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lon Trapping in the High-Energy Storage Ring HESR

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

Abstract

The problem of ion trapping in the high-energy storage rirgSR is

studied in the present report. Positive ions are trappeddamegative
potential well of the antiproton beam. The ions are produmgdhe

interaction between the antiproton beam and the residsal Tae ad-
verse effects of ion trapping like tune shifts, tune spreatscoherent
instabilities are reviewed. The ion production rate by zation of the

residual gas molecules is estimated. The negative potergiband the

corresponding electric fields of the antiproton beam aréuetad in or-

der to study the transverse and longitudinal motion of tims iand the
accumulation in trapping pockets. The removal of ions caadbeeved
using clearing electrodes and under certain conditionsnee# trans-
verse beam shaking. Diagnostic tools and measurementsppied ion

effects are sketched.






Contents

1.

2.

Introduction
Beam Parameters and HESR Lattice

Electric Field and Potential Well of the Antiproton Beam
3.1 Electricpotentialwell . . . . . ... ... .......

3.2 Transverse electric field componeftsandE, . . . . . .

3.3 Longitudinal electric field components . . . . . . ..
Residual Gas Pressure

The lonization Process

5.1 Energytransfer . . . . . . . . .
5.2 lonizationcrosssection . . . . . . . . ... .. .. ..

5.3 lonizationrate . . . . . . . ... ... ...

5.4 Local ionization rate, neutralization rate and neigadlon time . . . . . . . .

Production Time 7}, Clearing Time 7, and Neutralization »

6.1 Productiontimd), . . ... ... ... ... .. .. ...
6.2 Clearingtimél,. . . . . . . . . . . e

6.3 Neutralization . . . .. ... ... .. ... ......
Mean Thermal Energy and Mean Thermal Velocity

lon Motion in Dipole, Quadrupole and Sextupole Magnets

8.1 Cyclotron motion of trapped ions in bending magnets . ...... . . . .. ..

8.2 E x B/B? cross-field drift velocity in dipole magnets .

8.3 Estimate of the mean cross-field drift velocity in dipolagnets . . . . . . ..
8.4 Gradient and curvature drift velocity in quadrupole metg . . . . . . . . ..
8.5 E x B/B? cross-field drift velocity in quadrupole magnets . . . . . . ...

8.6 E x E/B2 cross-field drift velocity in sextupole magnets . . . . . .. ...

lon Motion in Solenoids

9.1 Cyclotron motion of trapped ionsin solenoids . . . . . . ... .. ..
9.2 Adiabatic motion of trapped ions in the fringe field ofesmbids . . . . . . ..

9.3 Magnetron motion and modified cyclotron motion in soldeaue to the elec-
tricfield ofthebeam . . . . . . .. . ... 37

9.4 Magnetron motion and modified cyclotron motion in thade field of solenoids 39

9.5 Fringefieldofsolenoids . ... ............

9.6 Mean thermal ion drift and clearing timésin solenoids

11
12
15

18

19
19
19
20
21

23
23
24

25

26

27
27
28
30
31
34
35

40



10. lon Clearing Using Clearing Electrodes
10.1 Clearingelectrodes . . . . . . . . . . . . . e
10.2 lon clearing in straight sections by mean thermalveésc . . . . . . . . . ..
10.3 lon clearing in straight sections by longitudinal decstion . . . . . . . . ..
10.4 lon clearing in dipole magnets by mean cross-field delfbcities . . . . . . .
10.5 lon clearing in dipole magnets by vertical electricdeel . . . . . ... .. ..
10.6 lon clearing in dipole magnets by horizontal electetds . . . . . . . .. ..
10.7 UHV upgrade indipolemagnets . . . . . . . . . .. ... ... .. ..

11. Local Density of Trapped lons and Secondary Reactions
11.1 Transverse distribution of trappedions . . . . . . . .. ...... .. ... ..
11.2 Estimate of trapped ion luminosity and secondaryieast. . . . . . . .. ..
11.3 Comparison of primary and secondary reaction rates

12. Neutralization in the Arcs

13. Neutralization in the Full HESR Ring
13.1 Estimates with different assumptions . . . . . . . . .. . ...
13.2 DISCUSSION . . . . o o o e

14. Electron Cooler
14.1 Negative potential well of the electronbeam . . . . . . ...... . ... ...
14.2 lonization rate and neutralization due to the eledb@am . . . . . . . . . ..

15. Target Region
15.1 Problems . . . . . . .. e,
15.2 Possible solutions outside of the PANDA solenoid . . ...... . . . . .. ..

16. Stability Condition for lon Oscillations
16.1 Stability condition assuming neutralizatipe=0 . . . . . . . . ... ... ..
16.2 Stability condition assuming neutralizatipn-0 . . . . . . . . .. ... ...

17. Tune Shift and Tune Spread
17.1 Tune shiftsduetotrappedions . . . . . . . .. .. ... .. ... ..
17.2 Estimateoftuneshifts . . . . . .. ... ... ... .

18. Coherent Instabilities
18.1 lonoscillations . . . . . .. ... e
18.2 Formalism of coherentinstabilities . . . . . . .. ... .. ... . ... ..
18.3 Landau damping of coherent instabilites . . . . . . . . ...... . ... ...
18.4 Numericalresults . . . . . . . . . . . . . . . e

42

42
42
44
46
48
49

50

51
51
51
52

53

56
56
56

66
66
67

77
1
78

79

79

93
96



19.

20.

21.

22.

23.

18.5 Risk of coherent instabilities . . . . . . . . . . . ... ... ... .. ... 98

18.6 Damping of instabilities using feedback systems . . ...... . . .. ... .. 98
Beam Shaking 99
19.1 Formalism . . . . . . . . e 99
19.2 Experimental observations . . . . . ... ... ... .. 100
19.3 Resonant transverse shaking of the HESRbeam . . . . . ........ . ... 101
Beam-free Time Gap 103
20.1 Extraction of trapped ions during the beam-free timega . . . . . . .. .. 103
20.2 Instability ofion oscillations . . . . . . .. ... ... . o 103
Diagnostic Tools and Measurements of Trapped lon Effest 104
21.1 Current measurements at clearing electrode . . . . . .. ... ... ... 104
21.2 Tune-shiftmeasurements . . . . . . . . . . . . . . ... .. e 104
21.3 Beam emittance measurements . . . . . . . ... a e o 104
21.4 Measurement of the coherent ion-beam oscillations . . . . ... ... .. 104
21.5 Measurements of the transverse beam transfer function . . . . . . .. .. 104
Summary and Conclusion 105
Appendix 107
23.1 Magnetron motion and modified cyclotron motion of treghpons in solenoids . 107
23.2 Proof . . . . e 108
23.3 Longitudinal motion of trapped ionsinsolenoids . . . ... ... ... .. 109
23.4 Magnetron motion and modified cyclotron motion of eleas in solen0|ds .. 109






1. Introduction

The High-Energy Storage Ring (HESR) of the future Interadl Facility for Antiprotons and
lon Research (FAIR) at GSI in Darmstadt is designed as syirciir and storage ring for an-
tiprotons in the momentum range 1.5 — 15 GeV/c [1, 2]. Inteta@et experiments with an-
tiprotons are planned by the PANDA collaboration [3]. In gideh, two other collaborations
(PAX [4, 5], ASSIA [6]) proposed spin physics experimentshapolarized antiprotons. In the
present work the problem of ion trapping by the antiprotoarbes studied. In this context we
mention that estimates of trapped ion effects were madeadrptevious reports [7, 8].

The effects of trapped ions and trapped electrons have lesemeed in many accelerators
and storage rings [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,124 beam particles interact with
the molecules of the residual gas in the vacuum and produsigygoions 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, ingtabnd beam loss. The CERN An-
tiproton Accumulator (AA), the Fermilab Accumulator anekthermilab Recycler Ring (RR)
have observed the adverse effects of trapped ions, and lsadevarious methods in order to
remove the ions.

In the present report we evaluate the trapped ion effectsiwdrie caused by the circulat-
ing antiproton beam. The special effects due to the eledteam of the electron cooler (EC)
are discussed in Sect. 14..

2. Beam Parameters and HESR Lattice

The layout of the HESR ring is shown in Fig. 1. In Fig. 2, theitat functionss,, 3, and the
horizontal dispersiorD,, of the standard HESR optics 'optic4’ with, = 6.2, @, = 7.5995
and@, = 7.6216 are shown as a function efwith s = 0 at the beginning of the upper arc. The
beta functions amount to about 175 m in the region of the mlaatooler and about 2 m in the
region of the PANDA target. In Figs. 3 and 4, the beam envelppe. the 1-sigma values,
ando,, are plotted as a function effor 1.0 - 10! antiprotons at 15 GeV/c.

