fieldpy, andv). In the
transverse direction (i.e. in the plane perpendicular eorttagnetic field direction) the ion
performs a cyclotron motion around the magnetic field linfeb® solenoid. In the longitudinal
direction the ion moves freely along the magnetic field lihgésoguiding center. The cyclotron
frequencyw; depends on the magnetic field stren@thw; = ¢; B/m;. The cyclotron radius;
depends on the transverse thermal velocityr; = (m;v,)/(¢; B). Typical values otv; andr;
are listed in subsection 8.1 in the Tables 4, 5 and 6.

9.2 Magnetron motion and modified cyclotron motion in solenals due to the electric
field of the beam

The superposition of the radial electric fightlof the beam and the longitudinal magnetic field
B yields a modified cyclotron motion and a slow motion arourelgblenoid axis. The latter
motion is due to theé x B drift in azimuthal direction. Itis called magnetron motisince it has
been first observed during the development of the magned®jn This motion has also been
analyzed during the development of the Penning traps [37§.modified cyclotron motion and
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the resulting magnetron motion is illustrated in the lefb@leof Fig. 12. The figure shows the
projection of the ion motion upon the (x,y) plane. The cy@atmotion due to the longitudinal
magnetic field is modified by the radial acceleration and kkeagon. If the ion moves in
the direction of the electric field it is accelerated and thaius of the trajectory is increased.
If the ion moves against the direction of the electric fielisidecelerated and the radius of
the trajectory is decreased. As a consequence a mean doifityen the azimuthal direction
arises. The rotational direction of the magnetron motian) §s opposite to that of the cyclotron
motion. This is due to the fact that the electric figwf the antiproton beam is directed radially
towards the central axis. The resultant motion can be de=trby an epicycloid, i.e. the
superposition of a slow circular magnetron motion with wsdi_ and angular velocityw_ and

a modified cyclotron motion with radius. and angular velocity ., see right panel of Fig. 12.
The fast cyclotron motion with a small radius is carried along by the slow magnetron motion
with a large radius _.

®B ®B

Fig. 12: Left: lllustration of the motion of trapped ions irsalenoid. The cyclotron motion is modified by the
acceleration and deceleration due to the electric fielof the antiproton beam. The resulting magnetron motion
(w-) is opposite to the cyclotron motiow{). Right: The motion can be described as an epicycloid thetds
superposition of a slow circular magnetron motion with vt and angular velocity_ and a modified cyclotron
motion with radius-, and angular velocity . .

Here, we sketch the solution. We use a Cartesian coordigaters(z, y.z) which cor-
responds to the standard coordinate systeny, s) of accelerator physics. Theaxis is the
central axis of the solenoid. The ion motion is describedathdby p' = (x,y) and axially by
z. The equations of motion read

mp = q(E,+px B), (51)
mz = qF.. (52)

We assume a linear approximation of the radially attractieetric field

Ep = _EOﬁ' (53)
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We note thatF, = |\|/(27epa?) for a round beam with constant density within the radius

see Eq. 5. We introduce the angular frequéngy= /qEy/m in order to take the electric field
strength into account,

2 q [Al
=L 0 54
YT 2mey a? (54)
We assume that the magnetic field is oriented in the negatilieection
B =—(0,0,B). (55)

The magnetic field strength is represented by the angulquémcyw. = ¢B/m of the free
cyclotron motion (i.e. fo’, = 0). The solution of the radial equation (51) may be written

5= R4 (56)
o= ri(cos(wit +ay ), sin(wit + o)), (57)
= r_(cos(w_t+a_),sin(w_t+a_)), (58)
where
W, we\ 2 )
we = —+ (3) + wp, (59)
We We
v T g T <2> i (60)

The radial motion of an ion is characterized by the supetiposof two motions: (i) the modi-
fied cyclotron motion with angular frequency. and radius-, and (ii) the magnetron motion
with angular frequency_ and radius-_. The angular velocity, is positive whereas the an-
gular velocityw_ is negative. This is due to the radially attractive elegbotential, see Fig. 12.
The parameters,, r_, oy anda_ are constants of integration determined by the initial ppoisi
and velocity of the ion in the moment of ionization.

It is interesting to evaluate the velocity = r_w_ of the magnetron motion. If? <
(we/2)* we get
2 — — —
Wj Ey |E| ExB
_ =T =T = - = . 61
r_w r o, -3 B 7 (61)

That means, the velocity_ of the magnetron motion is given by tihex B cross-field velocity.

9.3 Fringe field of solenoids

The inside magnetic field of a long solenoid is nearly unifoilrhe field strengthB, along the
axis may be written

B.(z) = BO( Lte ) (62)

V(L4 2)% +a? v22+a2

Here, By = uoN 1 with 1 is the magnetic field constany, the number of windings per meter,
I the currentL the lengthg the radius of the solenoid coil andhe longitudinal position with

4In drift spacesv,, is the ’bouncing frequency’ of a trapped ion
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z = 0 at the exit of the solenoid. Thus, the extent of the fringalfe#pends on the radius
We have for instanc®&, = 0.985 By atz = —4a andB, = 0.015 By atz = +4a.

The PANDA spectrometer solenoid [40] consists of threedaxgjls in a large iron yoke.
The inner radius of the coils amounts to 0.930 m and the tathllength amounts to about
2.8 m. The magnetic field distribution has been calculateth Wie program TOSCA [40].
The solenoid strength amounts to about 7.0 Tm. The longialdield distribution along the
solenoid axis can be approximated using a trapezoidal nvattebh minor basis of 1.5 m and a
major basis (at zero field) of about 5.5 m. The minor basisthecentral part, exhibits a highly
uniform magnetic field3, = 2.0 T. Itis about 1.5 m long. The upstream and downstream fringe
fields extend to about= 2.0 m. The magnetic field. (z) in the fringe field regio® < |z| <
can be approximated using

B.(2) mB()( ——), 0<lol <l (63)

The total length of the trapezoidal field distribution amtsuio about 5.5 m.

The equations (63) - (65) may be used in order to calculatantiteasing radii, andr_
of trapped ions at the entrance and exit of the solenoidg)edeSubsection.

9.4 Adiabatic motion of trapped ions in the fringe field of soenoids

In the fringe field of the solenoid a slow ion (i.e. the guidoenter of the ion) follows adiabat-
ically the expanding field lines. Thus, the cyclotron radipyand the distanc&; of the guiding
center from the solenoid axis increase according to

B.r?} = const, B.R? = const. (64)

The last two equations follow directly from Busch’s theoram. the magnetic flux through
the cyclotron orbit with radius; and the magnetic flux through a circle around thaxis with
radiusR; are conserved. Thus; and R, increase in the fringe field like

ri(z) = ri(z0), Ri(z) = R;(20)- (65)

Another consequence of the adiabatic motion is the facttheatelocity component
perpendicular to the field line decreases slowly in the #&ifigld while the velocity component
v parallel to the field line increases,

vy(z) = vy (20), (66)

BZ(ZO)

v|(2) = \Jvg — vi(2), (67)

wherev? = v? + vﬁ = const. The last equation is due to the conservation of kineticgner

9.5 Magnetic mirror effect of solenoids

Now, we consider an ion near a solenoid which moves in thetine of increasing longitudinal
field B.(z). The magnetic field componefit,(z,) at the starting point, is rather low. The
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velocity components at the starting point are denoted by (z) andv(z) and the total
velocity amounts te, = \/vi(zo) + vﬁ(zo). Now, the velocity component, (z) perpendicular
to the field line increases slowly in the fringe field while thetocity component (z) parallel to
the field line decreases, see Eqgs. (66) and (67). If the uglocsmponent, (z) perpendicular
to the field line becomes equal t@, the velocity component(z) parallel to the field line
becomes zero and the motion parallel to the field line is #dppAs a consequence the ion
spirals back. The stop occurs if

-2 Z((jo )> 02 (20) = 0, (68)
i.e. if 2 2 B.()
vjj(20) + v (20) — BZ(ZO)UJ_(ZO) =0. (69)
That means if )
SRR (70

9.6 Mean thermal ion drift and clearing times T, in solenoids

In the longitudinal direction, the ions move freely along thagnetic field lines of the solenoids.
Here, we estimate the resulting clearing tirfigd the ions are moving with their mean thermal
velocity in the longitudinal direction and are captured Bacing electrodes at the entrance and
exit of the solenoids. These estimates are only valid if trgitudinal electric fieldsw, of
the beam are negligibly small. Such a situation occurs for 10! antiprotons in the region
of the EC-solenoid and the EC-compensation solenoidsFsée Fig. 8 betweers = 190 m
ands = 250 m. For1.0 - 10'° antiprotons, the longitudinal electric field componentshef
beam are negligibly small everywhere in the ring. The meamtlal velocity in one direction,
v, amounts to 889 m/s for Hions and 238 m/s for COions. We assume as mean path
length the half length of a solenoid, i.e= L/2 = 12 m for the electron cooler solenoid and
| = L/2 = 2.5 m for the compensation solenoids The resulting mean clgdirines are given
by

T. =1/v. (72)

They are listed in Table 9 for various molecules.

Table 9: Mean thermal ion drift velocity in one direction and clearing timés in solenoids.

Molecule A v (m/s) T.(s), EC solenoid T (s), compensation solenoid

H 1 1.210° 101073 2.11073
H, 2 8.910? 131073 2.81073
CH, 16 3.110? 371073 7.91073
H,O 18 3.010? 401073 8.31073
COIN, 28 2.410° 501073 101073
CO, 44 1.910? 631073 131073
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10. Clearing Electrodes
10.1 Introductory remarks

The positive ions can be extracted by clearing electrodieei€xternal electric fields are larger
than the electric fields created by the antiproton beam, ige& FThus, isolated electrodes near
the inner surface of the beam pipe (inner diameter: 89 mmjigiray sufficiently large electric
fields of more than 500 V/m can be used in order to extract tbdymed ions. The electrodes
of the beam position monitors in the ring can also be usedttaexhe positive ions out of the
antiproton beam. Finally, we mention that the closed oristiogtions by the transverse electric
fields of the clearing electrodes are negligibly small.

We differentiate between single isolated clearing eleldsoand continuous clearing elec-
trodes extending over several meters. The technology gfesisolated clearing electrodes has
been described in the literature. Often, clearing eleetsanf the button type are used in order
to achieve negligible coupling to the beam, i.e. low impexd®n20]. Continuous electrodes
can be used in regions where extremely high clearing rateseeded. In the neighbourhood
of the PANDA target such electrodes are mandatory in ordeotmteract the high production
rates of trapped ions. Continuous clearing electrodeseseritbed in Subsection 10.3.

The number of single isolated clearing electrodes shouldsbiarge as possible. Ideal
locations are the minima of the beam potential which act &ping pockets. In the arcs, it
is mandatory to locate clearing electrodes at the entrandeszit of the dipole magnets, see
Subsection 13.1.

Clearing electrodes can also provide valuable diagnastocmation if the clearing cur-
rent on each electrode can be measured using fast picoamgters [17]. For instance such
measurements yield a relatively good information aboutdhbal production timef,(s) which
depends on the local pressyx@). Switching on and off of certain clearing electrodes or gu
of clearing electrodes allows to study the local effectsapped ions.

10.2 Clearing rates using single isolated clearing electdes in straight sections

Here, we estimate the clearing ratésand clearing time§, assuming that the ions move with

a mean thermal velocity (see Table 3) towards single isolated clearing electrodlesassume
drift spaces with a distande = 5 m between the single isolated electrodes. The resultingimea
clearing timeT, can be evaluated using

L

Tc = —.
2U||

(72)

We note that similar estimates are obtained if one takesahgitudinal acceleration, =
qEs/m due to the longitudinal electric field components of the be&maccount. The resulting
beam neutralization = 0.9 7../7,, depends on the production tirfi¢ of the ions. The clearing
timesT,, the clearing rate®,., the production timeg), and the resulting neutralizationsare
estimated for B and CO" ions assuming total pressures of abb0t 102 mbar pressures, see
Tables 10 and 11.
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Table 10: Mean thermal velocity |, mean clearing timé&. (L = 5 m), production timel}, and neutralizatiom
for HJ ions using single isolated clearing electrodes and asguanpartial H pressure 00.8 - 10~ mbar.

p(GeVic) |yl (mls) T.(s) R.s') T,(s) n
15 889 0.00281 356 9.222.74-107*
3.825 889 0.00281 356 9.292.72-1074
8.889 889 0.00281 356 8.692.91 1074
15.0 889 0.00281 356 7.983.17-1074

Table 11: Mean thermal velocity |, mean clearing timé&. (L = 5 m), production timel}, and neutralization
for COt ions using single isolated clearing electrodes and assyapartial CO pressure 62 - 10~ mbar.

p(Gevic) [oy|(Mis) T.(8) R{s) T,(5)

1.5 237 0.0106 94.3 8.501.12-103
3.825 237 0.0106 94.3 8.331.15-1073
8.889 237 0.0106 94.3 7.451.28-1073
15.0 237 0.0106 94.3 6.921.38-1073
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10.3 Continuous clearing electrodes

The highest clearing rates can be achieved using contiraleasng electrodes inside the beam
pipes. However, long clearing electrodes inside the be&mstinust be compatible with the re-
quirements of the HESR ring. They must have good vacuum piiepglittle aperture reduction
and a low beam coupling impedance. Such clearing electroales recently been developed
at CERN [28, 29]. We suggest to use this new design at HESRI&Biatearing electrodes for
electron cloud mitigation at KEKB positron ring have beereleped recently [30].

The continuous electrode consists of a highly resistiverdaeposited onto a very thin
isolating strip inside the beam pipe, see Fig. 13. In Ref] f&am pipes with different inner
radii have been studied. We refer to the investigation oR8deam pipe with an inner radius
of 50 mm. This inner radius is comparable to the inner radfud mm of the HESR beam
pipe. The 0.1 mm thick and about 30 mm wide isolating layerlmamade by the application
of enamel or by plasma spraying of alumin&d{Os). On top of the isolating layer a 25 mm
wide highly resistive thick film coating with a few0 ym thickness is applied. The length of
such an electrode can be a few meters. It can be installedaiiglst sections and in magnetic
dipole sections. The clearing voltage can be applied bytifeedghs at one or both ends of the
electrode. Clearing voltages up to -1.0 kV are possible.

The surface resistande,,, ;... of the highly resistive layer must be higher than the free
space impedancg, = 377 2 but small enough that the voltage drop along the electrodetis
too high. If Ry, race > Zo the layer is “invisible” to the electromagnetic waves. Téfere
values of Ry rqce = 10 k2 to 100 K2 are recommended. In this context we note that the
currents from the ion clearing are very small.

The longitudinal and transverse impedances of the newretiethave been estimated in
Ref. [28]. The real part of the longitudinal impedan®¢/ /n), is not affected by a thin lossless
dielectric. The imaginary part of the longitudinal impedaf(Z/n) can be estimated in first
order approximation (for a thin dielectric layer inside aimd beam pipe extending over the

machine circumference)
Z 1\ t
3(2) = |20 (1——) L (73)
n €0 €/ T

Here,t is the dielectric thickness; the inner radius of the beam pipe andthe permittivity
(e, = 5 for enamel). The longitudinal impedance of a single 25 mmevadd 0.1 mm thick
high resistive layer inside a beam pipe with inner radius 50 mm has been estimated to yield
(Z/n) =~ 0.07 () [28].

The real part of the transverse impedarigé?,.), is not affected by the new electrode.
The imaginary part is also not affected at low frequencieg¢ul0 kHz). Above 10 kHZ(Z,,.)
is increased. For thin layef¥(Z,, ) is proportional to the layer thickness.

Concerning the dielectrics Fritz Caspers recommendedtigd@9] to useAl,O; instead
of vitreous enamel due to it's better mechanical stabiktyhin 30 mm wideAl,O3 layer can
be deposited at the bottom of the beam pipe using plasmaisgrayhe highly resistive coating
on top of the dielectric can be realized using commerciallgilable thick film pastes from
Heraeus. These thick film pastes are developed for the ptioduaf electronic circuits and
sensors [31].
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Fig. 13: Continuous clearing electrodd@sp: Clearing electrodes on the bottom of the beam pipe in thienagf
drift spaces and dipole magneBottom: Clearing electrodes in the region of quadrupole magndts.idns are
extracted under-45° along the principal direction of the magnetic field lines &ds the clearing electrode.

39



10.4 Electric field of continuous clearing electrodes

We assume 25 mm wide clearing electrodes at the bottom ofdhm Ipipes. The positive ions
which are created inside the beam envelopes are immedatedterated towards the clearing
electrode. The clearing rate depends on the electric fiedtlilolition inside the beam pipe,
especially on the electric field compondrf at the beam center.

The potential distributiord(p, ¢) inside the beam pipe can be evaluated using the fol-
lowing equation (see Problem 2.12 in the book 'Classicattbelynamics’, by John David
Jackson, John Wiley & Sons Inc., New York (1998), Third Eaitipage 89)

1 g2 ) b —r? ,
(r.¢) = 2 /o (b, ¢ )b2 + 12 — 2br cos(¢' — @) ag (74)

Here, (b, ¢’) is the potential specified on the surface of a cylinder ofuadj » and ¢ are
the cylinder coordinates inside the cylinder. The potéwiethe surface is mainly zero (earth
potential of the beam pipe). In a small angle interal near¢’ = 37/2,i.e.37/2 — A¢'/2 <

¢ < 3m/2 4+ A¢'/2, itis equal to the clearing voltage, = —1.0 kV. Thus we have

O(b,¢) = Pgford3m/2— A /2 < ¢ <3m/2+ A¢'/2,

O(b,¢') = 0 for0< ¢ <37/2—A¢' /2 and 37/2+ A¢'/2 < ¢’ < 2m. (75)
We are mainly interested in the potentiaiind the electric field componeht, along they-axis,
i.e. for¢p = 37/2 along the negativg-axis and forp = 7/2 along the positivg-axis. The angle

interval A¢’ which is covered by the 25 mm wide clearing electrode is vergls Therefore,
cos(¢’ — ¢) is practically constant in the angle internval’ and we get approximately

cos(¢) — @) =~ +1 for ¢ =3m/2,
cos(¢) —¢) ~ —1 for ¢ =7/2. (76)

Using this approximatiotwe can solve the integral (74),

Ap b2 —1r?
o — 0,22 T T for ¢ =31/2
A 2 .2
B(rg) = Byl VT o s n)2 (77)

Oor b2 £ 12 4+ 2

Using Cartesian coordinates= r cos ¢ andy = r sin ¢ yields the solution along thg-axis in
the following form
Ad) b2 _ y2

Oz =0 =¢)——— .
(@ Y) Oor b? + y? + 2by

(78)

UsingE = —grad ® yields the electric field inside the beam pipe. The electric field compo-
nentE, = —0®/0Jy along they-axis can be written

_ Aoy 2y(b? + y? + 2by) + (2y + 2b) (b* — y?)
i :

E pr—
y(@=0y) o (b2 + 32 + 2by)?

(79)

Numerically, we get for a 25 mm wide clearing electrode ancanb pipe radiug$ =
445 mm A¢ = 25/(2r44.5) = 0.08941 rad = 5.12° andA¢/(27) = 0.0142. Assuming a

5The approximation cannot be used for test points very closied clearing electrode.
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clearing voltageb, = —1.0 kV we get for(x,y) = (0, 0), i.e. for the beam center

®(0,0) = —14.2 V.
E,(0,0) = —640 V/m. (80)
We note that the beam pipe radius is not always- 44.5 mm. For instance in the
region of the PANDA dipole magnet the radibamounts to 50 mm. Thus, assuming a 25 mm
wide clearing electrode and a clearing voltagge= —1.0 kV we get®(0,0) = —12.7 V and
E,(0,0) = =507 V/m.

10.5 Estimate of the beam deflection by continuous clearindextrodes

Finally, we estimate the beam deflection by the electric féldontinuous clearing electrodes.
We assume an electric field componét of -640 V/m at the beam center and an effective
length . of about 20 m. As discussed in the previous Subsection sedtriel fields can be
made using clearing voltages of -1.0 kV in a 89 mm wide bear.pifhe resulting deflection

angle©® can be calculated using
E,L
o= (81)
pv
Here,p is the momentum and = Sc the velocity of the beam. For a typical beam momentum
p = 8.889 GeV/c we get

© = 1.45-107% rad. (82)

Thus, the deflection angle is negligibly small.

10.6 Clearing rates using continuous clearing electrodes

Here, we estimate the clearing rafgsand clearing timeg, of continuous clearing electrodes.
The clearing rate. is related to the mean clearing tirfig which is needed in order to extract
a trapped ion out of the antiproton beafy,= 1/7..

We assume an electric field at the beam center,pf= —640 V/m. The average value of
the electric field of the beam (averaged over the full Ganssesam distribution) is zero since
Ey peam 1S positive fory < 0 and negative foyy > 0. Thus, we assume a mean electric field

E, = —640 VIm. For singly charged trapped ions the resulting meanlacai#on is

B,

a, =
v m

(83)

Estimating the mean clearing tinié we assume a mean flight path lengtt8ef,. That means
ions which are created in the beam cenjer= 0 reach the beam edge at= 30,. This

assumption yields
T~ 0% (84)
|ay|

For o, we takes, = 3 mm which is a typical value near the PANDA target, see Fig. he T
resulting mean acceleratiofts, |, clearing times/,, clearing ratesz., production timed,, and
neutralizations) are listed ford;” andC O™ ions in Tables 12 and 13.

Summarizing we note that continuous clearing electrodelsl yiery high clearing rates.
They can be used to counteract trapped ion effects in themegfi the PANDA target, see
Sect. 12..
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Table 12: Mean acceleratiof, |, mean clearing timé&.. (L = 30, =~ 9 mm), production timé}, and neutralization
n for HJ ions using continuous clearing electrodes and assumingialgd, pressure 06.8 - 10~ mbar.

p(Gevie) |a,| (M)  T.(s) R T,68) 1
1.5 3.07-10" 766-1077 1.31-10% 9.22 7.48-107%
3.825 3.07-10" 766-1077 1.31-10% 9.29 7.42-10°%
8.889 3.07-10° 766-1077 1.31-10° 8.69 7.93-10°8
15.0 3.07-10° 766-1077 1.31-10% 7.98 8.64-1078

Table 13: Mean acceleratiof, |, mean clearing timé&.. (L = 30, =~ 9 mm), production timé}, and neutralization
n for CO* ions using continuous clearing electrodes and assumingialp@O pressure df.2 - 10~ mbar.

p(Geve) [a,| (M)  T.(s) Rl T,69 1
1.5 2.19-10° 287-107% 3.48-10° 8.50 3.03-1077
3.825 2.19-10° 287-107% 3.48-10° 8.33 3.10-1077
8.889 2.19-10° 287-107% 3.48-10° 7.45 3.47-107"
15.0 2.19-10° 287-107% 3.48-10° 6.92 3.73-107°
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11. lon Clearing in Solenoids Using Transverse Cross-FielDrift Velocities

In a field-free region of a drift space trapped ions can edmlextracted using clearing elec-
trodes. Such a direct extraction is not possible in the regf@ solenoid due to the longitudinal
magnetic field. However one can use the effect offhe B/B? cross-field-drift velocity, see
Subsection 8.2 and Fig. 11.

By adjusting for instance a certain transverse electrid fig) the resulting cross-field-
drift velocity amounts tdE, /B, | and is directed in the-direction. Using this effect one can
guide the trapped ions towards clearing electrodes loaatdte left- or right-hand side of the
beam. Similarly, it is possible to adjust a certain transeezlectric fieldr, in order to extract
trapped ions with electrodes located above or below th@@tn beam.

The scheme of ion clearing in a solenoid is shown in Fig. 14e ibm clearing device
consists of two metallic half cylinders separated by higbistive-glass insulators connected
to earth and acting as clearing electrodes. The clearingelend the neighbouring vacuum
chamber have the same inner diameter (89 mm). The lengthecaindsen freely. One can take
for instance the effective length of the solenoid.

The voltages’, = —U, andV; = +U, on the opposite electrodes are oppositely equal.
Thus, we havé, —V; = —2U,. The resulting electric field must be higher than the eledieid
of the p-beam. The electric field can be evaluated using the follgveiquation (see Problem
2.12 in the book 'Classical Electrodynamics’, by John Daladkson, John Wiley & Sons Inc.,
New York (1998), Third Edition, page 89)

O(r,¢) = —QTUO arctan <2br singb) : (85)

b2 — 2

whereb is the radius of the half-cylinders ards measured from a plane through the gap (i.e.
the z-axis). Using Cartesian coordinates instead of cylinderd¢mates we have = r cos ¢
andy = rsin ¢. The electric fieldZ inside a very long clearing device is given by

0P 0P
E, E,E.)=—|—5,,0]. 86
We are mainly interested to evaludig,
20U, 9 2by 20(b* — (2% + y?)) + 4by?
E,=— 1+t 87
=2 (et ) e e )
This yields for the beam centér, y) = (0, 0)
4 Uy

We note that, (x, 0) increases on the way from the beam center towards the ajeslgntrode.
For a radiu$ = 44.5 mm and a voltagé/, = 105 V we getE,(0,0) ~ 3.0 kV/m in the beam
center.

An electric field of about 3.0 kV/m and a solenoid field of 1.5i&lg rather high cross-
field-drift velocities of about 2000 m/s. The ions drift tawa the high-resistive-glass electrodes
where they are neutralized. We mention that such clearingele have been used at LEAR in
order to extract the secondary electrons from the ioningirocesses of the residual gas in the
electron-cooling beam [49].
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Fig. 14: Scheme of ion clearing in a solenoid: The transvelsetric field £ is generated with two metallic half
cylinders separated by high-resistive-glass insulatdnghvact as clearing electrodes. Here, the resulting cross-
field-drift velocity vp = E x ]§/B2 is directed in the positive-direction. The modified cyclotron motion of the
ions is not true to scale. In reality the cyclotron radii ofitinal ions amount to a few micrometers.
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12. Counteracting Trapped lon Effects near the PANDA Target
12.1 Preliminary remark

In the immediate neighbourhood of the PANDA target (see.Rifsand16) the vacuum pressure
is very high due to thed, cluster jet or pellet target [25], see Figs. 17 and 18. Tioeesf
the [ ion production rate is much higher than in the remainingisastoutside the target
region. Without clearing the antiproton beam is fully nalired within a few milliseconds.
It is interesting to note that the pressure bump of the pdlgfet is about a factor of hundred
higher than that of the cluster jet target. Therefore, weswmtar in the following the worst case,
i.e. the H gas input from the pellet target.

In the following Subsection 12.2 we estimate the clearinget7.(s) and the neutraliza-
tions7(s) which can be achieved using either single isolated clealagtrodes (see Subsect.
10.2) or continuous clearing electrodes (see Subsec®s-110.6). The comparison of both
methods shows that a sufficient low neutralization can oalgd¢hieved using continuous clear-
ing electrodes.

Continuous ion clearing in the immediate neighbourhoodhef PANDA target would
be the optimum solution to the trapped ion problem. Howevés, necessary to consider the
geometrical constraints which are due to the PANDA expenim&he possibility to abandon
continuous ion clearing in the regions of the target solémmid the compensation solenoid is
discussed in Subsections 12.3-12.4.

In Subsection 12.5, we show the resulting neutralizatiafilern(s) near the PANDA
target if continuous clearing is abandoned in the regiontb@tompensation solenoid and the
PANDA target solenoid.

The remaining sections between= 488 m ands = 508 m and betweer = 512.5 m
ands = 532 m consist of a dipole spectrometer, drift spaces, quadeupagnets and cor-
rection dipole magnets of the PANDA chicane. Most criticad the transition regions where
the neutralization decreases slowly from 100 % to 1 %. Themegerous coherent ion-beam
oscillations can occur. The necessity of continuous ioarahg in those regions is discussed in
Subsections 12.6 - 12.9.
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Fig. 15: PANDA target spectrometer with solenoid and detemdmponents. The figure is taken from the Technical
Design Report for the PANDA Internal Targets [25].
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Fig. 17: Pressure profile with cluster-jet target. The bege s shown above the plots. The figure is taken from
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Fig. 18: Pressure profile with pellet target. The beam pigh@vn above the plots. The figure is taken from the
Technical Design Report for the PANDA Internal Targets.][25
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12.2 Counteracting the very high production rates of H ions near the PANDA target

In order to counteract the very high production rates ¢fibins near the PANDA target es-
pecially high clearing rates are necessary. We show thamnelcessary clearing rates can be
achieved with continuous clearing electrodes, see Subk@@&. The clearing rates of single
isolated clearing electrodes (see Subsect. 10.2) are fiimiesot. In the following we consider
only the dominating Hi ions.

Concerning single isolated clearing electrodes (see $tibib@.2) we assume that they
are located at a distande = 5.0 m. We note that this distance corresponds to the length of
the compensation solenoid. The clearing tiealepends on the longitudinal electric fiefd]
of the antiproton beam. The resulting acceleratigmay be writteru, = (e/m)E. Taking
as mean flight-path length/2 = 2.5 m yields a mean clearing timé. = |/L/a, and a
neutralizatiom = 0.97,/7,. The longitudinal electric field; depends strongly on the number
N; of circulating antiprotons. For.0 - 10'! antiprotons the longitudinal electric field varies
between 0.057 V/m and 0.11 V/m in the region of the compemsaolenoid. Ford.0 - 10°
antiprotons the longitudinal electric field is about a facibeight lower. In the top graphs of
Fig. 19 and 20 the resulting neutralizatigfs) is shown forN; = 1.0-10'* andN; = 1.0-10%,
respectively.

The continuous clearing electrodes (see Subsect. 10.6)egresited at the bottom of
the beam pipe. In the region of quadrupole magnets the etiedrare deposited at thel5°
side. The positive ions which are created inside the beael@pes are immediately accelerated
towards the clearing electrode. We assume an electric fitheé deam center of,, = 640 V/m.
This can be achieved with a clearing voltage of -1.0 kV for arbeipe diameter of 89 mm.
For Hj ions the resulting mean acceleratiorujs = 3.07 - 10'° m/s’. Estimating the mean
clearing time7, we assume a mean flight path length3ef,. That means, ions which are
created in the beam centgr= 0 reach the beam edge at= 30,. This assumption yields
T, ~ \/60,/a, andn = 0.97./T,. Taking for instancer, = 3 mm anda, = 3.07 - 10'° m/s’
yieldsT, = 7.66 - 1077 s.

In the region of solenoids (PANDA target solenoid between508.0 m ands = 512.5 m
and compensation solenoid between- 500.2 m ands = 505.2 m) continuous clearing can
be achieved using the transverse cross-field velocity, see E1.. To this end, the beam pipe
consists of two metallic half cylinders separated by higbistere glass-insulators acting as
clearing electrodes. A transverse electric figldand a longitudinal magnetic fiel®. yield
a transverse cross-field velocity = E,/B,. A high velocity of 1000 m/s can be achieved
with £, = 1.5 kVim and B, = 1.5 T in the region of the compensation solenoid and with
E, = 2.0kVImandB, = 2.0 T in the region of the target solenoid. Assuming a mean flight
path length of3c, the clearing time may be estimated usifig = 30, /v,. The resulting
clearing times are sufficient low. Taking for instance = 3 mm andv, = 2000 m/s yields
T, = 1.5-107% s. In the bottom graphs of Fig. 19 and 20 the resulting neémétadn r(s) is
shown forN; = 1.0 - 10" andN; = 1.0 - 10'°, respectively.

Summarizing, single isolated electrodes yield dangeragk heutralizations near the
PANDA target. The highest neutralizations result fop - 10'° antiprotons (see top graphs
in Figs. 19 and 20) yielding > 0.1 between about = 500 m ands = 515 m andn > 0.01
between about = 490 m ands = 530 m. Sufficient low neutralizations with < 0.01 can
only be achieved with continuous clearing electrodes, séein graphs in Figs. 19 and 20.
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Fig. 19: Neutralizatiom(s) near PANDA target fotV; = 1.0 - 10!! andp; = 8.889 GeV/c. Top: Single isolated
clearing electrodes (distance 5.0 Bpttom: Continuous clearing electrodes.
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Fig. 20: Neutralizatiom(s) near PANDA target fotV; = 1.0 - 10'° andp; = 8.889 GeV/c. Top: Single isolated
clearing electrodes (distance 5.0 Bpttom: Continuous clearing electrodes.
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12.3 The PANDA target solenoid

Here, we discuss the necessity to abandon continuousrgeirithe region of the PANDA
target solenoid. We first sketch the geometrical conssamthe region of the PANDA target
solenoid. Then, we discuss the situation if continuousrtigas abandoned in the region of the
PANDA target solenoid.

The PANDA target solenoid surrounds the interaction p@eé Figs. 15 and 16. Itis used
as spectrometer for the detection of scattered particlefighly homogeneous solenoidal field.
The magnetic field of the solenoid is provided by a large sugpetucting coil with an inner
diameter of 2.010 m and a length of 2.80 m. The maximum magffietd amounts to 2.0 T.
The detectors are located inside the large solenoid. limgjuthe fringe fields, the magnetic
field of the PANDA solenoid extends over a distance of abob® $n froms = 507.5 m to
s = 513.0 m. The PANDA target is located at= 509.481 m.