For the calculation of the negative potential well of thanoton beam we need the beam
envelopes, ando, as a function ok. We perform the calculations using the standard optics
'optic4’ and the HESR List of beam parameters from July 2041).[ We calculate the en-
velopes assuming stochastic cooling. The effective tatgesity of the PANDA target will be
4.0 - 10* hydrogen atoms per cmThe stochastic cooling will be adjusted such that the trans
verse emittance growth by the beam-target interactionsmgpensated and the highest-possible
momentum resolution is achieved. Therefore, the transv@ns emittances stay constant and
we can assume normalized rms emittanceande, as given by the RESR beam at HESR injec-
tion. The longitudinal emittance is characterized by a Ibangch of constant length; = 0.9C
and the relative rms momentum spread The rms values of which can be achieved with
stochastic cooling are taken for the calculation of the Epas. They are listed below. The
corresponding momentum spreads are lesser than the mamsptaads 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
enormatized gmount to 1.0 mm mrad fax.5 - 10'° antiprotons in the ring. They scale @s;/3.5 -

10'9)#/5 with the numberN, of antiprotons. The relative rms momentum spread scales as

1_normalized __
€x% = €zyBy



(Np/3.5-101)%/5. Taking as reference values the emittangesnd relative beam spreadsat
injection energyl;; = 3.0 GeV one has

e N; =1.0-10": e3 = 0.58 mm mrad; = 0.50 - 1073,
e N;=10- 10'°: €53 = 0.090 mm mradd; = 0.20 - 1073.

Accelerating or decelerating the injected beam yields ggomrms emittances = ¢, = ¢,
and relative rms momentum spreadshich scale according to the adiabatic damping law,

B33

By
B33

0 = O03——= 1
s (1)

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 colleaiog (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 - 10~3. We assume the barrier bucket mode of operation with a bunch
lengthL; = 0.9C and a beam free gap of length = 0.1C. The circumferenc€' amounts to
575.2 m.

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

—_= 63

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, wéhksbeam parametersand §
which are used for the calculation of the envelopes assumbhgantiprotons in the HESR
ring,

1. Sl:p=1.5GeV/c,T = 0.831 GeV,e = 1.4 mm mrad = 1.9 - 1074,

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

3. S3:p =8.889 GeV/c, T = 8.0 GeV,e = 0.28 mm mrad,d = 1.2 - 1074,

4. S4:p = 15GeV/c,T = 14.091 GeV.e = 0.148 mm mrad,d = 0.9 - 1074
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 = 3.825 GeV/c,T = 3.0 GeV,e = 0.089 mm mrad, = 5.1 - 1072,

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

4. S4:p = 15GeV/c, T = 14.091 GeV.e = 0.023 mm mrad§ = 3.9 - 107°.
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Fig. 1: Layout of the HESR ring.
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Fig. 3: Horizontal beam envelope, (s) for 1.0 - 10! antiprotons at 15 GeV/c. The electron cooler is located
betweens = 207.390 m ands = 231.890 m. The PANDA target is located at= 509.481 m.
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3. Electric Field and Potential Well of the Antiproton Beam
3.1 Electric potential well

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

A= ———. (3)
Here, N; is the number of stored antiprotonrsthe elementary charge aidd the length of the

barrier bucket bunches, e.g; = 0.9C. The potential/(r), with the constraint/(r.) = 0 at
the surface of the beam pipe, is given by

A Te
— < o>
U(r) e In . r>a,
A1l r? Te
— - - <.
ulr) 27eg lQ 2a? in < a >] r=a “)

We note that\/(2req) = —0.556 V for 1.0 - 10!! antiprotons in the ring. The corresponding
electric fieldE, reads

Al
E.(r) = - r>a,
2meg T
Ao
E.(r) = me 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 fielfl, is directed to the beam center. The absolute value of the
beam potential is maximal at the beam cemnter 0,

U0) = -2 [lﬂn(E).

27 |12 a

(6)

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

Ey(a) = 22

2mep a

(7)

For a bi-Gaussian distribution of the beam particles withrtns valuesr, ando, and a
round beam pipe with inner radiug, the potential U(x,y) can be calculated using the equations
in the appendix of Zhou’s PhD thesis [16]. We are only intexésn the valued/(s) at the
beam centefz, y, s) = (0,0, s) which can be calculated using

7+mQ?%%FN’ ®)

wherey ~ 0.577 is Euler’s constant. The proffi@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) =

2If the electron cooler is installed the radigsamounts to 100 mm in the region of the electron cooler. The
resulting modifications are discussed in Sect. 14..
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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 towdhdse potential minima which act as
trapping pockets. These are the ideal locations for theiolgalectrodes.

The magnitude of the potentiél(x, y, s) and the potential depth(s) depend strongly
on the numberV; of stored antiprotons. Since «x N; we getU(s) o« N; if the dependence
of (o, + o,) on N; in the logarithmic term in Eq. (8) is ignored. Thus fdf = 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.

3.2 Transverse electric field component&, and £,

The transverse electric field near the beam center, whiakaded in order to estimate the oscil-
lation frequency of the trapped ions, can be calculatedyusia following linear approximation

Eiry) = ——1 L
Y= 2mey (04 + 0y) 04
A 1
E(ry) = ot (9)

2meg (0, + 0y) 0y

The absolute value of the transverse electric field is malxonathe short axis of the
elliptical beam distribution. For instancedf, < o,, the maximum is neay = 1.60, and can
be calculated using the equation (2.6) in Zhou’s thesis.[I8E electric fields of the clearing
electrodes should be essentially larger than the maximlnesaf the transverse electric field
in order to extract the positive ions out of the beam. Thegefee calculate a safe upper limit
E,... of the transverse electric field distribution using thedaling simple formula

_ A 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 optics, 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 34ct.

Ey, (10)

12
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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 potential(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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3.3 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¢

(11)
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.

15



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. Residual Gas Pressure

In order to estimate the ionization of the residual gas mdéscone needs the denspy, =
N,,/V of the residual gas molecules. Outside of the PANDA targgibrethe UHV vacuum
pressure amounts t 1.0 - 10~2 mbar which can be achieved without heating the beam pipes.
There is a large pressure bump in the region of the PANDA tavbere the pressure rises up to
about6 - 10-5 mbar [22, 23]. The target is locatedsat 509.481 m. The pressure as a function
of the positions in the ring is shown in Fig. 9. The residual gas contains mnyai3l molecules.
Therefore, the beam neutralization by trapped ions is datathby H ions. The interaction of
the beam with trapped Hions yields also a certain amount of trappet idns in the beam. In
addition, there are always CO molecules present in the UMH¥ CO molecules are produced
by surface processes near gauges and pumps. Surface ligraxe reduced by hot electrons
or ions (in gauges and ion pumps) and liberate oxygen whiotbazes with carbon on surfaces
(which is always there also) [24].

In order to cure the adverse effects of trapped ions a verg gvtV vacuum is needed. In
this context, we mention a recommendation of Alain Poncé} {Zho recommends the instal-
lation of bake-out jackets from the start (even if not usethatbeginning "cheap” start with no
power and control equipment for bake-out). The baked UH\Wuat system at the CERN An-
tiproton Accelerator was operated at pressures of ahduti0~!! mbar! But the main problem
of HESR is the huge pressure bump in the region of the PANDdetar

P A R B S H S N S
0 100 200 300 400 500 430 500 510 520 530
s (m) s (m)

Fig. 9: Vacuum pressurg(s). Left: the complete HESR ring from = 0 m to s = 575 m. Right: the PANDA
target region froms = 485 mto s = 535 m. The PANDA target is located at= 509.481 m.
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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 ) —. 12
aE "’ eA( ﬁEmam E? (12)
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,

(13)

maxr —

— / " da L EAE | / —dE (14)

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 (14), we get

E:1<1 Enar 62> (15)

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

E =430eV. (16)

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 this context we mention that the energy transfer to thesaregligibly small. There-
fore, the rms velocities of the ions can be estimated usiagrtban thermal energy of 0.039 eV
at 300 K, see Subsection 7..