In order to sketch the geometrical constraints near the PADget we consider the
geometry of the beam pipe, see Fig. 16. The upstream beanb@iyween the pumping station
outside the target solenoid and the target point has a tngth of about 2.86 m and a large
inner diameter of 150 mm. Near the target the beam pipe clsaoggs to a very small inner
diameter of 20 mm. The downstream beam pipe next to the tevgevery small and fragile
tube with a total length of 0.200 m, an inner diameter of 20 mohawall thickness of 0.5 mm.
It consists of a special BeAl alloy in order to keep the smalila scattering of the scattered
particles as small as possible. The downstream beam pip@aes with a transition to an inner
diameter of 40 mm and a total length of 0.923 m.

The upstream and downstream beam pipe is tightly surroubgletie PANDA detec-
tor system nested inside the solenoidal magnetic field. rsists of Micro-Vertex Detectors
(MVD), Central Trackers, Barrel DIRC’s and Disc DIRC's ([2etors of Internally Reflected
Cherenkov light), Barrel Time-Of-Flight (TOF) detecto@as Electron Multiplier (GEM) de-
tectors, Drift Detectors and Electromagnetic Calorime(&MC).

In view of the tight geometrical constraints it is probabbt possible to install continuous
ion clearing in the region PANDA target solenoid. Espeyijatlis very difficult to cut the 0.5
mm thick beam pipe next to the interaction point into two hajfinders separated by very
thin and high resistive glass-insulators acting as clgagiactrodes. Therefore, we discuss the
situation if continuous clearing is abandoned.

The local density of K molecules is very high near the PANDA target due to the gas
input from the PANDA target. As mentioned, we consider the igaut from the pellet target.
Near the target point the pressure and the production fipnfor H; ions amount to about
6.0 - 10° mbar and 0.113 ms, respectively, see Figs. 9 and 10. At tharea and exit of
the target solenoid the pressures are still very high. Theyuat to aboub.2 - 10-% mbar and
6.0 - 10-%mbar, respectively. The corresponding production tiffigamount to about 1.3 ms
and 1.1 ms, respectively.

In addition, there is a narrow beam waistinandy-direction at the target point. As a
consequence the longitudinal electric fidld of the antiproton beam is directed towards the
target point, both downstream and upstream, see Fig. 8., usitive ions are accelerated
towards the target point instead of being accelerated tsv@earing electrodes at the entrance
and exit of the target solenoid. The magnetic field of thersmittand the longitudinal electric
field component of the beam act as a perfect ion trap. Withiearing the antiproton beam is
fully neutralized within a very short period of timé € 1 ms) and the longitudinal electric field
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E, of the beam is canceled by the space charge of the trapped ions

Then, the antiproton beam produces continuously furthes and electrons with a very
high production rate. These ions and electrons can onlypesicathe longitudinal direction
along the magnetic field lines of the target solenoid. In tivge field of the solenoid the ions
and electrons follow adiabatically the magnetic field lin@sards the beam pipe where they
are neutralized, see Subsect. 9.4.

There are two reasons why dangerous transverse ion osciBatannot occur. (i) The
potential well of the antiproton beam is fully neutralizeg the trapped ions. (ii) The ions
perform tight cyclotron motions around the longitudinalgnatic field lines of the PANDA
solenoid (2.0 T). Therefore, one can abandon continuoasintgin the region of the PANDA
target solenoid.

12.4 The compensation solenoid near the PANDA target

Here, we discuss the possibility to abandon continuougialgan the region of the compen-
sation solenoid as shown in Fig. 14. The 5 m long compensattenoid with a magnetic
field direction opposite to the magnetic field direction of PANDA target solenoid extends
from s = 500.23 m to s = 505.23 m. First, we estimate the neutralization in the region of the
compensation solenoid. Fortunately, the longitudinaiteilefield £, is unidirectional (directed

in the positives-direction). The trapped ions move along the magnetic fielesl towards the
fringe field of the compensation solenoid. There, the ioti®Wioadiabatically the magnetic
field lines towards the beam pipe where they are neutralsssSubsect. 9.4. The mean clear-
ing time T, depends on the strength of the longitudinal electric fielt. 1F0 - 10!! antiprotons
the longitudinal electric field varies between 0.057 V/m ardl V/m and the clearing timg.

is dominated by the longitudinal acceleration of the iohgidlds for Hj ions7, ~ 1.1 ms and

n = 0.11 in the region of the compensation solenoid. For- 10'° antiprotons the longitudinal
electric field is about a factor of eight lower but the clegrirme 7., is still dominated by the
longitudinal acceleration of the ions. It yields fog Hons 7. ~ 3.0 ms andn ~ 0.29 in the
region of the compensation solenoid. Thus, the potentilllofthe antiproton beam is not fully
neutralized by the trapped ions. But dangerous transvensesicillations cannot be excited due
to the longitudinal magnetic field of the solenoid. The iomsfprm tight cyclotron motions
around the longitudinal magnetic field lines of the PANDAeswid (1.5 T). Therefore, one can
abandon continuous clearing in the region of the compesrsablenoid.

12.5 Neutralization n(s) if continuous ion clearing is abandoned in the region of the
compensation solenoid and the PANDA target solenoid

Here, we show the resulting neutralizatigfs) if continuous ion clearing is abandoned in the
region of the compensation solenoid and the PANDA targetrsnd as discussed in the previous
Subsects. 12.3 and 12.4. We emphasize that it is absolgedssary to provide continuous ion
clearing in the dipole specrometer, the drift spaces, tle@qpole magnets and the correction
dipoles near the PANDA target, see Subsects. 12.6 - 12.®r®ite, the neutralization levels
would be in the most critical rangés < n < 100% where dangerous coherent ion-beam oscil-
lations can occur. The resulting neutralizatigz) is shown in Fig. 21 fop, = 8.889 GeV/c.
The top and bottom graphs referdg = 1.0 - 10! andN; = 1.0 - 10'°, respectively.
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Fig. 21: Neutralizatiom(s) near PANDA target fop; = 8.889 GeV/c if continuous ion clearing is abandoned
in the regions of the compensation solenoid and the PANDgetasolenoid.Top: N; = 1.0 - 10''. Bottom:
N; =1.0-10%.
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12.6 The dipole spectrometer magnet near the PANDA target

Dangerous coherent oscillations in the vertigalirection can occur in the region of the dipole
magnet of the PANDA Forward Spectrometer, see Fig. 22. The iirtegral of the dipole
spectrometer magnet amounts to 2 Tm at 15 GeV/c. The magketwitd occupy about 1.6 m
in beam direction starting from 3.9 m downstream of the targlee magnetic field of the dipole
spectrometer magnet [40] extends from abott 512.5 m to abouts = 516.5 m, see Fig. 22. It
is part of the HESR lattice. The resulting bending angle eflilbam amounts to 40 mrad. Two
0.5 m long correcting dipole magnets are located-at496.181 m ands = 522.781 m in order
to compensate the bending angle caused by the dipole spetagomagnet.

The dipole spectrometer magnet with a maximum bending pow210 Tm provides the
necessary field strength in order to determine the momentgoattered charged particles with
a momentum resolution of 1 %. The gap of the dipole covers miieceangular acceptance of
the target spectrometer afl0° and+5° in the horizontal and vertical directions, respectively.
It will be 3 m wide and between 0.8 m (at the entrance) and 1.&nm¢ exit) high. The detector
system will be equipped with drift chambers for particleekiag and scintillation counters for
time-of-flight measurements inside the dipole magnet. Téféedtion of particle trajectories
will be measured with three pairs of tracking drift detestoil he first pair is placed in front,
the second within and the third behind the dipole magnet.dBtector system inside the dipole
magnet will be completed by a full forward detection systeciuding luminosity detectors.

The PANDA dipole spectrometer magnet is located in a regibere the residual H
gas pressure is still rather high (aba - 10~7 mbar), see Fig. 18 and the production time
T, for Hj ions is rather low (about 16 ms), see Fig. 10. The verticalmetg field of the
spectrometer has the advantage that ion oscillations indhzontalz-direction are suppressed.
The disadvantage is the fact that dangerous ion oscilletian occur in the verticgtdirection.
Therefore, continuous clearing electrotiese needed in order to extract the ions in the
direction along the magnetic field lines, see Subsects.di310.4.

5The feasibilty of continuous clearing electrodes in theotiipregion has recently been discussed during a
meeting in the FZ Julich (04.07.2012).
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12.7 The drift spaces near the PANDA target

Dangerous neutralization levels can also occur in the regfadrift spaces near the PANDA
target, i.e. drift spaces located upstream betweent88 m ands = 507.5 m with 7,, between
503 ms and 2.33 ms and downstream between513.0 m ands = 532 m with 7}, between
2.17 ms and 6.37 s, see Fig. 10. Clearing times dowh,.tec 2.4 us are needed in order
to achieve a neutralization of less than 0.1 %. This can beaeth with continuous clearing
electrodes inside the beam tubes, see Subsects. 10.3 @nd 10.

12.8 The quadrupole magnets near the PANDA target

Now, we discuss separately the situation in the region ofgiledrupole magnets near the
PANDA target. In order to produce a sharp double waist at tie[PA target point ever four
guadrupoles are used as a quadrupole triplet. The centtbs gliadrupoles QT3, QT4, QT4,
QT3 in front of the target are located at 489.879 m, 491.478998,079 m and 494.679 m. The
centres of the quadrupoles QT3B, QT4B, QT4B, QT3B afterdiget are located at 524.283 m,
525.883 m, 527.483 m and 529.083 m. The iron length of the gyadks is 0.58 m, the mag-
netic length is 0.60 m. The drift space between two adjaceatiqypole magnets is 1.0 m. The
total length of a four-quadrupole array amounts to 5.4 m.

The continuous clearing in the region of the quadrupoledearalized by extracting the
ions along the principal direction of the magnetic field irtewards one of the pole tips, i.e.
along one of thel5° diagonals of the quadrupole, see bottom graph in Fig. 13.hiBoend,
the clearing electrode isot deposited at the bottom of the beam pipe but at the side of bne o
the 45° diagonals of the quadrupole. In the bottom graph of Fig. E3ahimuthal position of
the clearing electrode is45°. The extraction along one of th° diagonals is necessary in
order to keep the magnetic deflection of the ions on their waatds the clearing electrode
negligibly small.

In principle, one can also use thel5° clearing electrode in the drift spaces between the
guadrupoles. Thus, it is possible to use a single 5.4 m loggyiclg electrode in the region of a
four-quadrupole array near the PANDA target.

12.9 The upstream and downstream dipole magnets of the PANDéhicane

The insertion of an internal dipole spectrometer in a shiaggction requires two additional
dipole magnets in order to compensate the beam deflectioeseltorrection dipole magnets
are located near the PANDA target, i.e. DIPOL1 upstream at 496.181 m and DIPOL3
downstream at = 522.781 m. The magnetic length of those dipole magnets amounts to
0.6 m, i.e. DIPOL1 extends from = 495.881 m t0496.481 m and DIPOL3 fromb22.481 m

to 523.081 m. These dipole magnets are located in a region where théusdgyas pressure
is still rather high 8.8 - 107® mbar and3.0 - 10~® mbar respectively) and the corresponding
production timeT,, of H; ions is rather low (0.177 s and 0.227 s, respectively). Ireotd
avoid dangerous vertical ion oscillations, the ions areaexéd along the magnetic field lines in
the vertical direction using continuous clearing elecé®ds in the region of drift spaces, see
top graph in Fig. 13.
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13. Mitigation of Trapped lon Effects in the Dipole Magnets d the Arcs
13.1 lon clearing in dipole magnets by mean cross-field drifvelocities

The cross-field drift velocity’, = E x E/B2 can be used in order to guide the trapped ions to
the entrance and exit of the dipole magnets (see Subsez@and.8.3). There, the ions can be
extracted using single isolated clearing electrodes. Toesefield drift velocity yields a longi-
tudinal velocity component, = E,/B,. Here,E, is the transverse electric field component
of the beam inc-direction andB,, the transverse magnetic field componeng4direction. The
cross-field drift velocities of ions created on the left sidiéhe beam axis are negative, i.e. they
are directed in the backward direction. lons created oniftd side of the beam axis drift in
the forward direction. On either side the mean cross-fieifi @elocity |vp| is rather small.
This is due to the fact that the electric field compong&ptand therewith the cross-field drift
velocity drops down to zero at the beam center. Therefores aweated near the beam center
are practically not cleared and the resulting mean cro&sdiét velocity |op| is rather low on
either side.

As a consequence, the resulting beam neutralization igréiigh assuming a residual
gas pressure of.0 - 1072 mbar. In Tables 14 and 15, we list the mean cross-field drift ve
locity |up|, the mean clearing timé, for a mean drift ofL/2 = 2.25 m (we assume that the
clearing electrodes are located in the 0.3 m long drift spatehe entrance and exit of the
dipole magnets), the production tirfig for H; and CO" ions and the resulting neutralization
n = (Ly/C)(T./T,) = 0.9(T./T,) assuming\; = 1.0 - 10''. In Table 14, we list the results
for H ions assuming a partial pressureddaf - 10~? mbar for H, molecules and in Table 15 for
CO" ions assuming a partial pressureddf - 10~° mbar for CO molecules. We mention that a
CO molecule content of about 10-20 % is always present in tH¥ Of storage rings.

The situation is yet worse far.0 - 10!° antiprotons. The mean cross-field drift velocities
for 1.0 - 10'° antiprotons are by a factor a)*/°=3.98 less€rand the mean clearing timés
and the resulting neutralizatiopare by a factor of03/°=3.98 larger than the values listed in
Tables 14 and 15, see Tables 18 and 19.

Such neutralization levels are dangerous in view of possibherent instabilities. In this
context, it should be noted that 44 dipole magnets are lestah the HESR ring. The total
length of 44 dipole magnets amounts to 184.8 m which is aboatloird of the circumference.
A possible solution of the problem is to improve the residweduum substantially.

In order to counteract the trapped ion effects, it is plartogchprove the residual vacuum
by about a factor 100 [23]. This can be achieved by sputteahimgfilm NEG® coatings onto
the surface of the vacuum chamber and by using heating pekentg the beam tubes. The
aim is to achieve residual gas pressures of alidut 10~!! mbar. In Tables 16 and 17 we
list the resulting neutralizationsfor Hy and CO" ions assumingV, = 1.0 - 10" and partial
pressures 0f.8 - 10~!* mbar and).2 - 10~!! mbar for H, and CO molecules, respectively. The
corresponding results fav, = 1.0 - 10'° are listed in Tables 20 and 21.

Unfortunately, the cross-field drift velocity, = £, /B, vanishes at the beam center, see
next Subsection 13.2. lons created near the beam centeotckeared. In order to avoid the
build-up of a trapped ion peak in the beam center we suggskiftdhe beam periodically back
and forth, see Subsects. 13.3 - 13.6.