5.2 lonization cross section

The integrated ionization cross section depends on theauleke in the residual gas and the
velocity 5 = v/c of the beam particles. It does not depend on the charge anddbs of the
beam particles. Using Bethe’s formula it can be described by

(N e[ (P Y] LG
el ()5
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where
(18)

h 2
4 ( ) =1.874-10"% m?.
meC

The constants are listed in Table 1. The resulting ionipatt@ss sections are listed in Table 2
for different molecules and four beam momenta. The crossosecfor CO and N are 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
CO, 575 55.92 22 44

Table 2: lonization cross sections.

p; (GeVic) o(Hp) (Mm?) o(CHy) (M) o(H0) (M?*) o(CO) (Mm?*) o(O0z) (Mm?)
1.500 2.16-1072  1.12-10"%2 8.60-1072 9.37-1072 1.04-10"22
3.825 1.87-1072% 9.88-107% 761-107% 835-107%% 9.27-1072
8.889 2.00-1072 1.07-10"%2 8.27-107% 9.11-107% 1.01-10"22
15.000 2121072 1.15-10"%2 8.84-107% 9.78-107% 1.09-10"22

5.3 lonization rate

The production of ions, i.e. the ionization rat&’;,,/dt, depends on the local densid,,/V
of the molecules in the residual gas of the beam pipe vacthehgam current, i.e. the number
of stored antiprotong/; times the revolution frequencyand the ionization cross section In
order to get a rough estimate, we first calculate the ioropatate assuming a constant vacuum
pressure of about.0 - 1072 mbar everywhere in the HESR ring. At this pressure the residu
gas consists mainly of hydrogen molecules. Therefore, weras a partial hydrogen pressure
p = 1.0-107? mbar =1.0 - 10~7 Pa. The corresponding number of hydrogen molecules per
volumep,, = N,,,/V reads
Nm _ p

P =y T kT
Here,p is the partial pressuré, the Boltzmann constant and T the absolute temperature. With
p=1.0-10"? mbar=1.0-10"7 Pa andl’ = 293 K we get

(19)

pm = 2.47-10% m™3. (20)
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The ionization rate of singly ionized molecules can be dated using

dNion
dt

Here, N; is the number of antiprotons in the ring,the revolution frequency(' the circum-
ference andic the velocity,Gc = C'f. Assuming the maximum momentum of 15 GeV/c we
get for H, molecules f,, = 2.47 - 10'¥ m=3) with C' = 575.1894 m, f = 5.202 - 10° s~! and
N; =1.0-10"

= 0Ny fpmC = Nzoppfe. (21)

dNion
dt
If there are no losses one has - 10! positive ions in a very short time, i.e. withind s and,
taking the short time gap of the barrier bucket bunches iotoant, the negative space charge
of the beam is fully neutralized within 7.1 s. In the regiorteé PANDA target, the residual gas
pressure is much higher and the neutralization of the beachi®ved in a much shorter time.

Before we discuss the local ionization rate, we estimatetheation rate of CO molecules
assuming a typical partial pressurelof - 10~'° mbar, i.e. 10 % ofi.0 - 10~° mbar. We note
that the ionization cross section of the heavier molec@égrger than that of hydrogen. Thus,
we get

=1.57-100 g1, 22
(22)

dNion
dt
Taking such a contribution into account the total ionizatiate increases by about 45 % and
amounts t@.27 - 10! s~1. Without lossed .0 - 10!! positive ions would be produced within
4.4s.

These first estimates show that it is mandatory to removeotiequickly, i.e. to suppress
the accumulation of ions in the potential well of the beam.isTit necessary in view of the
adverse effects of positive ions in the stored antiprotanhe

=0.70- 100 g1, 23
(23)

5.4 Local ionization rate, neutralization rate and neutralization time

The ionization rate depends on the local pressure of thduakgas molecules. In the region
of the PANDA target the pressure is several orders of madeihigher thari.0 - 10~ mbar.
Thus, the molecule density,, depends on the position p,, = p..(s). In order to describe the
ionization rate as a function of the positiem the ring, we define the ionization rate per length
dN;on /ds and write .
dNion

2 = ONpf p(s). (24)
Taking the effect of different moleculesn the residual gas into account the local ionization
rate may be written

dNion /ds = i 0 N5 f pmi(5), (25)

=1
whereg; is the ionization cross section apgl ; the number of moleculesper volume.
The local neutralization factor is defined as the number of positive elementary charges

per meterdN;,, /ds divided by the number of negative antiprotons per meter.ufssg that
the ions are singly charged, we can write

o dNion Ll

- =L 26
= s N, (26)
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If there is a build-up of multiply charged ions the last equahas to be modified accordingly.
Neglecting losses, the corresponding local neutralinatiber may be written

. dNion Ll
T s N;

Ly
= 0pm(s)de s (27)

Here, L, is the length of the barrier bucket bunch aiNg/L, denotes the line density of the
beam patrticles. It is interesting to note that the numbentipeotons cancels if neutralization
ratesn and the resulting neutralizatiopare considered. In the literature, the corresponding
neutralization time/,, is defined as the time it takes to achieve full neutralizatbthe beam
bunches, if one starts with= 0 and ion losses are neglected. Then, the line density ofrantip
tons is compensated by a corresponding line density ofipesdns. The neutralization time

T, is given by
1 1 C
T, == ——. 28
N opm(s)Bely (28)

For a partial pressure af0 - 10~° mbar for hydrogen molecules add/C = 0.9 one gets
n=0141s"" T,=71s (1.0-10"" mbar). (29)
For a partial pressure af0 - 10~ mbar for hydrogen molecules one gets
n=1410s"', T,=71-10"*s (1.0-107° mbar). (30)

That means, if losses are neglected, the local neutralizatamounts to 14.1 % after 0.1 ms
and the beam is fully neutralized in a very short time perib@.@1 ms. In Sect. 6.1 we define
the so-called production tinig,. This quantity is equivalent to the neutralization tiffig i.e.
T,=T,L/C.
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6. Production Time T}, Clearing Time 7. and Neutralization n
6.1 Production timeT,

In order to estimate the amount of neutralization we defieetioduction time,, the produc-
tion rate R, the clearing timel;, and the clearing rat&.. The production tim&, refers to
the ionization produced by one single antiproton in the hdam defined as the time which is
needed to neutralize the negative elementary charge oftigr@ton. The production ratg,

is the inverse off},. Taking the effect of different moleculésn the residual gas into account
the production rate may be written

Rp = Z Uipm,iﬁca (31)
=1

whereo; is the ionization cross section apg ; the number of moleculesper volume. If the
ionization process is dominated by the production of sirggigrged H ions we haveR, =
opmBc. The resulting ionization rate is given by the numbérof antiprotons in the ring and
the production raté,

dNion
Finally, we note
1
T,=—. 33

We mention that the production tin¥g, is proportional to the neutralization tin¥g, defined

in Eqg. (28), i.e. T, = T,L,/C. Thus, the production time is simply the time which one
single antiproton needs in order to produce one single imir(gly charged ions dominate the

ionization process). We note that the production tifpelepends on the local partial densities

P O R (OSSO R B
430 500 510 520 530

s (m) s (m)

P U S R RUR RN B N
10 0 100 200 300 400 500

Fig. 10: Production tim&,(s) for HJ ions assuming the standard optids, = 0.9C, p; = 15 GeV/c and
Ny = 1.0 - 10*. Left: the complete HESR ring from= 0 m to s = 575 m. Right: the PANDA target region
from s = 485 m to s = 535 m. The PANDA target is located at= 509.481 m.
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pm.i(s) and therewith on the local partial pressuge&s). Since the residual vacuum of the
HESR ring is dominated by hydrogen moleculeswe assume in the following estimates only
the effect of hydrogen molecules. In this context, we retalt other molecules like for instance
N, and CO exhibit larger ionization cross sections (see TapleTRey should be taken into
account if the partial pressure of those molecules is sobiataln Sects. 12. and 13. the effects
of heavier molecules are estimated by assuming 20 % CO nle&die. by assuming partial
pressures 06.2 - 1072 mbar for CO and).8 - 10~ mbar for H, molecules. Here we assume,
that the partial pressure of;Hnolecules is practically equal to the total pressurg, = p.
Then, the local production timg,(s) is inversely proportional to the local pressgi@). The
vacuum pressure in the HESR ring will be= 1 - 10~ mbar. In the PANDA target region
the pressure rises up to aba@ut 10~ mbar. In order to take this pressure bump into account
the pressure profile(s) near the PANDA target [22, 23] has been taken into accourtten t
following calculations. The pressure profile is shown in.FHig The resulting production time
T,(s) is shown in Fig. 10. In the PANDA target region, the productione has a marked dip
with nearly1 - 10~* s at the minimum. In regions with - 10~ mbar, the production time
amounts to 6.4 s (at 15 GeV/c).

6.2 Clearing timeT.

The clearing timeT,. refers to the time which is needed to remove one positive eheany
charge out of the beam. If singly charged ions dominate ihéstime needed to remove one
single ion. In other words, the clearing tirfig defines the mean lifetime of the positive ion in
the beam. The clearing time is the inverse of the clearirgy rat

T, = —. (34)

R.=> R, (35)

Now, we consider the differential equation of the numbgy, in the beam (again assum-
ing only singly charged ions),
dNion o Nﬁ Nion

a T, T,

The production (and the trapping) of ions is proportionatite number of antiprotons. The
number of removed ions per second depends on the momentatyenwf ions in the beam.
The solution may be written

(36)

t 1. t
Nion(t) = an<0) exp(—i) + Npi[l — exp(—i)] (37)
Normally, the number of ionsv;,,,(0) at the beginning is zero and the number of ions in the
beam tends asymptotically toward$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, R
Njon = Np== = Np=2.
won p Tp P Rc (38)

This steady state is quickly reached after a few time perigds
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6.3 Neutralization
The resulting neutralization of the beam may be written

o Nion Ll o Ll Tc o LlRp

— — == =7 39
"= N, T CT, T CR. (39)
These equations can be generalized in order to describedalereutralizatiom(s),
dN;on _ &Tc(s) _ &Rp(s)’ (40)
ds C T,(s) C Re.s)
77(5) _ dNion& i L1 TC<S) N L1 Rp(S). (41)

ds N, CT,(s) C Rus)

Thus, one has to estimate the local clearing tifpg) and the local production timé,(s) in
order to estimate the local neutralizatigfs). We note that., /C = 0.9 for the barrier bucket
mode of the HESR. Thus, we gets) = 0.97,(s)/T,(s) for the HESR.
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7. 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. (42)

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 (43)
m;
and the mean value of the magnitude of the velocities in oreetiony,
2kT
U =< |vg] >=< |vy| >=< |v.| >= : (44)
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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8. lon Motion in Dipole, Quadrupole and Sextupole 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. Thus, #m#ical 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, _—
i = : Z. 46
' 4B (46)
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 H and Hf ions. Foruv;, we take the mean thermal velocity in one
direction, vy = (/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
frequencyy;, revolution timeT;, radiusr;.

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

3.0 2.87-10% 4.57-107 2.19-10"% 4.37-106
20 191-10% 3.05-10" 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" 3.05-10° 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° 3.05-10° 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
frequencyy;, revolution timeT;, radiusr;.

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

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 velocityv',. The cross-field drift velocity, arises, ifE is perpendicular td3,
. ExB
Up = B2 .

(47)
Thus, for an electric fields = (E,,0,0) directed in the positive/negativedirection and a
magnetic field in thes-direction, B = (0, B,,0), the cross-field drift velocity, is directed

into the positive/negative-direction and amounts to

v, = —. (48)

X —

Fig. 11: lllustrative explanation of the cross-fiel (% E) drift velocity vp of a positive ion.

with the start velocity, moves on a cyclotron-like trajectory around the magnetid fiees.
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During the time where the ion moves in the direction of thetele field £, it is accelerated
and the radius of it's trajectory is increased. During tineetiwhere the ion moves against the
direction of the electric field it is decelerated and the waf it's trajectory is decreased. As
a consequence, a mean drift velocity perpendicular to thés- and E fields arises. The drift
velocity 7 is independent of the start velocity , the chargey;, the sign of the charge and
the massn; of the ion. Thus, ions (of whatever mass and charge) andrefecmove in the
same direction at the same velocity.

We note that the electric field, (z) is not constant. Near the beam a¥s depends
linearly onz, E, = -2-— 2 Therefore, Eq. (48) only applies if the variation of the

2meg Ox+0y O

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

|ri0FE, /0z| < |E.(x)|. (49)

This condition is fulfilled if the Larmor radius; of the ions is very small and if the ions are
created at a certain distancdrom the central axis with

2| > 7. (50)

For instance, the Larmor radius of Hons atB, = 1.7 T amounts to about 12m, see Table 5.
Thus, one can apply Eq. (48) for transverse distanogith |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 absoluteofdheselectric field component
|E,| of a bi-Gaussian beam distribution with. ~ ¢, has a maximum afz| = 1.5850,.
For \/(2meq) = —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. (51)

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 (seesaaits. 8.3 and 10.4) is used in order
to extract the ions in the longitudinal direction. In Suliset0.5, 10.6 and 10.7 three different
methods are presented in order to reduce the neutralizattipole magnets substantially.

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

Magnetic mirror effects occur for ions drifting from fieldee 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 ihsf@aring electrodes in the field-free
sections between the magnets.
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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 directioa,vp(z < 0) = —op(z > 0). We
assume bi-Gaussian beam distributions with= o, = ¢ in the region of the dipole magnets.
The transverse electric fiell, due to the beam charge is given by

A 2% + 92 x
E.(x,y) = 1— — 52
(z.9) 2me < SPTo0r ) 21 y? (52)

with \/(2meg) = —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 functfd@m, y) is given by

1 2 2
e E—
P 202

fx,y) =

(53)

2o

The mean valué, of the electric field componentfs, (z, y) on the left side of the beam distri-
bution, i.e. forx > 0, is obtained by folding”,.(z, y) with f(z,y),

o= fjo? 0+00Ex($ay)f($,y)dxdy

. = — (54)
fjoo 0Jr f(SC, ’y)dﬂfdy
The folding can be done analytically. It yields the mean gally,
_ 1 2—-+2
E, = A \/_. (55)
2meg \2m0 0T
The absolute value of the mean drift velodity,| in longitudinal direction reads
E,
o] = 12, (56)

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. Treusyean drift distance i5/2 =
2.25 m and the mean clearing timeé is given by

L

T, = ——.
2|vp|

(57)

This equation holds true for ions created:at 0 as well asc < 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 6, we list the mean cross-field drift velodity, |
and the mean clearing tim&. for /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.
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Table 6: Mean cross-field drift velocity | and mean clearing timg. for 1.0 - 10'* antiprotons and. = 4.5 m.

p GeVic |vp| (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 lovdipole magnets when averaged over
the Gaussian beam profile. As a consequence, the resuldagrg times/,. are rather high.

In addition, the mean electric fields and therewith the measszfield drift velocities
depend critically on the numbéf; 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 fot .0 - 10'° antiprotons are by a factor #03/°=3.98 lesser and the
mean clearing time$, are by a factor 0f0%/°=3.98 larger than the values listed in Table 6.

8.4 Gradient and curvature drift velocity in quadrupole magnets

Now, we discuss the so-called gradient and curvature driftorty which occurs in the magnetic
field of a quadrupole. The gradient drift velocity dependghaion velocityv, perpendicular
to the magnetic field lines. We have already seen that

v = 7’@-@ = TW;. (58)

m;

Here, we discuss the effect for an ion in the magnetic midplaaking revolutions due to the
local magnetic field componer, with a periodic variation of the horizontal displacement,
r = r;cosw;t. The radius; is a very small quantity due to the low thermal velocitieshod t
ions. Denoting the magnetic field a§ by B, (z), the magnetic field in the neighbourhood of
xg, 1.€. atrg + = may be written

0B
By = By<xo) + a—xy xZ. (59)
The projection of the velocity on z is given by

] cosw;t + lri&% (r;cosw;t) | coswt.
m; Ox
(60)
The averaging over the time yields zero for the first term lomzero for the second term. Thus,
the longitudinal drift velocity, is given by the mean longitudinal velocity v, >,
1 9 q; 8By

= = —ri— —=. 61
vp =< v, > QTZmi o (61)

QiBy
my;

AQiBy(xO)
i my

v, =V CoOsw;t =15 cosw;t = [7“
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This derivation only applies if the field variation over theelotron motion is small, i.e. if
r;0B,/0r < By(zo). (62)

This condition is fulfilled if the ion is created at a certaistdncer, from the quadrupole axis
with zq > r;. For instance, a typical magnetic field gradient of 10 T/m ane- 2 mm yields
B,(z9) = 0.02 T and the corresponding Larmor radii of H" and H} ions are very small
(r; < 1 mm) at thermal velocities, see Tables 4 and 5.