"\ o< Np, 0 N§/5, |Up]| o Ng/s, see Subsect. 8.3.
8Non-Evaporating Getter Material
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Table 14: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for B ions assuming a partial, pressure 00.8 - 10~ mbar andV; = 1.0 - 101

p (Gevic) |up| (mfs) T.(s) T,(s) U
1.5 51.3  0.0439 9.22 4.29-107°
3.825 321 0.0701 9.296.79-1073
8.889 211 0107 8.69 1.11-1072
15.0 162 0139 7.98 1.57-1072

Table 15: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for COions assuming a parti@O pressure 00.2 - 10~2 mbar andV; = 1.0 - 10*%.

p (Gevic) |up| (mfs) T.(s) T,(s) U
1.5 51.3  0.0439 8.50 4.64- 1073
3.825 321 0.0701 8.337.57-107°
8.889 211 0107 7.451.29-1072
15.0 162 0139 6.92 1.81-102

Table 16: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for H ions assuming a partiél, pressure 00.8 - 10~11 mbar andV; = 1.0 - 10**.

p (Gevic) |up| (mfs) T.(s) T,(s) U
1.5 51.3  0.0439 922 4.29-107°
3.825 321 0.0701 929 6.79-107°
8.889 211 0107 869 1.11-107*
15.0 16.2  0.139 798 1.57-107*

Table 17: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for COions assuming a parti@lO pressure 00.2 - 10~ ! mbar andV; = 1.0 - 10**.

p (GeVic) |opl(mis) T.(s) T, (s) U
1.5 51.3  0.0439 850 4.64-107°
3.825 321 0.0701 833 7.57-107°
8.889 211 0107 745 1.29-10*
15.0 162 0139 692 1.81-10°*
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Table 18: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for B ions assuming a partial, pressure 00.8 - 10~ mbar andV; = 1.0 - 10'°.

p (Gevic) |up| (mfs) T.(s) T,(s) U
1.5 129 0175 9.22 1.71-107?
3.825 8.07  0.279 9.29 2.70- 1072
8.889 530  0.426 8.69 4.42- 1072
15.0 4.07 0553 7.98 6.25- 1072

Table 19: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for COions assuming a parti@O pressure 00.2 - 10~2 mbar andV; = 1.0 - 10°.

p(GeVic) |up| (mfs) T.(s) T, (s) U
1.5 129 0175 8.50 1.85-107
3.825 8.07  0.279 8.333.01-1072
8.889 530  0.426 7.455.13-1072
15.0 4.07 0553 6.92 7.20- 1072

Table 20: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for H ions assuming a partiél, pressure 00.8 - 10~11 mbar andV; = 1.0 - 10°.

p(GeVic) |up| (mfs) T.(s) T, (s) U
1.5 129 0175 922 1.71-107*
3.825 8.07  0.279 929 2.70-107*
8.889 530  0.426 869 4.42-107*
15.0 407 0553 798 6.25-107*

Table 21: Mean cross-field drift velocityp|, mean clearing timé&, production timel}, and neutralizatiom in
dipole magnets for COions assuming a parti@lO pressure 00.2 - 10~ ! mbar andV; = 1.0 - 10°.

p(GeVic) |up| (mfs) T.(s) T, (s) U
1.5 129 0175 850 1.85-107*
3.825 8.07  0.279 833 3.01-107*
8.889 530  0.426 745 5.13-10°"
15.0 407 0553 692 7.20-107*
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13.2 Vanishing of cross-field drift velocity in the beam cerdr

The transverse electric field componént is zero at the beam center= 0. Therefore, the
cross-field drift velocity, = E, /B, vanishes also at the beam center. This effect is shown for

a bi-Gaussian beam distribution with = o, = 1.5 mm in Fig. 23.
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Fig. 23: Left: Electric field componerit, (solid line) of a Gaussian antiproton beam (dashhed lin#) wj =
oy = 1.5 mm andN; = 1.0 - 10", Right: Resulting cross-field drift velocity, = E, /B, with B, = 1.7 T at
maximum beam momentum of 15 GeV/c. Positivealues correspond to the left side of the beam.
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Fig. 24: Cross-field drift velocityp = E, /B, (solid line) yielding a delta-function peak of trapped i¢dashhed
line) in the beam center of a Gaussian antiproton beamayite- o, = 1.5 mm andN; = 1.0 - 10'*. Positivex
values correspond to the left side of the beam.
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13.3 Suppression of the ion peak in the center of dipole magtse

The absolute value of the cross-field drift velocity is vengadl near the beam center. 1t is
exactly zero at the beam center. lons created near the bedear aee practically not cleared by
the mechanism of the cross-field drift velocity. The continsi production of ions yields a high
ion concentration near the beam center. The resulting isinilolition as a function af looks
like a delta function, see Fig. 24. Such a massive and nawowlistribution inside the dipole
magnets should be avoided since it causes highly nonlinectrie fields [27].
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Fig. 25: Left: Electric field componenis, (solid lines) of Gaussian antiproton beams (dashhed liwék)o, =
oy, = 1.5 mm andN; = 1.0 - 10'! shifted back and forth byAz = +1 mm. Right: Resulting cross-field
drift velocitiesvp = E,/B, with B, = 1.7 T at maximum beam momentum of 15 GeV/c. Positivealues

correspond to the left side of the beam.
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Fig. 26: Cross-field drift velocitiesp = E, /B, (solid lines) of Gaussian antiproton beams with= o, =
1.5 mm andN; = 1.0 - 10! shifted back and forth by bAz = +1 mm. The delta peak of trapped ions at
x = —1.0 mm is cleared if the beam is shifted to= +1.0 mm. Vice versa, the delta peakat= +1.0 mm is
cleared if the beam is shifted to= —1.0 mm.
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Therefore, we suggest to move the beam center horizontallik bnd forth in order to
avoid the accumulation of trapped ions nea¢ 0. This can easily be achieved by local closed
orbit distortions in the region of the first and second arcr{MNarc and South arc). The closed
orbit distortion can be evaluated using the following egurat

2(s) = Oa(s1)\/ Bz (51)02(s) sin [a(s) — ¥u(s1)]. (89)

Here, ©.(s;) is the angle kick (unit: rad) at the position of the kickgrin the ring, 5, (s1)
andg,(s) the corresponding horizontal betatron functionaénds, respectively, and), (s) —
1, (s1)] the horizontal betatron-phase advance betwgemds.

We suggest to produce a small angle kégk(s;) at the entrance of the first arc using a
steerer magnet located at position= 0.990 m. The angle kick yields a sine-like distortion
of the central orbit. The resulting closed orbit distortisrcanceled at the exit of the first arc
by producing a small angle kioR,(s,) with a second steerer at positien= 167.656 m. The
horizontal betatron phase advance betweeand s, is exactly6 =, see Fig. 27. The closed
orbit distortion in the first arc is achieved if

@x(SQ) = @m(sl)\/ ﬁx(sl)/ﬁm<s2)- (90)

Similarly, we suggest to produce a small angle kitK s;) at the entrance of the second
arc using a steerer magnet located at posiioa 275.9983 m. The angle kick yields a sine-like
distortion of the central orbit. The resulting closed ordbdtortion is canceled at the exit of the
second arc by producing a small angle kigk(s4) using a steerer at position = 442.7891 m.
The horizontal betatron phase advance betwgends, is also exactly 7, see Fig. 28. The
closed orbit distortion in the second arc is achieved if

@x(54) = 61(53) \/ ﬁx(&i)/ﬁm(sél)- (91)

13.4 Timing of beam shifting in the arcs

A possible timing of beam shifting in the arcs is a periodioca® wave-oscillation. That means
the angle kick®, - ©, are positive in the first half period and negative in the sddmif period.
The half periodI /2 for a single position should be larger than the clearing titne/hich can
be achieved by the mean cross-field drift velocity see Tables 16 and 17. In addition it should
be shorter than the production tirfig. A reasonable timing is given if;/2 = 1.0 s yielding a
frequencyf, = 0.5 Hz.

13.5 Estimate of beam neutralization with beam shifting in he arcs

The main effect of beam shifting in the region of the dipolegmets is to remove the delta-like
peak of trapped ions in the beam center. But there is an additadvantage. The mean clearing
rate R. = 1/7, increases. This can be seen by inspecting Fig. 26. The sthnuzan clearing
rate R, is not affected by shifting the beam back and forth. But initaid, the delta peaks of
trapped ions at = +1.0 mm are cleared by rather high cross-field drift velocitiethé beam

is shifted tox = F1.0 mm. This additional clearing yields a substantial enharesgrf the
clearing rateR.. The enhancement depends on the shiftand the beam width,, .
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Fig. 27: Closed orbit distortion in the first arc with anglelkio,.(s;) = 0.2500 mrad ats; = 0.9900 m and
compensation kicl®,,(s2) = 0.23843 mrad ats; = 167.6497 m. The location of the 22 dipole magnets (4.2 m
long) is indicated by the vertical bars.
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Fig. 28: Closed orbit distortion in the second arc with arkgk O, (s3) = 0.1958 mrad ats; = 275.9983 m and
compensation kicl®,(s4) = 0.2500 mrad ats, = 442.7891 m. The location of the 22 dipole magnets (4.2 m
long) is indicated by the vertical bars.
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13.6 Shift of zero crossings of the closed orbit distortionnside of dipole magnets

A closer look to the closed orbit distortions in Figs. 27 aBd@veals that four zero crossings of
the closed orbit distortion are located in the region of thppagnets. In the first arc (North arc)
the zero crossings are located at the entrance of dipolesidigof the dipoles 9 and 13 and at
the exit of dipole 17. In the second arc (South arc) the zesssings are located at the entrance
of dipole 6, inside of the dipoles 10 and 14 and at the exitsigblds 19 and 22. In order to
avoid the build-up of ion peaks at those zero crossings wgesigo provide two additional
closed orbit distortions where the zero crossings areeshiéingitudinally.

This can be achieved in the first arc by locating the kicker %;a& —0.7849 m and
kicker 2 ats; = 165.3395 m, and in the second arc by locating the kicker 3;at 278.4395 m
and kicker 4 ats; = 444.5640 m, see Figs. 29 and 30. Comparing Figs. 27 and 28 with 29
and 30 one sees that the zero crossings inside of dipole nsagreeshifted. Now, in the first
arc (North arc) the zero crossings are located inside ofifi@ek 3, 8, 12, 16 and at the exit of
dipole 21. In the second arc (South arc) the zero crossirgweated at the entrance of dipole
2 and inside of the dipoles 7, 11, 15 and 20.
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Fig. 29: Shifted closed orbit distortion in the first arc withgle kick®,,(s1) = 0.2500 mrad ats; = —0.7849 m
and compensation kidR,. (s2) = 0.2081 mrad atsy = 165.3396 m. The location of the 22 dipole magnets (4.2 m
long) is indicated by the vertical bars.
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Fig. 30: Shifted closed orbit distortion in the second arthvangle kick©,(s3) = 0.2500 mrad ats; =
278.4395 m and compensation kio®,,(s4) = 0.2986 mrad ats, = 444.5640 m. The location of the 22 dipole
magnets (4.2 m long) is indicated by the vertical bars.
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13.7 lon clearing in dipole magnets by continuous clearinglectrodes

The optimum solution of the trapped ion problem in dipole nmetg is the installation of contin-
uous clearing electrodes. In dipole magnets, only vergtadtric fields with field components
E, along the magnetic field lines can be used in order to acceléna trapped ions towards
clearing electrodes.

As discussed in Subsect. 10.3 such clearing electrodesecproduced by plasma spray-
ing a 0.1 mm thick and 30 mm widél,O layer at the bottom of the beam pipes. On top of the
isolating layer a 25 mm wide highly resistive thick film cowtican be applied. The clearing
voltage of about -1.0 kV can be supplied by feedthrouhgs atasrboth ends of the electrode.
Such clearing electrodes have been developed at CERN [28, 29

The electric field component, in the beam center is about -640 V/m. The estimated
clearing timesl,. amount to about.66 - 10~7 s for H, ions and2.87 - 10~% s for CO™ ions, see
Subsect. 10.6. The resulting clearing rates are so higtetreat UHV pressures of more than
1.0 - 1072 mbar can be tolerated, see Tables 22 and 23.

In principle, we recommend the installation of continuolesdng electrodes inside the
4.2 mlong dipole magnets, even if the are not needed at therbrg. They can always be used
if problems with the ultra-high vacuum occur. In the folleygi Subsection we discuss another
interesting method which can be used in order to achievaraamis ion clearing inside of the
dipole magnets.

Table 22: Continuous clearing electrodes in dipole magnilsan clearing timel,, production timel, and
neutralization for H3 ions assuming a partialdpressure 06.8 - 10~ mbar andV; = 1.0 - 10,

p(Gevi) T.(s) T, 7

15 7.66-1077 9.22 7.48-1078
3825 7.66-1077 9.29 7.42-1078
8.889 7.66-1077 8.69 7.93-1078
15.0 7.66-10"7 7.98 8.64-107%

Table 23: Continuous clearing electrodes in dipole magnigisan clearing timel,, production timeT, and
neutralizatiorn) for CO* ions assuming a partial CO pressuré)¢f- 10~ mbar andV; = 1.0 - 10*1.

p(GeVvic) T.(s) T,(s) U

1.5 1.0-107% 850 3.04-1077
3825 1.0-107® 8.33 3.10-1077
8889 1.0-107% 7.45 347-107"
15.0 1.0-107% 6.92 3.73-107"
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13.8 Continuous ion clearing in dipole magnets using two h&kylinder electrodes

Another possibility to achieve continuous ion clearing ipale magnets has been discussed
during a recent meeting at FZ Julich (03.07.2012). The id¢a cut the beam pipe along the
horizontal midplane. The two halfs are joined togethergsisuitable dielectric as for instance
a highly resistive glass insulator, see Fig. 31. Applyingagite voltages-U, and—U, yields

an electric field componedt, which can be used in order to extract the ions. This techrhiage
the additional advantage that the UHV vacuum can still beawgd substantially by sputtering
thin-film NEG® coatings onto the surface of the half cylinders and by usieatihg jackets
along the beam tubes.
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Fig. 31: Scheme of continuous ion clearing in a dipole maghké transverse electric field is generated with
two metallic half cylinders separated by high-resistiVesg insulators. The resulting electric field comporint
is directed along the magnetic field componBytof the dipole magnet.
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14. Damping of Coherent Instabilities

Here, we discuss the possibility to damp the coherent ifigted which are caused by trapped
ions. Transverse coherent instabilities have been obdeaatveseveral antiproton machines.
There, collective oscillations of the beam center (dipotede) or the beam shape (quadrupole
mode) grow exponentially due to the interaction of the bedth the trapped ions. The most
dangerous mode is the dipole mode, i.e. the coherent dgmillaf the beam center. The coher-
ent instabilities can be estimated using the two-beambilgietheory developed by Koshkarev
and Zenkevich [10], Laslett, Sessler and Mohl [11] Keil afwtter [12] and Alves-Pires et
al. [14]. Additional information can be found in the thesisZtiou [17] and in the references
[13, 21].

Trapped ions oscillate in the electric field of the antiprob@am. They cause forces back
on the beam. Vice versa, the beam disturbs the motion of tieevidnich interact with trailing
beam particles. Thus, the beam is forced to interact cotigretth itself. This phenomenon
is very similar to the interaction between beam and wakedigitich are described by the
machine impedancg(w). Herew is the angular frequency of the resulting coherent osimlat
The effect of trapped ions can be described by some extradampe”;(w). Since the real part
of Z(w) + Z;(w) is positive the fast-wave mode with the sideband frequeney (n + Q)wy
is always stable [17]. Herey, is the revolution frequency,) the betatron tune andan integer
with n > —@Q. Without Landau damping, i.e. without any frequency spsethe slow-wave
mode withw = (n — Q)wy is always unstable. Here, is an integer withn > ). Thus,
dangerous coherent oscillations can occur if the trappesl ascillate at frequencies near the
sideband frequenciés — Q)wo.

14.1 lon oscillations

lons trapped in the potential well of the antiproton beanigrer oscillations. Using the linear
approximation of the electric field the equation of motioads for an ion of mass; and charge
ZZ'G

d?x; Z;e ezNﬁ é 1—n

= —E:E = — ;= — 2,2 i
dt? m; 2negLy m; 0,(0, + 0y) o Lo
d?y; Z;e e?Ny(1 —n)
¢ —= —ZE = — p . = — 2002 q- 92
dt? m; Y 2negLymoy (o, + O'y)y oY (92)

Here,m; ~ A,m, is the mass of the ion and; is the charge number of the ionization where
Z; = 1 for singly charged ionsy; = 2 for doubly charged ions and so on. The other quantities
are defined in Sect. 3.. The transverse and longitudinatitede of the ion are so small that the
weak Lorentz force due to the magnetic field of the beam carefgeated. The ions perform
harmonic oscillations. The frequencigsand f, of the ion oscillations ('bounce frequency’)
read

1 Zie2Ny(1—n
Jo = o— p( ) = ¢z fo

21\ 2megLym;o, (o, + 0y)

fy — i Zi€2N]5(]' - 77) _ ny(]- (93)

27\ 2megLym;oy (o, + 0y)

wheren is the neutralization factot,, the angular revolution frequency arfglthe revolution
frequency of the antiprotong{ = 520.2 kHz at 15 GeV/c) and,, ¢, the 'tune numbers’ of the
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ion oscillations. These equations can also be written iffdhewing form,

» _ 1 Zie*Ny(1 —n) _ 2R* Npry Zi  1—1

% wi 2megLym;o, (o, + oy) Ly 3? Ajoy(o,+0y)

2 = 1 Zie*N;(1—1n) _ 2R* Npry Zi  1—1 (94)
v wg 2megLimioy (o, +0y) L1 (%2 Ajoy(o. +0y)

Here,r, = €*/(4megm,c?®) = 1.535 - 107 m is the classical proton radius.

In the region of solenoids the ion motion is modified by thesprece of the longitudinal
magnetic fieldB. The resulting motion can be described by a superpositi@anfast modified
cyclotron motion around the field lines (large angular freoeyw, and small radius ) and
a slow magnetron motion around the beam center (angulandreryw_ and radius-_), see
Sect. 9.2. Direct transverse oscillations:iandy-direction are not possible. Therefore, we set
¢, = 0 andg, = 0 in the region of solenoids.