The gradient drift velocity can also be written

m; o 1 aBy
= — —. 63
vp 2 quiBQ ox (63)
An alternative form [25] independent of the choice of conates is
om0 o wir? = =
Up = ?vlquz(B x VB) = 557 (B x V_B). (64)

Here,w; is the gyration frequency and the gyration radius as defined in Egs. (45) and (46).
The sense of the drift velocity for positive particles iseqvby (64). For negative particles
the sign of the drift velocity is opposite. The change of sitgmes from the chargg or the
definition ofw;. The gradient drift velocity can be understood by considgthe variation of
the radius-; in the inhomogeneous quadrupole field as the particle movasd out of regions
of larger than average and lesser than average field strehigghgradient drift velocity can be
illustrated just like theE' x B cross-field drift velocity (see Fig. 11).

The gradient of the magnetic field in a quadrupole impliegatically a curvature of
the magpnetic field lines. An ion with a velocity componentfollows adiabatically the field
lines. The resulting centripetal force acting perpendicub the magnetic fields yields an
additional contribution to the drift velocity, the so-aallcurvature drift velocity. In other words,
the curvature radiu® of the field lines yields an additional drift velocity in thengitudinal
direction. The curvature drift velocity can be written

1 0B
Up = mlvﬁﬁa—xy (65)
Combining the gradient drift velocity and the curvaturdtdrelocity in one equation yields
— (mp? 4 M2y L 9By
Up = (mZU” + 5 'UJ_)quQ O . (66)

Thus, the ion drift velocity in a quadrupole magnet depentwm velocity components in the
(x,y) plane perpendicular t8, i.e. on the velocity, perpendicular to the magnetic field lines
and the velocity parallel to the field lines.

Introducing the kinetic energy termig) = (m,/2)vj andW, = (m,/2)v? yields

1 0B
vp = (2W) + WL)%B2 8—; (67)
An alternative form [25] independent of the choice of conates is
4 m; 1 — =
Up = (mzvﬁ -+ TUE‘)W(B X VJ_B) (68)
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Expressing/p in terms of the radius vectdt of the field line curvature yields [25]

2w, +W.) R x B

Up = 69
P uRB RB (69)

This equation can also be written as
L (f+/)Bx B (f+vi/2) r Bx B 70

w; R RB vl R RB

The direction of the drift velocity is specified by the vecpoduct, in whichF is the
radius vector from the effective center of curvature to tbsifon of the ion. The direction is
appropriate for positive ion charges. For negative ions,dpposite sign arises. We note that
the two-dimensional field of a quadrupole yields

RxB
=—e, 71
wheree’, is the unit vector along the axis. Thus, we can write
L W)
=1 =~ 72
Up 4R B € (72)

The local curvature radiuB of the field lines in a quadrupole is given by

(12 +y2)3/2
y2 _ 1‘2 :

R = R(z,y) = (73)

In order to illustrate the gradient and curvature drift wi#ipwe give an example taking
the mean thermal energies of the ions into account. We take tine optic4 Mad-file as typical
k-value for the quadrupoles = 0.3 m~2. Thek value is defined a& = (9B,/0x)/(Bp).
The maximumB)p value amounts to 50 Tm at 15 GeV/c. Thus, we get typical grasligke
(0B,/0x) = 15 T/m at 15 GeV/c(0B,/0x) = 10 T/m at 10 GeV/c and so on. We assume
a quadrupole with a positive gradiet,= 0B,/0x = +10 T/m, a positive ion produced at
xo = 10 mm, yo = 0 mm thusB(xy) = 0.10 T. Concerning the temperatui®é we assume
T = 300 K. The mean thermal energy with velocities perpendiculahéomagnetic field lines
is given by

1 1
< W, >= %(< W2 >+ < >) = SkT + SKT = 0.0259 eV (74)
and the mean thermal energy with velocities parallel to tagmetic field lines is given by
m
2
The drift velocity for singly charged ions is directed in thasitive z-direction and amounts to

vp = +52 m/s. (76)

1
<W)>=— <) >= kT = 0.0129 eV. (75)

We note that the equations (64) and (72) can only be used tlogrréargex-values, i.e.x >
10 mm. For smallk-values the condition (62) is not fulfilled.

We emphasize that positive ions created neartagis in a quadrupole with a positive
gradiento B, /0x > 0 drift in the positivez-direction. Those created near thexis drift in the
negativez-direction. The drift velocities are maximal along theandy-axis. They are zero
along the diagonals whefg? — 2?) = 0, see Egs. (72) and (73).
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8.5 E x E/B2 cross-field drift velocity in quadrupole magnets

Now, we consider th&' x E/B2 cross-field drift velocity in quadrupole magnets which ascu
due to the electric field of the antiproton beam when pass$iagjuadrupole magnet. We men-
tion the technical note of Macek and Pivi [26] where the fdisma of theE x Bﬁ/B2 cross-field
drift velocity in quadrupole magnets is described. We assariong bunch with a line density
of the beam charges as prepared by the barrier-bucket mode of operation. Ths\vease
beam distribution is described by an elliptical bi-Gaussietribution. Near the beam axis we
have in first-order approximation the following expressionthe electric field vectoE

B x/o,
o 1 (y/ay). 77)

2mey 0y + Oy 0

The magnetic field vectaB of the quadrupole is given by

. Yy
B=g| z |. (78)
0

Here,g = 0B,/0x is the magnetic field gradient. The resulting cross-fieldt &elocity is

given by
=5 0
i — Ex B A 1 1 ( 0 ) . (79)

Bz 2mey 0y + 0y g(z% +1?) .’172/0' —y2/a
x y

The cross-field drift velocities in quadrupoles are exslelyi directed in the longitudinal direc-
tion. Depending on the azimuth angte the ions move in the forward or backward direction.
We note that the magnitude of the drift velocities is highiette ions are produced near the
andy-axes. lons produced near the axes With/o,, — y*/o,) = 0 experience zero drift veloc-
ities, vp = 0. lons starting in the quadrants near thaxis move into the negativedirection
and ions starting in the quadrants near gkaxis move into the positive-direction if the field
gradientg = 0B, /0x is positive (and vice versa if the field gradient is negativéje note
that the cross-field drift velocities and the curvature aratlgent drift velocities have opposite
directions in quadrupoles.

In order to estimate the drift velocity we give a numericaheple. WithN; = 1 - 10"
antiprotons and a bunch length = 517.5 m we have\ = —3.10 - 10~'* C/m and)\/(27¢) =
—0.556 V. Assuming for the maximum momentum 15 GeV/c the typicaliealy = +15 T/m,
o, = 1.5 mm, o, = 1.5 mm yields for ions created along theaxis ¢ > 0 mm andy = 0)

0
Up = ( 0 ) : (80)
—8237 m/s

This example shows that rather high cross-field drift veéiesiwould be reached. The cor-
responding kinetic energies would be 0.71 eV far lens and 9.9 eV for CO ions. These
kinetic energies would have to be provided by the potentell of the antiproton beam. We
note that the depth of the beam potential well is rather wabkit 2 V for1.0 - 10! and 0.2 V
for 1.0 - 10'° antiprotons in the ring). In addition, the potential wellsha shallow minimum
near the beam axis and the electric fiéld of the beam decreases to zero neat 0. Thus,
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the estimated cross-field drift velocities will never beatead and Eqgs. (79) and (80) cannot be
applied [12]. Therefore, the longitudinal ion motion in guapoles is dominated by the mean
thermal velocities in one directian and/or the longitudinal acceleratiap due to longitudinal
electric fieldsE, of the antiproton beam.