In the region of dipole magnets the transverse ion motion-direction is strongly af-
fected by the magnetic fiel,. The ions perform a fast cyclotron motion around the vektica
field lines. This motion is modified by the transverse eledield component, of the an-
tiproton beam. The resultinﬁ X E/B2 cross-field drift velocity is directed in the longitudinal
direction. A transverse oscillation irrdirection is not possible. Therefore, we ggt= 0 in the
region of dipole magnets.

The resulting 'tune numberg;, andg, depend on the positionin the HESR ring since
the rms envelopes, ando, and the neutralization are functions of. The danger of coherent
oscillations is especially high if the rms valuesg@fand/org, are close to a resonance line.
This occurs for instance fag,(H") near 1.5 GeV/cg,(H') near 3.825 GeV/c, fay,(H3 ) near
3.825 GeV/c and for, (H3) near 8.889 GeV/c. The 'tune numbers’ of C@ns are always
below the critical resonance linés — @,,) and(8 — Q).

We note that the 'tune numberg’ andg, depend not only on the ion mass, ion charge and
beam momentum but also on the number of stored antiprotahsh@meutralizatiom which
determine the depth of the potential well and the electrid Bt&rengthst, and £,. The 'tune

numbers’y, , are proportional tq/Nﬁ/[am,y(a:r + 0,)]. The beam widths,, , are proportional

to N2/ (see Sect. 2.). Therefore, we get, « /N,’*, and the 'tune numbers’ for.0 - 10°
antiprotons are by a factar10'/5 = 1.26 lower than those fot.0 - 10! antiprotons.

We mention that the bounce frequencies of the trapped iooedse with increasing
oscillation amplitude. This effect is due to the nonlingadf the electric field of a Gaussian
beam distribution. The non-linear detuning of the ion baumequency plays an important role
when resonant transverse shaking is applied in order tovertne ions out of the beam (see
Sect. 15.).

14.2 Formalism of coherent instabilities

Here, we sketch the formalism of coherent oscillations eftheam and trapped ions, see Refs.
[13, 14, 21]. Because beam instabilities develop on a timésnuch larger than the revolu-
tion period, the theoretical description of coupled oatitins can be simplified by introducing
ring-averaged forces. Usually, the ring-averaged forcesalculated assuming a constant neu-

tralizationn in the ring and using a smooth approximation for the envedppe= /¢,.(3.) and
o, = \/&(By) With (5,) = R/Q, and(5,) = R/Q,. However, in the HESR ring the neutral-
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izationn depends strongly on the positiemlue to the large pressure bump in the vicinity of the
PANDA target. Also the envelopes depend strongly on thetjposi due to the low beta values
at the PANDA target and the large beta values in the regioh@gtectron-cooler. Therefore,
the HESR ring is segmented in small sections and the ringagee forces are numerically
evaluated.

In the following we write the coupled equations for cohem@stillations in they-direction
and we omit the indey for the characteristic forceBs, Fi., F., F; ;. and F; . and the related
quantities?, Q%,., Q% ¢2. andq?. Similar equations can be written for the coupled oscilai
in z-direction.

The model for coupled oscillations yields the following pted equations for the motion
of an individual antiprotony) and ion {;;),

d?y
Tmp ds2 = <FB> + <Fsc> + <Fc>7 (95)
dQ?/z‘
m; dtQ <E,sc> + <E,c>- (96)

Here,(F}) represents the external focusing forces of the betatratiadsm, (F;.) thep space-
charge forces acting on thidbeam particles, ) the trapped ion space-charge forces acting on
thep beam particles,F; ..) the trapped ion space-charge forces acting on the ionéfangthe

p space-charge forces acting on the ions. We note that spaogecimage forces are neglected.
These equations are rewritten by introducing the tune nupef the unperturbed betatron
oscillation and the 'tune number§,., Q., ¢;. andq.. The ring averaged forces are represented
by the corresponding 'tune numbers’ times the angular faquw, of the beam using the
following definitions

= Qowi Y,
p— 00
(Fic) 2 o _
= Qscw y—-v),
o o ( )
F. _
o) gy — ), @7)
YMp
(Fise) o o _
m; - qsch (yl y2)7
(Fie) 5 9 _
4 (yi — 1)

Thus, the model for linearized coupled oscillations as diesd in [14] yields the following
coupled equations for the dipole mode.

1 d?y B )

g T Qy—Quly—9) +Qly—3)=0, (98)
wy dt

1 d2yz 2 9
) - i — Vi i —y)=0. 99
22 Te(yi — Ui) + ¢ (Y — 9) (99)

The external focusing forces are represented by the squaned)? of the unperturbed be-
tatron oscillation. The other forces are represented bytineesponding mean squared ’tune
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numbers’,

2 = %j g;’;g <ay(s)(ax(;) n ay(s))> , D space charge acting on p, (100)
Q* = %j ]gggp <ay(s)(a::zi§)+ ay(s))> , ion space charge acting on p, (101)
= 2%? ]%;ZZZZ <Uy(8)(<7:zs)+ ay(s))> , ion space charge acting on ion, (102)
¢ = 2%? ]\gJ;ZZZZ <0y(8)(%(i) - ay(s))> , P space charge acting on ion. (103)

Here, Z; is the charge number of the ion, the mass number ang, the classical proton
radius. We assume that the neutralizatign) is dominated by singly chargedjHons. The
coherent transverse motion of the ions is fixed in space agitfadss only in time. The coherent
transverse motion of the beam particles is oscillating in space and in time like aglaw
wave. We are interested in resonant harmonics of couplaetdadens of the beam centerg
andy;. To this end, we make the following ansatz,

gy = aexpli(ks—wt)] :aexp[i(%s—wt)] (104)
Ui = a;exp|[—iwt], (105)

Here, the resonance condition imposes that the wave nuinbed the wave length of the
travelling wave satisfy the resonance condition

k==, A= —. (106)

wheren is an integer(' the circumference an®® = C/(2n) the effective radius’ of the ma-
chine. The substitution gf andy; from (104) and (105) into (98) and (99) gives two equations,

L4 @rong=atn (107)
W% dt2 0 )y c Yi
1 d%g, ) )

b= Q20 108
2 + V=g Y (108)

Since thep oscillations are oscillating in space) (and time () (travelling wave ansatz, see
Eg. (104)) the total differential/d¢ in thep equation of motion (98) must be written

d g 0
— ==+ =35]. 109
dt (815 + 858> (109)
Inserting the travelling wave ansatz (104) yields
% = (—iw + 2%5) g = 1(—w + nwy)7,
d?y _
@ = —(nwo — w)Qy. (110)
Similarly, we get
d?y; _
ST —wy;. (111)
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Using these relations in (107) and (108) yields

nwy — w)? - _
e gip) s - @ (112)
0
w2 _ _
-Se|n - (13
wo
Eliminatingy andy; yields an equation for the angular frequencgf the coherent oscillation.
Introducing the reduced frequeney= w/wy the resulting equation may be written

(2 —w)[(Q5 + Q2) — (n —w)*] — ¢2Q% = 0. (114)

In this equationp, q., Q. and(@, are the parameters andis the unknown. Stable solutions
occur if w becomes real, i.e. ib becomes real. Ifv is complex the solutions come in pairs,
one with a negative imaginary part corresponding to a dagwpirhe oscillations and one with
a positive imaginary part corresponding to a growing (aatnping) of the oscillations which
means instability!

SinceQ. < @y, We can ignore it in the surf)3 + Q?) or slightly shift the value o€), by
introducing@? = (Q2+ Q?). Unstable values (complex) can occur ifg. is close to a sideband
frequency(n — Q), i.e. ¢ = (n — Q) andw = (n — Q). Replacingw by w = (n — Q) + ¢
yields an equation quadratic &

22
3+ [(n— Q) — qJ6 + e ~ g 115
[(n = Q) —qd+ e (115)
The solution reads
=@ - (=@ - Q2
0= 5 + 5 1.0 (116)
Thus, the equation yields complex solutions if
4cQe
n— —q.| < : 117
[(n— Q) — ¢l Va0 (117)
This equation defines a ban@) for ¢. in the vicinity of (n — @),
4cQe
0Q = ) 118
0= Vaa (118)

where instability can occur, i.e. where the solutior- Re(w) + i/m(w) has a positive imagi-
nary part.

The fastest growth rate occurs in the center of the band where Q) — ¢.| = 0. There,
we getRe(w) = (n — Q)wp andIm(w) = (wo/2)(¢.Qc)/+v/q.Q- Thus. the fastest growth rate
reads

1 o Wo qCQC
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14.3 Landau damping of coherent instabilities

The coherent instability can be suppressed by Landau dgmpie denote the tune spread
by A; and the ion oscillation tune spredxi. Landau damping works if the following three
conditions are fulfilled simultaneously,

2
8 > |, (120)
q2
A > [T (121)
q
22
AA; > %| (122)

Here, the space charge effects are taken into account inefiratebn of the betatron tun€
and the ion bounce frequengyQ* = Q3 + Q? — Q2 and¢* = ¢> — ¢°.. We emphasize that
the suppression of the two-beam instability requires thaforoduct of the two tune spreads is
larger than the right side of Eq. (122).

Including also the possibility of quadrupole modes, it igrfd that the risk of transverse
instabilities exists in a band around the resonance(line Q) given by

4cQe
0Q =p Va0’ (123)

wherep = 1 for a dipole modep = 1/2 for a symmetric ( = &) quadrupole mode and

p = 1/4 for an antisymmetric{ = —¢) quadrupole mode. The width of this band reflects the
risk of instability. It is proportional t@)., i.e. to the square root of the averaged neutralization
\/<n/[ay(ax + 0,)]) (see Eq. (101)). Itis narrower for quadrupole modes thadifmle modes.
Including the possibility of quadrupole modes, the neagssandition for Landau damping
reads

2
Ay > p‘%c : (124)
q2
q
22
q:Q
AA;, > p?|dezel (126)
? qQ

14.4 Numerical results

The HESR tune i§) = 7.6 (@, = 7.5995 and@, = 7.6216). Forn = 8 we get the smallest
value of(n — @),) as 0.4005 which defines the 'tune number, where instability can occur.
Forn =9, n = 10, etc. we ge{n — (),) as 1.4005, 2.4005, etc.. Similarly, far= 8 we get
the smallest value af. — @),) as 0.3784 which defines the 'tune numbgr, where instability
can occur. For, = 9, n = 10, etc. we getn — (),)) as 1.3784, 2.3784, etc..

The occurrence of coherent oscillations depends crijicati the neutralization of the
beam by trapped ions. The coupling between beam and ionteiswiaed byQ? which depends
on the neutralization (see Eq. (101)). The characteristic quantities i.e. thg-aweraged 'tune

numbers’q = /q¢?> — ¢2. and (. of ion andp bounce frequencies, the bandwidi) and the
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differenceA = |(8 — Q) — ¢| — Q are listed in Tables 24-27 for Hand H} ions and four
beam momenta. The danger of an unstable coherent osailiatgiven in regions where is
near a resonance lif® — Q). Then, the differenc&8 — Q) — ¢| can be very small. The risk of
instability is given ifg lies within the resonance bafg— Q) £0Q, i.e. if A = |(8—Q) —q| —6Q
is negative. This occurs in our examples fgrand H" ions near 3.825 GeV/c and fgr and
H3 ions near 8.889 GeV/c. In this context we note that~ 0 for H* ions near 1.5 GeV/c and
H3 ions near 3.825 GeV/c, that meapds very near to the resonance life— Q,).

We note that the 'tune numberg’ andg, of the ion oscillations depend on the numbéyr

of stored antiprotons. For instance, they are by a fa¢tar'/> = 1.26 lower for N; = 1.0-10',
see Subsect. 14.1. Therefore, the occurence of unstabdearuloscillations depends also on
the number of stored antiprotons.

Finally, we note that the ion bounce frequencies fgraxid/or CO ions are always below
the critical resonance liné8 — @,) and(8 — Q).
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Table 24: Ring-averaged 'tune numbegs’ = ,/q¢? . — ¢2., and Q.. of ion andp bounce frequencies, the
bandwidthd@, and the differencé\, = |(8 — Q.) — ¢..»| — 6Q. for coherent H' oscillations in z-direction
assumingV; = 1.0 - 10!, a beam-free gap of 1% and the standard optics.

p(GeVic) ¢, Qe 0Q: A,

1.500 0.282 0.0662 0.0128 0.106
3.825 0.393 0.0618 0.0141 -0.00615
8.889 0.582 0.0614 0.0170 0.165
15.00 0.754 0.0616 0.0194 0.334

Table 25: Ring-averaged 'tune numbesg’ = /¢?, — ¢2., andQ.., of ion andp bounce frequencies, the
bandwidthé@, and the differencé\, = |(8 — Q) — ¢c,| — 6Q,, for coherent H' oscillations in y-direction
assumingV; = 1.0 - 10!, a beam-free gap of 1% and the standard optics.

p (GeV/C) qy Qc,y 5Qy Ay

1.500 0.401 0.0722 0.0166 0.00597
3.825 0.558 0.0674 0.0182 0.162
8.889 0.829 0.0669 0.0221 0.428
15.00 1.07 0.0671 0.0252 0.669
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Table 26: Ring-averaged 'tune numbegs’ =

\/ @ — ¢%., and Q.. of ion andp bounce frequencies, the

bandwidths@,. and the differencé\, = |(8 — Q) — q...| — Q.. for coherent Hj oscillations in x-direction
assumingV; = 1.0 - 10!, a beam-free gap of 1% and the standard optics.

p(Gevic) ¢ Qea  0Qu Ay
1.500 0.199 0.0662 0.0107 0.190
3.825 0.278 0.0618 0.0118 0.111
8.889 0.412 0.0614 0.0143 -0.00299
15.00 0.533 0.0616 0.0163 0.116

Table 27: Ring-averaged 'tune numbesg’ = /¢?, — ¢2., andQ.., of ion andp bounce frequencies, the
bandwidthé@, and the differencé, = |(8 — Q,) — q.,| — 0Q,, for coherent HI oscillations in y-direction
assumingV; = 1.0 - 10!, a beam-free gap of 1% and the standard optics.

p (GeV/C) Qy Qc,y 5Qy Ay
1.500 0.283 0.0722 0.0139 0.0810
3.825 0.395 0.0674 0.0153 0.000933
8.889 0.586 0.0669 0.0186 0.189
15.00 0.759 0.0671 0.0212 0.359
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14.5 Risk of coherent instabilities

The risk of instability depends on the beam neutralizationhis is due to fact that the coupling
strength? and the resulting band widtQ for unstable oscillations depend on the neutraliza-
tion . We mention that instabilities at low sideband frequeneaiesthe most unstable modes
because the frequency spreads are low. Thus, it is diffiouftlfill the conditions for the
Landau damping of those instabilities [18]. Therefore otipnstabilities driven by H ions
and Hf ions occur already at very low neutralization levejs< 0.01). It has been observed
that the neutralization from a single trapped-ion pockeatzd by a localized vacuum chamber
enlargement, may be sufficient to drive an instability [1%9)]. 4

14.6 Damping of instabilities using feedback systems

Finally, we note that instabilities caused by ions can beatiffely damped by transverse feed-
back systems using a highly sensitive resonant pick-updt@ateéhe frequency of the single
unstable mode [17, 18]. At the cooler synchrotron COSY adbitmend feedback system has
been developed in order to damp transverse instabilitietectron cooled beams [46, 47]. The
effect of the damping system can be measured by it's damjmmgt. An oscillation with
an initial amplitudeA will be damped by the damper system.asxp(—t/7). As long as the
damping timer is less than the growing time of the instability, the beamlwastabilized [17].
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15. Beam Shaking

The beam shaking can be used in order to remove trapped idiis dacrease the neutralization
n and the coupling strength? for coherent oscillations in regions where the clearingteteles
cannot remove trapped ions sufficiently. Tihieeam is shaken using an RF electric field and the
p beam shakes the ions. This method works if the shaking frexyus close to one of the side-
band frequencieg: — @Q)w, ('slow wave’ frequency) ofn + Q)w, ('fast wave’ frequency) and
close to the ion bounce frequengyv,. This condition corresponds to the resonance condition
for coherent oscillations of beam and trapped ions as digclim Sect. 14.2.