8.6 [ x B/B? cross-field drift velocity in sextupole magnets

Here, we consider the' x J§/B2 cross-field drift velocity in sextupole magnets which oscur
due to the electric field of the antiproton beam when passisgxéupole magnet. We derive
the equations in a similar way as in the preceding subseciMmassume a long bunch with a
line density of the beam chargesas prepared by the barrier-bucket mode of operation. The
transverse beam distribution is described by an elliptocabaussian distribution. Near the
beam axis we have in first-order approximation the followexgression for the electric field
vectork

B A\ 1 x/o,
E= . 81
2mey 0, + 0y y/ody (81)

The magnetic field vectab of the sextupole is given by

B=g | -2 |. (82)
0

Here, g, = 0*°B,/0xz* = 9*°B,/0y* = 2 By/a* is the characteristic sextupole parameter as
given by the pole-tip field3, and the pole-tip radius. The resulting drift velocity is given by

— — 0
6D:E><QB: A 12 2122 0 | ©3)
B 2mey 0p + 0y gs (22 + Y22 | 22— 2242
Ox O'y

This equation may be written with = r cos ¢, y = r sin ¢ and the unit vectog, in z-direction

—

A 1 21 (cosggo — cospsin? ¢ 2 cosgpsinzgo) z. (84)

b= 2mey Oy + 0y Gs T Og Oy

The ion drift velocities are directed in the longitudinatetition. Depending on the az-
imuth anglep, the ions move in the forward or backward direction. As inghse of quadrupole
magnets very high cross-field drift velocities would be hest This is due to the fact that the
magnitude of the magnetic fiel# is very low near the beam axis. The corresponding kinetic
energies would never be reached and Egs. (83) and (84) cherapiplied [12]. Therefore, the
longitudinal ion motion in sextupoles is also dominatedhsymean thermal velocity; and the
longitudinal acceleration, = ¢ £;/m due to the electric field of the beam.
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9. lon Motion in Solenoids

A speciality of the HESR ring are solenoids which are usegecial purposes. (i) The electron
cooler (EC) uses a ’'cold’ electron beam in order to cool theutating antiproton beam. It
consists of a long solenoid of about 24.0 m length which guitie electron beam along the
axis of the antiproton beam. The solenoid field amounts torQylding a solenoid strength
of 4.8 Tm. The electron beam is injected and extracted usiaigimg modules which consist
of dipole magnets and bent solenoids. (ii) In addition, ¢ha&re two compensation solenoids
of about 5.0 m length with a maximum solenoid figkdl= 1.5 T and a maximum solenoid
strength of 7.5 Tm. They are located upstream and downstneamby the EC solenoid. (ii) In
the region of the PANDA target the spectrometer magnet stsxsf a superconducting solenoid
with external iron return yoke which allows to achieve a amifi longitudinal field of 2.0 T and
keep enough space for detectors surrounding the intenaptnt. The maximum solenoid
strength is about 7.0 Tm. (iv) In addition, there is one conga¢ion solenoid of about 5.0 m
length with a maximum solenoid field of 1.5 T and a maximum isoié strength of 7.5 Tm in
front of the target solenoid.

Here, we discuss first the mean thermal ion drift along thgitodinal magnetic fields
of the EC-solenoid and the EC-compensation solenoids, @estimate the resulting clearing
timesT,. Then, we discuss the modified cyclotron motion and the magmenotion of trapped
ions in solenoids.

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. Thenttoforcey;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 and 5.

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

Again, we discuss first the situation during the beam-freeetgaps. Inside of the solenoid
the magnetic field is nearly uniform yielding a nearly constadiusr; of the cyclotron motion
around the magnetic field line and a constant distdt)ad the guiding center from the solenoid
axis. In the longitudinal directionz¢direction) the ion moves freely according to the start
velocity v towards the fringe field of the solenoid.

The slow thermal ion motion can be considered as an adiabaiton if the relative
change of the magnetic field componéhtis small during one cyclotron revolution peri@g
i.e. if
v,1T; 0B, 2mm;v, 0B,
B, 0z ¢:B% 0z

The thermal velocities of the ions are so low that the adialzandition (85) is well fulfilled.

< 1. (85)
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In the fringe field of the solenoid a slow ion (i.e. the guidicenter of the ion) follows
adiabatically the expanding field lines. Thus, the cyclotradiusr; and the distanc®; of the
guiding center from the solenoid axis increase according to

B.r? = const, B,R} = const. (86)

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

ri(z) = ri(z0), Ri(z) = R;(20)- (87)

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

vi(z) = gj((;)) vy (20), (88)
v(2) = /02— 01 (2), (89)

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

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

lons which are created by the interaction of the antiprotamb with the residual gas molecules
of the UHV vacuum cannot escape in the transverse directiertathe electric fieldZ of the
antiproton beam. There is an additional trapping effecblersoids due to the cyclotron motion
around the longitudinal magnetic field. This trapping effect is also present in the beam-free
time gaps. But the situation is more complicated during tiespge of the antiproton beam.

The superposition of the radial electric field and the longitudinal magnetic fiel§
yields a modified cyclotron motion and a slow motion arounel slolenoid axis. The latter
motion is due to thé x B drift in azimuthal direction. Itis called magnetron motisince it has
been first observed during the development of the magne®®jn This motion has also been
analyzed during the development of the Penning traps [298.modified cyclotron motion and
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 moti@n) s opposite to that of the cyclotron
motion. This is due to the fact that the electric figf the antiproton beam is directed radially
towards the central axis. The resultant motion can be de=itrby 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.
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The fast cyclotron motion with a small radius is carried along by the slow magnetron motion
with a large radiug_. As to the equations of motion, we refer to review articleBbbgwn and
Gabrielse [30] and Blaum [31]. The detailed solution of thaations of motion is presented in
the Appendix.

®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 motiorw(). Right: The motion can be described as an epicycloid thttds
superposition of a slow circular magnetron motion with vaati_ 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 describedatgdby p' = (z,y) and axially by
z. The equations of motion read

mp = q(E,+ 7 x B), (90)
mz = qF,. (92)

We assume a linear approximation of the radially attractleetric field
E, = —FEyp. (92)

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

see Eq. 5. We introduce the angular frequengy- \/qFEy/m in order to take the electric field
strength into account,

2 g [Al 1
== —. 93
b m 2mey a? (93)
We assume that the magnetic field is oriented in the negatilieection
B =—(0,0,B). (94)
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The magnetic field strength is represented by the angulquémcyw. = ¢B/m of the free
cyclotron motion (i.e. foZ, = 0). The solution of the radial equation (90) may be written

po= Ty+r, (95)
o= rifcos(wit +ay ), sin(wit + o)), (96)
7_ = r_(cos(w_t+a_),sin(w_t+a_)), (97)
where
= g (&>2 + wp (98)
Wy = 9 9 Whs
We we\?

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 radiug_. 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. f? <
(we/2)* we get

N S S |E| ExB

o W B B B2

(100)
That means, the velocity of the magnetron motion is given by ttex B cross-field velocity.

9.4 Magnetron motion and modified cyclotron motion in the fringe field of solenoids

As stated in the preceding subsection, the radial motiomaba is characterized by the su-
perposition of the modified cyclotron motion with angulagdquencyw, and radius-, and the
slow magnetron motion around the central axis with angugudencyv_ and radius-_. The
radiusr, corresponds to the radiusand the radius_ corresponds to the radiug introduced
in subsection 9.2. The radius denotes the distance of the center of the cyclotron motmm fr
the symmetry axis of the solenoid.

The motion of trapped ions in the fringe field of a solenoid &@nconsidered as an
adiabatic motion since the longitudinal velocity of thepjpad ions is very low and the relative
change of the magnetic field componéhtis very small during one cyclotron revolution period
T, = 2w /w, of the modified cyclotron motion. Therefore, the radiiandr_ increase like

re(z) = )ri(zo) (101)

at the entrance and exit of a solenoid due to the decreasiggetia field strengttB, (z).

Simultaneously, the modified cyclotron frequengy and the magnetron frequency.
decrease slowly in the fringe field of the solenoid. This ie tluthe fact that the characteristic
quantitiesv, = ¢B/m andw? decrease in the fringe field, see Egs. (98) and (99). Conugrni
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wi, we know that the electric field strendth, | decreases ag/p outside of the antiproton beam.
Therefore, the electric field outside of the antiproton beaay be written

PR/ F+J;F_

~ 102
2meg (Ty +7-)2  2mey T (102)

This approximation is possible if, < r_. Thus, the characteristic quantity decreases in
the fringe field and we get instead of Eq. (93)

2= q Al i
b m 2mey 1’

(103)

Summarizing, the radii, andr_ increase and the modified cyclotron frequency and the
magnetron frequenay_ decrease slowly in the fringe field of the solenoid.

9.5 Fringe field of solenoids

The inside magnetic field of a long solenoid is nearly unifoiirhe field strengtiB, along the
axis may be written withBy = po/NI1

B.(z) = 20 ( Lte ) (104)

V(L +2)? +a? v22+a2

Here, 1, is the magnetic field constany] the number of windings per metdrthe current,L

the length,a the radius of the solenoid coil andthe longitudinal position with = 0 at the
exit of the solenoid. Thus, the extent of the fringe field dejgeon the radius. We have for
instanceB, = 0.985 By atz = —4a andB, = 0.015 By atz = +4a.

The PANDA spectrometer solenoid [32] consists of threedaxgjls in a large iron yoke.
The inner radius of the coils amounts to 0.930 m and the tatidllength amounts to about
2.8 m. The magnetic field distribution has been calculateth Wie program TOSCA [32].
The solenoid strength amounts to about 7.0 Tm. The longialdield distribution along the
solenoid axis can be approximated using a trapezoidal nvatteb 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. It is 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

@), 0<|2 <t (105)

BZ(Z) = BO <1 — I

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

The equations (104) and (105) together with (101) may be usecter to calculate the
increasing radit, andr_ of trapped ions at the entrance and exit of the solenoids.