15.1 Formalism

We start with the coupled equations of motion (98) and (99pe&hm and trapped ions in
Sect. 14.2. We extend this equation by adding the force tétheshaking kicke¥’ exp [—iwt],

1 d2 - - .

w_g—dt;y + Qly—Q:(y—9) + Q*(y — u;) = Fexp[—iwt]. (127)
1 deZ 2 9
— Ui —7)=0. 128
2 AP Goc(yi = Ui) + qc(yi —9) =0 (128)

The force term¥ on the r.h.s of (127) represents the shaking kicker assuoneel & function
in azimuth. The integrated electric fielthAs exp [—iwt| enters as (see Refs. [14, 19])

, eFyAs exp [—iwt] As eEy "I s
F —iwt| = 0(s) = — — —wt|. 129
exp [—iwt] —— (s) C o n:Z_OO exp [in 7w ] (129)

Only the resonant harmonic with~ (n + Q)wy ~ q.wo IS retained yielding

As eFEy .S
= — —1. 130
O s epling] (130)

F

We are interested in the resonant excitation of coupledlasons of the beam centersand
y;- As in Sect. 14.2, we make the following ansatz for the cadipt@tion of the beam and ion
centers,

y = aexpli(ks—wt)] =aexpli (n% —wt)] (131)

Ui = a;exp|[—iwt], (132)
The substitution off andy; from (131) and (132) into (127) and (128) yields two equagion

[—(nwo — w)? + (Qf + Q2)wi] ¥ — Q*wiyi = woF exp [—iwt], (133)
(—w? + ¢wd) i — 2wy = 0. (134)

Using these relations and defini@g = (Q2+Q?), we get the equations of the forced oscillation
of two coupled oscillators,

—w? (]2 78 )
J —(nwq — w . wy F exp |[—iwt], 135
Y [ (n 0 )2 QQW%]( w? + qg(()g) — qgQg( 761 0 [ ] ( )
- + i gm w2) - , ; pl— 136)
Vi w c wiFex wi|.
Yy [ (’rL 0 u))Q QQLU%](— 2 + qCQ 3) qng é 0 [ ] (
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Introducing the reduced frequeney= w/w, these equations may be written

w? — q2

y = — <

(w? = g)[(n —w)* — Q] — ¢2Q2
2
_ q: .
U = F exp [—iwt]. (138)
(w? = g2)[(n — w)* = Q] — Q2

It is interesting to note that the denominator in those aquoatis equal to the I.h.s. of the
important equation (114). Shaking works if the amplitudejpbecomes large, i.e. when
the denominator approaches zero. Here, we must considerotiidinear detuning and the
condition for the so-called ’lock-on’ of the ions onto theoaance. With increasing amplitudes
the bounce frequency. of the ions decreases. Thus;* — ¢?) is positive and increases. As a
consequence, in order to achieve a denominator approazbing(n — w)? — Q*] must also
be positive and the condition fgf becoming large may be written

Fexp [—iwt], (137)

(w® —¢?) > 0, (139)
(n—w)?—Q* > 0. (140)

That means for the excitation near a slow wave sideband érexyuwithw ~ (n — Q)w, and
positiven with n > Q,
w<n—Q, (141)

i.e. the excitation frequenay must be slightly below the resonance frequeficy- @QQ)w,. For
the excitation near a fast wave sideband frequency with (n + @Q)w, and negative: with
n>—Q,

w>n+Q, (142)

i.e. the excitation frequeney must be slightly above the resonance frequency Q)wo.
Finally, we note the relation betwegrandy;

e P et
= e = " Ui (143)

P =

y=-
q2wg
Sincew =~ q.wq, the amplitude of the beam oscillation is very small comgacethe large
amplitude of the ion oscillation.

15.2 Experimental observations

Here, we cite some important observations during shakipgmxents at the CERN Antiproton
Accelerator (CERN AA) which are reported by Alain Poncet][16

“The effects of neutralization have been considerably ceduby exciting vertical co-
herent oscillations with a transverse kicker in the CERN AAe shaking system has been
permanently implemented. It has the following parameters:
shaking: vertical
shaking frequency: 490 kHz
sideband frequency: 480 kHz
length of kicker electrodes: 0.6 m
kicker field: ~ 20 V/cm
The experimental observations can be summarized as follows
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1. Beam shaking works best when applied vertically. A pdes#nason is that neutralization
is high in dipole fields due to the low ion drift velocity. In@ition the ions can oscillate
freely along the vertical magnetic field lines.

2. The beam shaking relies on the longitudinal motion of tmesi Due to changing beam
dimensions, the ion 'bounce frequency’ is not constant.tBetfrequency of the shaking
kicker defines the positions in the ring where the bounceueaqy is in resonance with
the kicker frequency. Thus, ions must move longitudinadlythe resonance positions.
Therefore, beam shaking works best in conjunction withratgeelectrodes which pro-
vide a low level of neutralization. Then, the ions can be kreged by the longitudinal
gradients of the beam potential towards the resonancaqmusit

3. Beam shaking depends on the non-linearity of the spaaggeHield. This allows the
'lock-on’ of the sweeping ions onto the resonance. Therey tkeep large oscillation
amplitudes and their density is reduced in the beam center.

4. Beam shaking is efficient even with low RF fields of only 1@/ provided it is applied
close to a beam betatron sideband whose frequency liestoltseion bounce frequency.
In this case, the beam resonant response yields sufficianglg non-linear forces on the
ion. Experimentally, it is found that for a weakly exciting-Rield, shaking works best
above a bandn + @) or below a bandn — Q). This observation of asymmetry of weak
resonant shaking is important in that it validates the noear character of the ion motion
and the ’lock-on’ conditions.”

15.3 Resonant transverse shaking of the HESR beam

The HESR ring is an energy variable machine yielding beam emtanbetween 1.5 and 15.0
GeV/c. Thus, the revolution frequencigs= wy/(27) are not constant but depend on the beam
momentum. The betatron tunes amount}p = 7.5995 and(@, = 7.6216. In Table 28 we
list the corresponding slow-wave sideband frequengies @) fo for n = 8 and the fast-wave
sideband frequencids + Q) f, forn = —7.

Table 28: Slow- and fast-wave sideband frequencies.

p(GeVic) fo(kHz) (8 —Qa)fo (kHZ) (8 —Qy)fo (KHZ) (Q.—7)fo (kHZ) (Q, —7)fo (kHz)

1.500 441.9 177.0 167.2 264.9 274.7
3.825 506.2 202.7 191.5 303.5 314.7
8.889 518.3 207.6 196.1 310.7 322.2
15.00 520.2 208.3 196.8 311.9 323.4

If we assumel.0 - 10'! antiprotons in the HESR ring the 'tune numbegs'and g, of
H* and H} ions coincide at many places with one of the sideband t(®esqQ,) = 0.4005,
(8 = Qy) = 03784, (Q, — 7) = 0.5995 or (), — 7) = 0.6216. The 'tune numbers’ are

proportional to\/Nﬁ/[am,y(am + o,)]. For N; = 1.0 - 10'° all 'tune numbers’ decrease by a

factorv10/5 = 1.26. Resonant transverse shaking is not all possible for hewris like CO"
ions. Even forN; = 1.0 - 10" the 'tune numbers’ of CO oscillations are below the sideband

tunes.

84



The possible shaking frequencies are in the range of ab&B836 kHz. A broad-band
kicker covering this frequency range with field strengthalodut 20 V/cm would be sufficient
for resonant transverse shaking of the most critical bhd Hf -ions.

Summarizing, we note that beam shaking alone is not suffictteremove trapped ions.
Clearing of trapped ions by shaking is only possible undaageconditions at discrete specific
positions in the ring and for light ions like Hand Hj. Heavier ions cannot be removed by
beam shaking. Therefore, clearing of trapped ions in the RIE&g should be mainly done
with the aid of clearing electrodes.

Finally, we mention that beam shaking deteriorates thestraise beam quality. This fact
must be taken into account when applying beam shaking in Ef@RHring.
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16. Trapped lon Effects in the Electron Cooler

Here, we discuss the special problems due to the electram ifethe electron cooler (EC)
is installed. We refer to the final HESR Electron Cooler Desgjudy [43]. The electron
beam currenf, amounts to 1.0 A. It is guided by the EC solenoid with a cortdt@am radius
a = 5 mm. The inner diameter of the EC vacuum chamber amounts tor@200The resulting
radius profiler.(s) is shown in Fig. 32. The total length of the EC solenoid.jg- = 24.0 m.

In addition, nine beam position monitors are foreseen. Tdarbposition monitors consist of
four electrodes that together form a cylinder with an innanteter of 200 mm and a length of
200 mm.

16.1 Negative potential well of the electron beam

We first estimate the negative potential well due to the gtedactron beam. The linear charge
density\ is given by

A= e = { (144)

ds v

Here, I is the current and = (¢ the longitudinal velocity of the electrons. The resulting
potential well and the electric field can be calculated ugigg. (4)-(6). A round electron beam
of 1.0 A with a constant density within a radius= 5 mm yields the following values (kinetic
energy of the electron beam: 4.5 Mg¥= 0.994787):

A

= —60.3V, (145)

2meg
Uu) = -210.7V, (146)
E.(a) = —12.1kV/m. (247)

The absolute value of the electric field component in radi@adion, | E, |, is maximum at the
edge of the electron beam, i.e. rat= a. For comparison we calculate the corresponding
potential well parameters of an antiproton beam with= 1.0 - 10'° at 8.889 GeV/c using
Egs. (8) and (13). In order to have more than 90% of the aribprbeam inside the electron
beam the beta-values in the EC section are chosen 16 be 3, = 80 m [43]. ForN; =

1.0 - 10 the rms emittance amounts ¢p = ¢, ~ 0.043 mm mrad. These values yield the
rms-widths of the beam in the EC section,~ o, ~ 1.86 mm. We note that these values are
used in the BETACOOL simulations of the EC [43]. They are adesbly smaller than the
o, ando, values shown in Figs. 3 and 4 which are calculatedNgr= 1.0 - 10'* assuming

Bz = By = 175 m ande, = ¢, = 0.148 mm mrad at 15 GeV/c. Thus, we assume inside of
the EC a round Gaussian beam distribution with~ 1.86 mm. The maximum of the absolute
value of the electric field is located af, = 1.585 o, = 2.94 mm. The inner radius of the beam
pipe amounts to 100 mm. These parameters yield for 10'° antiprotons at 8.889 GeV/c

A
= —0.0556 V, (148)
2meg
Uo) = —0.219V, (149)
E.(ry,) = —174V/m. (150)

The depth of the electron potential well is a factor of 968¢authan the depth of the antiproton
potential well and the maximum of the electric field is a facb694 larger.
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Summarizing, the negative potential well of the electroarbects as a very deep pocket
for trapped ions (see Fig. 33). The positive ions perform ifiext cyclotron motions around
the magnetic field lines of the solenoid and magnetron metayound the central axis of the
electron beam, see Subsections 9.2.

It is interesting to note that the transverse electric fidldhe electron beam (about
12 kV/m at beam edge) is so strong thgt= 1.07 - 107 s~! for HJ ions. The magnetic field of
the EC solenoid is rather low (0.2 T) yielding = 9.58 - 10 s~! for HJ ions. Using Egs. (59)
and (60), we gef, = 2.63 - 10° Hz for the frequency of the modified cyclotron motion and
f— = 1.11 - 10° Hz for the frequency of the magnetron motion of kbns. The high value of
f_ is a consequence of the high transverse electric field. IRPAMDA target solenoid and the
compensation solenoids the frequerfcyis rather low.

16.2 lonization rate and neutralization due to the electrorbeam

The number of antiprotons per second amounts to abgut= 5.0 - 10 s~ if 1.0 - 10!
antiprotons are stored in the HESR ring. This correspondsn@arp current of about 8 mA.
The current of the electron beam amounts to 1.0 A. This cpomrds to a number of electrons
per second oV, = 6.24-10'8 s! which is a factor of 125 larger. Therefore, the ionizaticiera
due to the electron beam is also a factor of 125 larger. Indhewing estimates of ionization
and neutralization we neglect the very small contributibthe antiproton beam in the region
of the electron cooler.

We recall that the ionization cross section depends on tHeaules in the residual gas
and the velocity? = v/c of the beam particles. It does not depend on the charge anddbe
of the beam particles. Now, the velocity of the electron bésexactly equal to the velocity
of the antiproton beam. Therefore, applying Bethe’s foan(@3) yields identical ionization
cross sections for electrons and antiprotons and we can use the valued listéable 2. The
corresponding production rafe, for a certain ion species is given by

R, = op,fc. (151)

Here,o is the ionization cross sectiop,, the number density of the residual molecules gnd
the velocity of the beam particles. The production tifes the inverse of the production rate,
T, = 1/R,. Itis simply the time which a single antiproton and/or elentneeds in order to
produce one singly charged ion. We note that the productitenvt, and the production time
T, are also identical for electrons and antiprotons.

The following estimates are taken from the final electron@odesign study [43]. In the
region of the electron cooler big pumps on both sides of tregiit cooling section and the
return straight section are installed. The distance bettlee pumps is 30 m. The outgassing
rate is assumed to ke= 1.0 - 1072 mbarliter/cm?/s after bake-out to 13C. The residual gas
is assumed to consist oLH75 %), CH, (14 %) and CO (11 %). The average pressure for each

gas is calculated taking the specific molecular conductanee 3053 /T /M into account.
The calculated average partial pressures become

1. 5.5- 10719 mbar for H, (p,, = 1.5 - 1013 m=3),
2. 1.3-1071° mbar for CO p,, = 3.5 - 102 m=3),
3. 2.0- 107 mbar for CH, (p,, = 5.3 - 102 m=3).
The ionization cross sectionsand the resulting production timés are
1. 0 =2-1072m? T, = 11 s for H,,
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2.0=9-10"m? T, = 11s for CO,
3.0=11-100*m?T, = 6 s for CH,.

It is planned to remove the trapped ions with clearing etelgs near the entrance and
exit of the straight cooling section [43]. The clearing ¢éledes are installed in the merging
modules. The resulting clearing times due to the mean tHerelacity in one direction are
estimated as [43]

1. T. = 13 ms for H;,
2. T, = 50 ms for CO,
3. T. = 38 ms for CH,.

The resulting mean neutralizatigrfrom H,, CO and CH amounts to

T, T, T, 0.013 0.050 0.038
1= (Z) (E) +(E) - omo vom g
Ho CO CHy

T, T, T, 11 11 6

We note that a neutralization of 1.2 % is rather high when anng it with the neigh-
bouring sections of the HESR ring. This is due to the facttt@atlearing electrodes are located
outside of the 24 m long cooler section. Taking the rotatibthe electron beam by the space
charge of the trapped ions into account the allowed uppet i) amounts to 6 % at 4.5 MeV
kinetic energy of the EC [43], see also Subsection 16.3. Ttinesachievable neutralization
of 1.2 % is sufficiently small for the operation of the electroooler at high beam energies,
especially at the maximum energy 4.5 MeV [43].

However, it is not always desirable to hayas small as possible. That means, there is
not only an upper limit for; but also a lower limit if the beam rotation is considered i@ fibw-
energy range 0.45 MeV - 2.0 MeV, see Subsections 16.4 and E6r5instance at the lowest
energy 0.45 MeV, the neutralization should be limited to

0.247 < 5 < 0.319. (153)

The method to achieve a certain well defined neutralizatiothe® electron-cooling beam is
presented in Subsections 18.1 and 18.3.
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Fig. 32: Inner beam pipe radius(s) after installation of the electron cooler.
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Fig. 33: Central potentidl (s) showing the large potential depth due to the electron beam.
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16.3 Upper limit of EC neutralization by trapped ions at high beam energies

In order to estimate an upper limit of electron-beam nelzatibn the rotation of the electron
beam by the space-charge of trapped ions was calculatedbse&tion 7.10.1 of the HESR
Electron Cooler Design Study [43]. The absolute value ofthienuthal velocity of an electron
at the beam edge= « is given by (for a derivation see Subsection 17.2):

1—n?| I, 1 11
V2 | Bec2meg Ba
Here, I, is the electron beam currentthe neutralizationB the magnetic field of the solenoid,

a the radius of the electron beam. The quantitiesnd 5. are defined by the electron beam
energy. The upper limitis specified by the requirement

|Vaz(a)]
Bec
This condition corresponds to the maximum r.m.s. non<gttaiess of the magnetic field lines
[43]. Using this condition yields fof, = 1.0 A, a = 5 mm, B = 0.2 T and the maximum
kinetic energy 4.5 MeV of the electron codier

1 10758%c*271eqaB

n < <¥ + Ie ) = 0.06. (156)

|Vaz(a)| = (154)

<1.0-107° (155)

16.4 Lower limit of EC neutralization by trapped ions at low beam energies

Taking the requirement,.(a)|/(B.c) < 1.0-107° at the lowest kinetic energy 0.45 MeV yields
not only an upper limit but also a lower limit for the neuteatiionr. This is due to the fact that
the azimuthal velocity,. (a) can be either positive or negative depending on the sign-ofy>.