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 tirfig# the ions are moving with their mean thermal
velocity in the longitudinal direction and are captured Bacing electrodes at the entrance and
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exit of the solenoids. These estimates are only valid if tragitudinal 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 solenoidsEsee 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,
7, 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 clgdirimes are given
by

T. =1/v. (106)

They are listed in Table 7 for various molecules.

Table 7: 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
Ho 2 8.910? 131073 2.81073
CH, 16 3.1107 371073 7.91073
H,O 18 3.010? 401073 8.31073
CO/N, 28 2.4107 50103 101073
CO, 44 1.910° 63103 131073
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10. lon Clearing Using Clearing Electrodes
10.1 Clearing electrodes

Since the energy transfer is negligibly small in ionizatmocesses ions are produced with a
kinetic energy similar to the thermal energy which is abaQd@V at 300 K. The thermal rms
velocity amounts to 1900 m/s forjHions and 520 m/s for COions. Therefore the positive
ions are trapped in the negative potential well of the aatgor beam which is in the order of
-2 V for 1.0 - 10! antiprotons (see Fig. 6). The ions start to perform trarssvescillations in
the potential well. In addition they are accelerated lamgjitally in the direction to the potential
minima. We mention that the typical depth of the potentiall igeonly -0.25 V for 1.0 - 1019
antiprotons.

The positive ions can be extracted by clearing electrodibeiexternal electric fields are
larger than the electric fields created by the antiprotonmhesee Fig. 7. Thus, isolated elec-
trodes near the inner surface of the beam pipe (inner diam@&3emm) providing sufficiently
large electric fields of more than 500 V/m can be used in omlektract the produced ions. For
instance, clearing electrodes mounted on the inner suofee®eam pipe yield electric fields of
about 2250 V/m with a clearing voltage of -200 V. The elecé®df the beam position monitors
in the ring can also be used to extract the positive ions otlteé&ntiproton beam.

The number of clearing electrodes should be as large ashp@skieal locations are the
minima of the beam potential which act as trapping pockeatsprinciple it is mandatory to
locate clearing electrodes near the potential minima ireiotd avoid trapping pockets. lons
which are produced inside the bending magnets can be edradth electric fields in the
vertical direction, i.e. in the direction of the magnetiddiénes, see Subsect. 10.5. It is also
possible to extract the ions in the longitudinal directiamng theE x E/B2 cross-field drift
velocity, see Subsects. 10.4 and 10.6.

Clearing electrodes can also provide valuable diagnastocmation if the clearing cur-
rent on each electrode can be measured using fast picoamgters [16]. For instance such
measurements yield a relatively good measurement of tia¢ heaitralization timé, (s) which
is equivalent to the so-called production tirfig(s) and depends on the local presspte).
Switching on and off of certain clearing electrodes or ggopclearing electrodes allows to
study the local effects of trapped ions.

Finally, we mention that the closed orbit distortions by titesverse electric fields of the
clearing electrodes are negligibly small.

10.2 lon clearing in straight sections by mean thermal veldtes

For 1.0 - 10'° stored antiprotons the longitudinal electric fields are so weak that the ion
drift is dominated by the mean thermal velocityin the longitudinal direction. We assume
that the distancé, between neighbouring clearing electrodes in the straigttians amounts
to about 5 m. This distance corresponds to the effectivetieoithe compensation solenoids.
We estimate the mean clearing tiffigassuming the mean thermal velocityof the ions (see
Table 3) as a typical mean drift velocity. The resulting melsaring time7,. reads

L

Tc = —.
2U||

(107)

We note that similar estimates are obtained if one takesdahgitudinal acceleration, =
qEs/m due to the longitudinal electric field components of the beéatm account, see next
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subsection. The resulting beam neutralizatios: 0.97,/7, depends on the production time
T,. The production timeg), and the resulting neutralizationsare estimated for Hand CO
ions assuming different partial pressures, see Tables 8&0mention that the UHV pressure
of the HESR ring amounts to about - 10~ mbar. The resulting estimates of the neutralization
n in the full HESR ring are shown in Figs. 15, 16, 19 and 20.

Table 8: Mean thermal velocity |, mean clearing timé. (L = 5 m), production timel}, and neutralizatiom
for HJ ions assuming a partialdpressure o1.0 - 10~ mbar.

pGeVic |y (m/s) T.(s) T,(s) n

1.5 889 0.00281 7.38 3.43-10~*
3.825 889 0.00281 7.443.40-107*
8.889 889 0.00281 6.953.64-10~*
15.0 889 0.00281 6.38 3.96-10~*

Table 9: Mean thermal velocity |, mean clearing timé. (L = 5 m), production timel}, and neutralizatiom
for HJ ions assuming a partialdpressure 06.8 - 10~ mbar.

pGeVic |yl (m/s) T.(s) T,(s) n

15 889 0.00281 9.22 2.74-107*
3.825 889 0.00281 9.292.72-107*
8.889 889 0.00281 8.69291-10~*
15.0 889 0.00281 7.98 3.17-10*

Table 10: Mean thermal velocity |, mean clearing timé&. (L = 5 m), production timel}, and neutralizatiom
for CO™ ions assuming a partial CO pressuré)c®- 10~ mbar.

pGeVic |g| (mls) T.(s) 1T,(s) n

15 237 0.0106 8.50 1.12-1073
3.825 237 0.0106 8.331.12-1073
8.889 237 0.0106 7.451.12-1073
15.0 237 0.0106 6.92 1.37-1073
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10.3 lon clearing in straight sections by longitudinal acckeration

For 1.0 - 10 antiprotons the longitudinal acceleratian of ions by the longitudinal electric
field componentr, are so large that they must be taken into account in the estntd the
clearing timeT,. The produced positive ions are accelerated towards tlagimtpelectrodes
due to the longitudinal gradient of the beam potential, thee longitudinal electric field,,
see Fig. 8. This accelerated motion occurs in the regionitifspraces, quadrupole magnets,
sextupole magnets and solenoids. However, an acceleratioineoes not occur in the region
of dipole magnets. This is due to the cyclotron motion arotiiedmagnetic field lines and the
resultingE x B cross-field drift velocity which occurs in crossed elecarad magnetic fields,
see Sect. 8..

The longitudinal acceleratiom, of a singly charged ion is given by
4, = —E,. (108)
m

Here,m is the mass of the ion. The resulting acceleration fgribhs is shown in Fig. 13.
Outside of the PANDA target region the acceleration varisvben10* m/s’ and5 - 10° m/s’.

Here, we assume that the ion clearing is dominated by theatlafigal acceleratiorn,
and we neglect the thermal velocities of the ions. An ion Whscproduced in a drift space at a
certain positione, y, s makes transverse oscillations inside the potential welliamaccelerated
in the longitudinal direction by the longitudinal electfield component’,. It moves inside the
potential well of the antiproton beam until it sees the srsansverse electric field of a clearing
electrode. The mean clearing tirigis given by the distancé between neighbouring clearing
electrodes and the longitudinal acceleratiqn Assuming constant longitudinal acceleration

yields a mean clearing time
N (109)

We assume a distance 6f= 5 m between neighbouring clearing electrodeghe resulting
estimates of the neutralizatignin the full HESR ring are shown in Figs. 17, 18, 21 and 22.

We note that these estimates neglect the dependenEemi the transverse coordinates
(x,y). The longitudinal field componer#i; is weaker near the beam edge than in the center of
the beam. However, the potential depth and therewith the deimponentt, decrease rather
weakly with increasing transversal distance- /22 + y? from the beam axis. For instance,
if the beam pipe radius. is aboutl0, /02 + o7 the reduction is only 25 % near the beam edge

r=2 /o ¥ .
We mention that the longitudinal acceleration near the PAN&rget solenoid cannot

be used for trapped ion clearing. The direction of the lardjital electric field is such that

all ions from upstream and downstream are accelerated dsvihe beam waist at the target

point. The peak-like structures af near the PANDA target are due to the sudden changes of

the longitudinal electric field#’, as discussed in subsection 3.3. The neutralization near the

PANDA target will be discussed separately in section 15..