At the lowest energy 0.45 MeY. is rather small{, = 1.88 at 0.45 MeV) andv,.(a)|/(5.c)
becomes rather large if ~ 0, see Table 31. Thus, if < 1/~? the corresponding inequality
may be written

1 107°32¢%2 B
e (—2 - I flcznac ) - (157)
’Ye ‘[e
This yields forT, = 0.45 MeV
n > 0.247. (158)

16.5 Consideration of lower and upper limits of EC neutralization

In the HESR Electron Cooler Design Study [43] only an uppmitlpf n at the highest energy
4.5 MeV has been considered. Here, we compile the lower apdrdpnits at different beam
energies between 0.45 MeV and 4.5 MeV. The requirerhepta)|/(5.c) < 1.0 - 107° yields
the following inequality
—522 2 —-5122 2
<i2 10 ﬁeCIQTFGQ(IB) <n< <i n 10™Bzc 27TeoaB> .
Ve e

- ’ (159)

In Table 29 we list the resulting lower and upper limitsyofor the energy range 0.45 MeV-
4.5 MeV.

There is a typo in the corresponding equation of Ref. [43F Tight side must be multiplied with/~2, i.e.

107°3%42c?21egaB 1
< 1 e e
"= ( i I
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Table 29: Lower and upper limitg,,;,, andn,,... yielding sufficiently low|v, (a)|/(B.c) < 1.0 - 1075,

Te (MeV) ﬁe Ve 1/73 nmin nmaa:

0.45 0.847 1.88 0.283 0.247 0.319
15 0.967 3.94 0.0646 0.0178 0.111
2.0 0.979 491 0.0414 0.0 0.0893
2.5 0.985 5.89 0.0288 0.0 0.0774
3.5 0.992 7.85 0.0162 0.0 0.0654
4.5 0.995 9.81 0.0104 0.0 0.0599

We note that a neutralization with a negative sign cannotiosmce negatively charged
ions cannot be created and trapped in the antiproton beasrefbine, the entries of,,;,, with
negative sign have been replaced by a zero. The list in Té&bih8ws that a lower limit of
should be considered at low energies.
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17. Drawbacks of the Space-Charge Potential of the ElectroBeam

The electron beam of the HESR electron cooler is very interend dense (curreit = 1.0 A,
radiusa = 5 mm). Here, we discuss the drawbacks of the high space-cli@arglee cooling
process. (i) The space-charge potential of the electromlmeaises a significant radial depen-
dence of the electron energies, see Subsection 17.1. (@ydition. there is the cross-field
drift velocity due to the longitudinal magnetic field of theater solenoid and the radial force
F, caused by the electric and magnetic field of the fast-moviect®n beam. Also this effect
must be taken into account. It yields a non-negligible tvanse azimuthal velocity,,., see
Subsection 17.2.

17.1 Dependence of the electron energy on the space-chargategntial of the electron
beam

The space-charge potenti@(r) of the EC beam can be calculated using (160) — (162)
I,
Bec

Here,I. = 1.0 Ais the electron current ang.c the electron velocity. Taking the neutralization

n due to trapped ions into account and assuntitig.) = 0 at the inner surface of the beam
pipe (radius . = 100 mm) the space-charge potentialr) may be written

A= (160)

U(r) = M=)y re _ (—60.0\/)M In’¢ r>a, (161)
2meg r e r
oAMd-np) 1 2 Te
ur) = 2meg lé 242 n (E)]
B 1-n[1 r? T
= (=60.0V) 3 [Q — 55t <3) r<a. (162)

In Fig. 34 we show the space-charge potential U(r) for twotedm beam energies (0.45
MeV and 4.5 MeV). The potential is zero at the vacuum chamher=(100 mm) and has its
deep minimum at the beam center. It depends strongly on tieatieationr of the electron
beam, see factdi —») in Egs. (161) and (162). If the neutralization is negligibinall (; ~ 0)
the space charge potential is maximal. If the electron bedally neutralized 4 = 1) the space
charge potential is zero.

The kinetic energy of the electrofis is given by the absolute value of the cathode poten-
tial |U...»,| and thenegative space-charge potentiél(r),

T. = ('7 - l)meCQ = €[|Ucath| + U(T’)] (163)

In Fig. 35 we show the variation of the electron energy dudééospace-charge potential in the
region of the beamr(< 5 mm). The full curve refers tg) = 0, the dashed curve tp = 0.9.
The variation is zero if the electron beam is fully neutradiby trapped ions, i.e; = 1.

The variation of the electron energy due to the space-chaogential is rather large.
Taking the difference of kinetic energie&7. = e[U(a) — U(0)], between the beam edge and
the beam center yields the characteristic relative eneeyyatdon A7, /T, due to the space-
charge potential, see Table 30.
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Fig. 34: Space charge potentla(r) of the electron beam/{ = 1.0 A, beam radiug = 5 mm, radius of vacuum
chamberr,. = 100 mm). Note: The space charge potential is zero at the vacuamloér radius,. = 100 mm.
Full line: Beam neutralization = 0.0. Dashed line: Beam neutralizatign= 0.9. Left: Nominal kinetic energy
0.45 MeV. Right: Nominal kinetic energy 4.5 MeV.
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Fig. 35: Variation of the electron energy due to the spaa@gdpotential/ (r) of the EC beam. Full line: Beam
neutralizatiom = 0.0. Dashed line: Beam neutralizatign= 0.9. Left: Nominal kinetic energy 0.45 MeV. Right:
Nominal kinetic energy 4.5 MeV.
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The corresponding relative momentum deviation can be tzkxliusing

App  Ap.  7.—11AT,
Pp D _Je— - e (164)
Ps D Ye B Te

The velocity3;c of the antiproton beam approaches the velogjtyof the electron beam during
the cooling process. Therefore we get with= 3. andv; = 7.
Ap;  Ape
=Pp _ DPe (165)
pﬁ Pe
In order to see the effects of the space-charge potentiabktree we list the relative energy
and momentum deviations fgr~ 0 in Table 30.

Table 30: Relative energy and momentum deviations due toesplaarge effects assuming negligibly small neu-
tralization ¢ ~ 0).

T. (MeV) AT, /T, Ape/pe

0.45 7.87-107° 5.14-107°
15 2.07-107° 1.65-107°
2.5 1.22-107° 1.04-107°
3.5 8.64-107% 7.66-1076
4.5 6.70-107% 6.08-107°

The rationale of the HESR EC is to reach a momentum resolofitime antiproton beam
in the order ofl.0 - 10~°. This cannot be achieved at low beam energies. Therefoesstoould
try to reduce the variation of the electron energy which is tiLthe large space-charge potential
of the electron beam. This can be achieved by neutraliziegligctron beam, see Subsect. 18.1.
However, the effect of transverse motions due to the sphagsge of trapped ions must also be
taken into account, see Subsection 18.4.

17.2 Azimuthal velocities due to the space-charge potentiaf the electron beam

Now, we consider the transverse motion of an electron dubdadnteraction with the space-
charge of the EC beam and the space charge of trapped ionsiadiaé force F,. due to the
space charge of a fast-moving beam may be written

I, 1 r
Bec2meg a?

F,=e(l- ﬁz)

e

(166)

The term with/3? takes the azimuthal magnetic fielg, of a fast-moving beam into account.
The resulting radial forcé, = e(E, — v, x B) = e(E, — 8.cBg) = e(1 — 32)E, is directed
outwards. In addition the radially attractive force duetie space charge of the trapped ions
must be taken into account. Thus, we get

I. 1 r

—. 167
Be.c 2meq a? (167)

Frze(]-_ﬁc?_n)

95



Using(1 — 3%) = 1/~2, this equation may be written

1=y I, 1 7

F - (168)

V2 fec2meya?

This equation shows that the effect of the beam neutratimatiis magnified by the factoy?.
We note that the factor? is rather large{* = 3.54 at7, = 0.45 MeV and+? = 96.2 at
T, = 4.5 MeV).
Writing the equations of motions one sees that the comlonati a radial forceF, with
the cyclotron motion in a longitudinal magnetic fieltlyields a modified cyclotron motiown
and a magnetron motian_ around the beam center, see Sect. 9. and Appendix of Ref. [1].
These two angular frequencies are related to the basic anfyjajuencyw,. of the cyclotron

motion
eB

We = , (169)
YelMle
and the angular frequency, which takes the effect of the radial foréé into account,
e 1—m? 1. 1 1
wy = . (170)
Yeme  VZ  Pec2mega
The resulting angular frequencies andw_ may be written
We <wc)2 )
wy = — — ] —w
+ 2 2 b
We We 2 2

Numerically, we get fom; = 0, I. = 1.0 A, @ = 0.005 m, B = 0.2 T and the kinetic
energy rang®.45 MeV — 4.5 MeV

we = 1.87046-10"0s7!, w2 =2.64845-10'7 s72, T, = 0.45 MeV,
we = 3.51763-10° s, wi =4.24034-10"%s72 T, =4.5MeV, (172)

wy = 1.8690-10"s7! w_=1.4170-10"s7!, T, = 0.45 MeV,
wy = 3.5056-10°s7, w_ =1.2096-10"s"', T, =4.5 MeV. (173)

We are interested to estimate the transverse veloaities- rw_ which are due to the
azimuthal magnetron motion around the beam center. Sing€)? > w?, we can use the
approximation

wo A —. (174)

Thus, we get fotw_
1ol 111
v2  fec2mey Ba?
The resulting transverse (azimuthal) veloeity(r) of the electrons may thus be written

(175)

l—mpy?2 I, 1 17

——. 176
V2 Bec2mey B a? (176)

Var (1) = w_r =
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The transverse velocity is maximum at the beam edgeu,

- I, 1 11
72 fec2meg Ba

Vgz(a) =w_a = (177)

Assuming a negligibly small neutralization & 0), we get for the azimuthal velocity
vq.(a) at the beam edge & a« = 5 mm) the results listed in Table 31. The transverse velacitie

Table 31: Electron beam rotatieR, due to space-charge effects assuming negligibly smaltal&sgtion ¢ ~ 0).

T.(MeV) w, (') w_(sY) wvela)(MIS) ve.(a)/Bec

0.45  1.87-10"% 4.00-10° 2.00-10* 7.89-107°
1.5 894-10° 8.01-10° 4.00-10° 1.38-107°
2.0 7.16-10° 5.07-10° 2.54-10® 8.64-1076
2.5 5.97-10° 3.50-10° 1.75-10° 5.93-10°¢
3.5 448-10° 1.96-10° 9.81-10> 3.30-10°°
4.5 3.59-10° 1.25-10° 6.25-10° 2.10-1076

vq. Vary linearly between zero at the beam center and a maximuhedieam edge. In order
to achieve a relative momentum resolutip/p < 1.0 - 10~° one can accept,.(a)/(8.c) <
1.0 - 1075, This corresponds to the r.m.s. non-straightness of thenataxfield lines [43]. At
low electron energie$, < 2 MeV, this requirement is not fulfilled if ~ 0, see Table 31. This
drawback can be avoided by neutralizing the electron-ngdieam, i.e. by adjusting= 1/~2.
Then, the numeratar — 7> = 0 in Eq. (177) becomes zero and the azimuthal velocities
vanish, see next Subsection.
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18. Counteracting Space-Charge Effects of the EC beam

The space-charge potential of the electron-cooling beatnales the homogeneity of the longi-
tudinal velocity profilev; and causes a transverse (azimuthal) velocity sprgadoth effects
affect the cooling process, i.e. the velocity matching leetthe electrons and the antiprotons.
Both effects can be mitigated by admitting a certain neiziméibn of the electron beam.

18.1 Neutralization of the electron-cooling beam with traped ions

The drawback of the space-charge potential can be remow&uitie extent by a space-charge
neutralization of the electron-cooling beam. Such a sghegge neutralization system has been
successfully implemented on the LEAR EC [49, 50, 51]. Indtefextracting the ions which
are produced by ionization of the residual gas in the EC,dhs are accumulated. To this end,
two sets of neutralization electrodes have been installéside the interaction region towards
the electron gun and towards the electron collector, résjgde The electrodes consist of two
metallic half cylinders which are separated by a high-tesigylass insulator, see Fig. 36. The
positive voltages on the electrodes are not equal in ordget@rate also a transverse electric
field £. The low-energy ions and electrons from the ionization psses move in the longitudi-
nal direction towards the neutralization electrodes. Tdstvely charged ions will be reflected,
and therefore stored. The low-energy electrons will beet#d by the positive voltages of the
neutralization electrodes. Thereby, the effect of thesfadd-drift velocityvp, = E x B/B2

is used in order to extract the low-energy electrons fromdhgation processes. They drift in
the crossed electric and magnetic fields towards the higilstinee-glass insulator.

y (mmm)
Z
S

Vs

A\ /
4

100 50 0 50 100

Fig. 36: Scheme of a neutralization electrode for the HESRTEE electrode consist of two metallic half cylinders
which are separated by a high-resistive-glass insulatwe. pbsitively charged ions will be reflected, and therefore
stored in the EC interaction region. The low-energy elaedrdrift in the crossed electric and magnetic fields
towards the high-resistive-glass insulator.

The ions are trapped in the cooling section of the EC and th&aleationn increases
according to the production time. The production tiffjeamounts to about 11 s forjHand
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CO" ions and about 6 s for CHions. Thus, a specific neutralization (for instance 1/+?) is
quickly reached. In order to stabilize the neutralizatiewel the continuously produced surplus
ions can be removed by shaking the ions with a sine-wave lsiggmdied to a transverse kicker,
see Subsect. 18.3.

18.2 Measurement of the EC neutralization

There are two methods which can be used in order to deterrhe@dutralizatiom of the
EC beam [50]. Both methods rely on measurements of the wglo@. the velocity of the
cooled antiproton beam or the velocity of the electron beAnprecise knowledge of the ve-
locity allows the determination of the kinetic energy of #lectron beam and therewith the
neutralizatiorn), see Egs. (162) and (163).

(i) One can measure the cooled antiproton velocity by mé&agthe revolution frequency
of the antiproton beam. The mean velocityof the cooled antiproton beam depends on the
neutralization of the electron beam, see Subsect. 17.1. An increagénoplies a decrease of
the cathode potentidl/...;,| if the the ion revolution frequency is kept constant. Theections
of the cathode potential|U..;,| can be used in order to dedude).

(i) A more direct method has also been developed at LEAR.[90]e Time-Of-Flight
(TOF) method is based on the fact that a density modulatigmasimposed on the electron
beam depends on the mean velocityof the electron beam and therewith also on the neutral-
izationn. The longitudinal density of the electron beam is weakly olatéd by a sinusoidal
signal applied on the neutralization electrode at the ang@®f the EC. This signal is taken from
a network analyzer at a frequency of about 300 MHz. The maeedlsignal is detected at the
neutralization electrode at the exit of the EC. The phadereéiiceA¢ between the signals at
the entrance and exit can be used in order to determine the ve&zcity v, of the EC beam and
therewith the neutralization level The TOF method can be calibrated using the method (i),
i.e. by measuring the revolution frequency of the antipmdieam and readjusting the cathode
potential.

Caveat: We mention that sufficient high accuracies can oalgtitained at relatively low
kinetic energieq’ and therewith low values of. This is due to the fact that

dg

R (178)

T

In the electron kinetic energy range 0.45 - 4.5 MeV the reistic Lorentz factory varies
between 1.88 and 9.81, and the factdry + 1) varies between 5.4 and 106. Fortunately, a
precise determination of the neutralizatipin the EC interaction region is only necessary at
low kinetic energies, i.e. faf, < 1.63 MeV (7. < 4.20,T; < 3.0 GeV), see Subsect. 18.6.

18.3 Stabilization of the EC neutralization

Neutralization experiments at LEAR [49, 50, 51] have shohat instabilities of the neutral-
izationn occur at large electron currents. These instabilitieseauagrgy jumps of the electron
beam and the circulating antiproton beam due to the suddemgels of the space charge po-
tential, see factofl — n) in Eq. (162). The energy jumps occur at regular intervalgted

to the production timé, of the trapped ions. The repetitive energy jumps lead toimgaind
sometimes even to losses of the antiproton beam. This hhefiat can only be avoided by a
very strict control of the neutralization level.
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In order to stabilize the neutralization level an additiatevice called 'LEAR shaker’ has
been installed in LEAR. The 'LEAR shaker’ consists of twoattedes, similar in shape to po-
sition pick-ups, which act as a transverse kicker. They acéed with a sinusoidal RF-voltage
of a few volts and at frequencies of some 100 kHz, in the rarigeeobounce frequencies of
the trapped ions in the electron beam. The RF-voltages IpsthieLirapped ions and they expel
continuously the surplus ions. In this way neutralizatievels between = 0 andn = 1 could
be stabilized at 1.5 A electron currents [51].

18.4 What is the optimum neutralization of the electron beamat low energies?

Here, we discuss the question: What is the optimum neuditédiz of the electron beam? To
this end, we considef\p. /p. and |v,.(a)|/(5.c) assuming three different options fgr see
Tables 32-34.

A solution withn ~ 0 has the disadvantage that bothy. /p. and |v,.(a)|/(B.c), are
rather large at low energies, see Table 32.

ConcerningAp. /p., the optimum neutralization would be= 1, see Table 33. Then, the
electron beam would be completely neutralized and theivelatomentum deviatiof\p, /p.
due to the space charge potential would be zero. Howeveazineuthal velocitiesv, .| of the
electron beam and the ratigs,.(a)|/(5.c) would be rather large iff = 1, see Table 33. The
ratio |v,.(a)|/(B.c) can be calculated using Eq. (177) in Subsection 17.25Ferl we get

|Va(a)] 1\ 1 1. I, 4
=|l1-=|—= = =2.00-10"". 179
Bec v2 ) B2 ?2megBa  ¢*2megBa (179)
Since(1 — 1/42)/p% = [1 — (1 — 5%)]/3? = 1, the ratio|v,.(a)|/(5.c) would be independent
of the EC beam energy if = 1. We note thatv,.(a)|/(S.c) = 2.0- 10~* is much too large and
cannot be tolerated.

Unfortunately, it is not possible to achieve simultanepusp. /p. = 0 and|v,.(a)|/(5.c) =
0. Therefore, we suggest to adjust the neutralizatjor- 1/ as the optimum compro-
mise, see Table 34. Thep,.(a)|/(5.c) would be zero and the relative momentum deviations
Ap./p. would be somewhat smaller than with~ 0. The resulting relative momentum devi-
ationsAp,. /p. and the ratidv,.(a)|/(5.c) are listed in Table 34. A stable neutralization with
n = 1/~2 can be achieved by (i) accumulating and trapping the coatisly produced ions in
the EC interaction region with neutralization electrodese(Subsect. 18.1) and (ii) using the
lon-Cyclotron-Resonance (ICR) heating for stabilizatisee Subsect. 18.5).

According to the HESR Electron Cooler Design Study [43] iplanned to run the EC
with » = 0.012, i.e. n ~ 0. This option is well suited for the high-energy range. Hoerev
at low energies\p. /p. as well aslv,.(a)|/(83.c) become larger thah.0 - 10~°, see Table 32.
The deviation ofiv,.(a)|/(3.c) from 1.0 - 107> becomes even larger if the magnetic field of
the EC solenoid is decreased. In this context we note a remahe HESR Electron Cooler
Design Study [43]: 'For experiments to be performed at theciton energy of 3 GeV, or
below, there is a desire to lower the magnetic field strengtthe HESR ring to allow for
compensation of the tune shift’ A kinetic energy of 3 GeVresponds toy. = 4.20 and
T. = 1.63 MeV. Thus, if for instance the magnetic field of the solenaideduced by a factor
of two, i.e. B = 0.1 T, the relative azimuthal velocity,.(a)|/(5.c) is increased by a factor
of two! That means, a very high azimuthal velocity would adiau n =~ 0 at low energies, for
instancev,.(a)|/(B.c) = 1.58 - 10~* at the lowest electron energy 0.45 MeV. This drawback
can be avoided by adjusting= 1/+? at low energies.
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Table 32: Relative momentum deviations and relative aziadutelocities due to space-charge effects assuming a
neutralizatiom = 0.

T.(MeV) . n Ape/pe Vaz (CL)/(ﬁeC)

0.45 1.88 0 524-10° 7.89-107°
15 394 0 1.65-107° 1.38-107°
2.5 589 0 1.04-107% 5.93-10°°¢
3.5 785 0 7.66-107% 3.30-107°
4.5 9.81 0 6.08-107¢ 2.10-107°

Table 33: Relative momentum deviations and relative aiadutelocities due to space-charge effects assuming a
neutralizatiom = 1.

T.(MeV) . n Ape/pe UaZ(a)/(ﬁec)

0.45 1.88 1 0 2.00-10~*
1.5 394 1 0 2.00- 1074
2.5 589 1 0 2.00-1074
3.5 785 1 0 2.00- 1074
4.5 981 1 0 2.00-10~*

Table 34: Relative momentum deviations and relative aiadutelocities due to space-charge effects assuming a
neutralizatiom = 1/~2 (optimum neutralization).

T. (MeV) . n Ape/pe Vaz(a)/(Bec)

0.45 1.88 0.283 3.69-107°
1.5 3.94 0.0646 1.54-107°
2.5 5.89 0.0288 1.01-107°
3.5 7.85 0.0162 7.54-1076
4.5 9.81 0.0104 6.02-10°°

oNelolNelNe

18.5 Stabilization of the optimum neutralizationn = 1/+? at low energies

In order to adapt the LEAR method to the HESR EC we list in Téllehe characteristic cy-
clotron frequencies. = w./(27) and bounce frequencie§ = w,/(27). We note that the
resulting modified cyclotron frequencies and the magnetron frequencies depend consid-
erably on the neutralization. Taking the neutralization in the expression &grinto account
the equations for the modified cyclotron frequencyand the magnetron frequeney may be
written in the following form,

2 2

If the neutralizatiom tends towards /+2 (i.e. n — 1/~%) we have

we =t \/<w—) + (1 =m2)wi(n=0). (180)

Wy — we, w_ — 0. (181)
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That means the magnetron motion around the beam centerntterel® and we are left with the
pure cyclotron motion around the magnetic field lines. Thogsdotron frequencies are listed in
the second column of Table 35. Thus, in order to achieve destatralization withy = 1/~2

Table 35: Cyclotron frequencies = w./(27) and bounce frequencig§ = wy/(27) in the HESR EC for
I.=10A, B=0.2Tanda =5.0mm.

lon f.(kHz) f, (kHz)at0.45MeV f, (kHz) at4.5 MeV

Hy 1525 \/1—mnvy2 x 1854 /1 —mnv2 x 1710
CHf 191 \/1—mny2 x 655 \/1—mny2 x 605
CO* 109 /1 —mny2 x 495 /1 —my2 x 457

one can use the lon-Cyclotron-Resonance (ICR) heatingeoibitns by adjusting the cyclotron
resonance frequencies listed in Table 35. Then, the surphsswhich are continuously pro-
duced are heated up resonantly if= 1/~? is reached. Due to the energy gain by the RF field
the cyclotron radius of those ions increases continuoustyf the ions are neutralized at the
vacuum chamber. This process is self-regulatingy Ifecomes less thary~? the cyclotron
resonance condition is violated and the ICR heating is €dgmce the modified cyclotron fre-
quencyw, # w,. for n < 1/+2, see Eq. (180). Thus, the shaker removes only ionsf1 /2

is reached.

In the HESR EC nine beam position monitors are foreseen.elp@sition monitors can
also be used as shakers by applying the shaker RF voltagersogbgosition pick-up elec-
trodes. In view of the fact that different ion species aredpieed we suggest to use several
beam position monitors as shakers. They can be tuned to beanance with the characteristic
cyclotron frequencies of the ion species, see Table 35. Titpdus ions which are produced out-
side the shaker positions move along the magnetic field lifigstheir mean thermal velocities
towards the shaker positions where they are immediateliyraieaed.

18.6 Adjustment of the EC neutralization at higher energies

Finally, we mention that the adjustment of the 'optimum malization’, = 1/~2 is only nec-
essary at the lowest kinetic energies of the antiproton bEam 3.0 GeV. The corresponding
kinetic energies of the electron beam amountite< 1.63 MeV (v, < 4.20). At higher energies
the EC can be operated with~ 1.2 % as foreseen in the HESR Electron Cooler Design Study
[43]. This is due to the fact that the relative momentum déws Ap,. /p. and the relative
azimthal velocitiesv,. |/ 3.c of the electron beam are sufficiently small at higher energiee
Table 36.

Table 36: Relative momentum deviations and relative aiadutelocities due to space-charge effects assuming a
neutralizatiom ~ 1.2 %.

T. (MeV) 7. 7 Ape/pe  |vaz(a)]/(Bec)

2.5 5.89 0.012 1.03-107>  3.46-107°
3.5 7.85 0.012 7.57-107%  8.60-1077
4.5 9.81 0.012 6.01-10"¢ 3.25-1077
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19. Summary and Conclusions

The first part of the present report (Sects. 1.-9.) servestesduction to the issue of trapped
ions. It provides the basic informations on the HESR laythé electric field of the antiproton
beam, the UHV update, the ionization process, the mean #iestocities of trapped ions, the
production timel,, the clearing timd,, the neutralizatiom, the ion motion in dipole magnets
and the ion motion in solenoids. The second part of the repdevoted to the question of how
to counteract trapped ion effects in the HESR, see Sects.1B0.

The circulating antiproton beam ionizes the residual gakeoutes of the UHV vacuum.
The produced ions are trapped in the negative potentialoftike antiproton beam. The trapped
ions can cause emittance growth, beam instabilities, eolhdéream-ion oscillations and beam
losses. In order to avoid the adverse effects of trappeditdasiecessary to keep the beam
neutralizatiom as low as possible. This can be achieved using clearingetisd, see Sects. 10.
and 11..

The highest clearing efficiency can be achieved with cowotiisiclearing electrodes along
the beam pipe, see Subsects. 10.3 - 10.6. In regions of verydsidual gas pressurek.({ -
107" mbar < p < 1.0 - 1072 mbar) the trapped ions can be extracted with single isolated
clearing electrodes, see Subsect. 10.2. Continuous i@nidein the region of solenoids is
possible using transverse cross-field drift velocitigs= E x E/BQ, see Sect. 11..

Counteracting trapped ion effects near the internal PAN&#&édt is treated in Sect. 12..
The residual gas pressure is very higl)(10~? mbar < p < 6.0-107° mbar) near the PANDA
target, i.e. between = 488 m ands = 532 m. Continuous clearing electrodes can be used in
order to counteract the very high production of trapped amsto keep the neutralizatiops)
sufficiently low, i.e.n(s) < 1.0 - 1072, see Subsect. 12.2.

Continuous clearing electrodes all along the beam pipetheaPANDA target would be
the optimum solution of the trapped ion problem. Howevas itecessary to consider the con-
straints due to the PANDA experiment. The possibility toradn continuous ion clearing in
the immediate neighbourhood of the PANDA target, i.e. inrdggon of the target solenoid and
the compensation solenoid is discussed in Subsects. 1@ .B2%a. The resulting neutralization
n(s) is shown in Fig. 21, see Subsect. 12.5.

The remaining PANDA target regions between- 488 m ands = 508 m and between
s = 512.5 m ands = 532 m consist of a dipole magnet (PANDA Forward Spectrometeii, d
spaces, quadrupole magnets and two correction dipole nsaghthe PANDA chicane. There,
the ion-production rate is still rather high and continuolesring electrodes are mandatory in
order to avoid dangerous ion-beam oscillations, see StgsEt6 - 12.9.

The mitigation of trapped ion effects in the region of thealgpmagnets in the arcs is
treated in Sect. 13.. In principle, the cross-field driftogily v, = £, /B, can be used in order
to guide the trapped ions to the entrance and exit of the 4.@ny dlipole magnets. But this
method is not very efficient since the cross-field drift véles are very low. Therefore, it has
already been planned to improve the UHV vacuum consideff@3yby sputtering thin-film
NEG?! coatings onto the surface of the vacuum chamber and by usitinky jackets along the
beam tubes. The aim is to achieve residual gas pressureswtflat- 10~'* mbar.

Unfortunately, the cross-field drift velocity, = E,/B, vanishes at the beam center.
Therefore, ions created near the beam center are pragticatlicleared, see Subsect. 13.2. In
order to avoid the build-up of a trapped ion peak in the beameceve suggest to shift the beam
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periodically back and forth, see Subsects. 13.3 - 13.6.

The highest clearing efficiencies can be achieved usingraomis clearing electrodes
inside the 4.2 m long dipole magnets, see Subsect. 13.7. r@ppad ions can be extracted
vertically along the magnetic field lines. As discussed ibstget. 10.3 continuous clearing
electrodes can be produced by plasma spraying a 0.1 mm thicR@&mm wideAl,O5 layer at
the bottom of the beam pipes. On top of the isolating layer m&bwide highly resistive thick
film coating can be applied. Using clearing voltages of -Myields electric fields of about
640 V/m at the beam center. The resulting clearing ratesahggh that even UHV pressures
of less thanl.0 - 10~° mbar can be tolerated.

Another possibility to achieve continuous ion clearing ipalle magnets has been dis-
cussed in Subsect. 13.8. Thereby, the beam pipe consistoahetallic half-cylinders sep-
arated by high-resistive-glass insulators. Applying apigovoltagestU, and —U, yields an
electric field component, which can be used in order to extract the produced ions.

Anyway, we recommend the installation of continuous clegrelectrodes inside the
dipole magnets, even if they are not needed at the beginnlingy can always be used if
problems with the ultra-high vacuum occur.

The possibility to damp coherent ion-beam oscillationsisgwussed in Sect. 14.. These
collective oscillations of the beam center (dipole modetherbeam shape (quadrupole mode)
grow exponentially due to the interaction of the beam withtilapped ions. The most danger-
ous mode is the dipole mode, i.e. the coherent oscillatiaih@beam center. Under specific
conditions the coherent instabilities can be suppressddibgau damping if the tune spreads
of beam and ion oscillations are sufficiently large, see 8cib44.3. Another possibility is the
active damping of beam instabilities using feedback sysiesee Subsect. 14.6.

Under certain conditions one can also use beam shaking @r tvxdemove trapped ions
and to decrease the neutralizatipnn regions where the clearing electrodes cannot remove
trapped ions sufficiently, see Sect. 15.. Transverse ksaaan be used in order to excite coherent
oscillations of the beam. Thus, the beam is shaken by theeabiRF field of a shaking kicker
and the oscillating beam shakes the ions. This method wértke ishaking frequency is
close to one of the sideband frequendies- Q)w, ('slow wave’ frequency) ofn + Q)w, (‘fast
wave’ frequency) and close to the ion bounce frequeney. A consequence of the resonance
condition is the fact that clearing of trapped ions by shgksonly possible at specific positions
in the ring and for light ions like M and Hj . Heavier ions cannot be removed by beam shaking.
In addition, we mention that beam shaking deterioratesrdresverse beam quality. This fact
must be taken into account when applying beam shaking in E@RHring.

The problem of trapped ions in the electron cooler (EC) beadnaethods to counteract
trapped ion effects are discussed in Sects. 16. - 18.. Theda@ lis guided by a 24 m long
solenoid with a constant beam radius of 5 mm. The EC beammayir€ A) is very much larger
than the current of the circulating antiproton beam. As aseguence, the EC potential well acts
as a very deep pocket for trapped ions. The trapped ionsrperfoodified cyclotron motions
around the magnetic field lines of the solenoid and magnetrotions around the central axis
of the EC beam. According to the electron cooler design sfddyit is planned to remove the
trapped ions with clearing electrodes near the entrancexihdf the straight cooling section.
The resulting mean neutralizatigrfrom H,, CO and CH amounts to about 1.2 %.

However, it is not always desirable to keep the beam nep#tadin as small as possible.
Especially at low energies the drawbacks of the large sphagge potential of the EC beam are
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rather large, see Sect. 17.:

() The cooling efficiency is deteriorated by the space-ghgvotential of the electron beam
which causes a significant radial dependence of the eleetrergies, see Subsection 17.1.

(ii) The cooling efficiency is deteriorated by the azimutbadss-field drift velocity of the elec-
trons which is caused by the electric field of the electrormesee Subsection 17.2.

Both effects can be mitigated by adjusting a certain nemébn of the electron beam
at low energies, see Sect. 18.. The optimum neutralizasigedched if; = 1/42, see Sub-
sect. 18.4. Then, the azimuthal cross-field drift velocityhe electrons is zero and the EC
space-charge potential is reduced. In order to achievebéesteutralization with; = 1/~2
one can use the lon-Cyclotron-Resonance (ICR) heatingstifpus ions which are produced
continuously are heated up resonantly. To this end, thebeaen position monitors can also be
used as ion shakers by applying the RF voltage to pairs ofippgick-up electrodes. They can
be tuned to be in resonance with the characteristic cyeidtemjuencies of the trapped ions.

The application of beam shakers has the additional benatfitriktabilities of the neutral-
izationn can be prevented. Such instabilities can occur at large E@ meirrents [49, 50, 51].
They cause energy jumps of the electron beam due to suddagehaf the space-charge po-
tential. This harmful effect can only be avoided by a striohtrol and stabilization of the
neutralization level.
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