3|t is foreseen to use also the electrodes of the beam positanitors BPM as clearing electrodes. There are
about 50 BPM’s in the ring.
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Fig. 13: Estimates of the longitudinal acceleratiaris) of H ions assuming the standard opti¢s, = 0.9C,
py = 15 GeVic andN; = 1.0 - 10!, The modification of the beam potential by the neutralizatjés 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 duedden changes of the inner radius of the
beam pipe.
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10.4 lon clearing in dipole magnets by mean cross-field drifvelocities

We first discuss the possibility to use clearing electrodethe entrance and exit of dipole
magnets. There is a cross-field drift velocity = E,/B, in the longitudinal direction (see
Subsection 8.2) which can be used in order to guide trappedtethe entrance and exit of the
dipole magnets. This cross-field drift velocity is due to ttasverse electric field component
E, of the beam and the transverse magnetic field compdgenthe concurrent cross-field drift
velocity components, = E,/B, due to longitudinal electric field components of the beam are
neglected. On average, the longitudinal field componéhtare very small in comparison to
the transverse field componelfts, see Figs. 7 and 8.

We note that the cross-field drift velocitids, = E x J§/B2 for ions created on the
left side of the beam axis are negative, i.e. they are dideictehe backward direction. lons
created on the right side of the beam axis exhibit positivit delocities, i.e. they drift in
the forward direction. The mean cross-field drift veloatie,| on either side are evaluated
assuming Gaussian beam distributions, see Subsection 8.2.

In Tables 11-13, we list the mean cross-field drift velogity|, the mean clearing time
T. for a mean drift of./2 = 2.25 m (we assume that the clearing electrodes are located in
the 0.3 m long drift spaces at the entrance and exit of thdelipagnets), the production time
T, for H3 and CO" ions assuming different partial pressures and the reguiteutralization
n = (L/C)(T./T,) = 0.9(T./T,) for four beam momenta. In Table 11, we list the results for
HJ ions assuming a partial pressureldd - 10-? mbar for H, molecules, in Table 12, we list
the results for B ions assuming a partial pressure0d$ - 10~° mbar for H, molecules and in
Table 13 for CO ions assuming a partial pressure0af - 10~2 mbar for CO molecules. We
mention that a CO molecule content of about 10-20 % is alwagsent in the UHV of storage
rings.

We note that the mean cross-field drift velodity | is rather small. This is due to the fact
that the electric field”, 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 resultamy beutralization is rather high
(between 0.9 % at 1.5 GeV/c and 3.4 % at 15 GeV/c assuining0!* antiprotons and a partial
H, pressure 06.8 - 10~? mbar and a partial CO pressureo? - 10~ mbar). The situation is yet
worse forl.0-10'° antiprotons. The mean cross-field drift velocitiesfdr- 10'° antiprotons are
by a factor ofl03/°=3.98 lessérand the mean clearing tim&s and the resulting neutralization
n are by a factor 0f03/°=3.98 larger than the values listed in Tables 11 - 13. Suctral@ation
levels are dangerous in view of possible coherent instegsliln this context, it should be noted
that 44 dipole magnets are installed in the HESR ring. Thal tehgth of 44 dipole magnets
amounts to 184.8 m which is about one third of the circumfese herefore, we recommend
additional measures in order to reduce substantially theralezation in dipole magnets, see
Subsects. 10.5, 10.6 and 10.7.

We first discuss ion clearing by vertical electric fieltls, see Subsect. 10.5. The idea
is to use continuous clearing electrodes in the beam pipedier @o extract the ions along the
magnetic field lines in the vertical direction. Another teitfue could be to provide horizontal
electric fieldsE, in the beam pipe. The resulting cross-field drift velodity/ B, could be used
in order to extract the ions in the longitudinal directioagsSubsect. 10.6. A third possibility

“\ o Ny, o o N2/°, [op| o< N2/°, see Subsect. 8.3.
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could be to improve the ultra-high vacuum (UHV) substahtjialee Subsect. 10.7.

Table 11: Mean cross-field drift velocity |, mean clearing timé, production timeT;, and neutralization for
H3 ions assuming a partialdpressure of.0 - 10~ mbar (V; = 1.0 - 10'1).

pGeVic |op| (m/s) T.(s) T, (s) n

15 51.3 0.0439 7.38 0.00535
3.825 32.1 0.0701 7.44 0.00848
8.889 21.1 0.107 6.95 0.0139
15.0 16.2 0.139 6.38 0.0196

Table 12: Mean cross-field drift velocity, |, mean clearing timé, production timeT}, and neutralization for
H3 ions assuming a partialdpressure 06.8 - 10~2 mbar (V; = 1.0 - 1011).

p GeV/c |up|(mis) T.(s) 1T,(s) n

15 51.3 0.0439 9.22 0.00429
3.825 32.1 0.0701 9.29 0.00679
8.889 21.1 0.107 8.69 0.0111
15.0 16.2 0.139 7.98 0.0157

Table 13: Mean cross-field drift velocity |, mean clearing timé, production timel}, and neutralization for
CO* ions assuming a partial CO pressuré)&f- 10~ mbar (V; = 1.0 - 1011).

p GeV/c |vp|(mls) T.(s) 1T,(s) n

15 51.3 0.0439 8.50 0.00464
3.825 32.1 0.0701 8.33 0.00757
8.889 21.1 0.107 7.45 0.0129
15.0 16.2 0.139 6.92 0.0181
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10.5 lon clearing in dipole magnets by vertical electric fieds

The optimum solution for dipole magnets are continuoustigalectrodes. In dipole magnets,
only vertical electric fields with field componeni§ along the magnetic field lines can be used
in order to accelerate the trapped ions towards clearingrel#es. Continuous band electrodes
could be mounted together with a thin insulator inside thenbeipe. An ideal insulator would
be a 100um thick layer of vitreous enamel ("Emaille’). Electrode pntials of+100 V yield

an electric field of about 2250 V/m in a beam pipe of 89 mm diamet

The positive ions which are created inside the beam envelapeimmediately acceler-
ated towards the clearing electrode. Fgr idns the resulting acceleration is

E
4, = % = 1.08 - 10" m/s2. (110)
m

Y

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

assumption yields
T~ 9%, (111)
y

The resulting clearing timek.(s) are belowl.0 - 107¢ s and the neutralizatiopnear1.0- 1077,
see Figs. 15 - 22.
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10.6 lon clearing in dipole magnets by horizontal electric #lds

Another technigue has been suggested by Rudolf Maier [38fder to remove trapped ions
in dipole magnets. He suggested to use elliptic beam pipgead of round beam pipes in
the region of dipole magnets. Using this technique one hifisisat space for electrodes pro-
viding electric fieldsE, in the horizontal direction. Electric fields, of about 3400 V/m in
combination with the vertical magnetic fiels}, between 0.17 T and 1.7 T yield cross-field drift
velocitiesv, = E, /B, between 20000 m/s and 2000 m/s. The total length of a dipotmeta
amounts to 4.2 m. The clearing electrodes are located atntinenee and exit of the dipole
magnets. Assuming that the ions travel a mean drift distafi@dout/2 = 2.25 m yields
clearing timesl,. = (L/2)/|vp| between 0.113 ms and 1.13 ms, and neutralizatjopisorder
of magnitudel0—* and below, see Tables 14-16.

Table 14: Cross-field drift velocityt p | assumingE, = 3.4 kV/m, mean clearing timé:, production timel;, and
neutralization for H ions assuming a partialdpressure ot.0 - 10~° mbar.

pGeVic |up| (m/s) T.(ms) T,(s) n

15 20000 0.113 7.38 1.59-107°
3.825 7843 0.287 7.443.86-107°
8.889 3375 0.667 6.958.64-107°
15.0 2000 1.13 6.38 1.59 - 1074

Table 15: Cross-field drift velocityop | assuminds,, = 3.4 kV/m, mean clearing timé&, production timeZ,, and
neutralization for HJ ions assuming a partialdpressure 06.8 - 10~ mbar (V; = 1.0 - 10%1).

pGeVic |vp| (m/s) T.(ms) T,(s) n

1.5 20000 0.113 9.22 1.27-107°
3.825 7843 0.287 9.293.09-107°
8.889 3375 0.667 8.696.91-107°
15.0 2000 1.13 7.98 1.27-1074

Table 16: Cross-field drift velocitytp | assuminge, = 3.4 kV/m, mean clearing timé:, production timel;, and
neutralization) for CO* ions assuming a partial CO pressuré)c¢f- 10~ mbar (V; = 1.0 - 10'1).

pGeVic |vp| (m/s) T.(ms) T,(s) n

15 20000 0.113 8.50 1.20-107°
3.825 7843 0.287 8.333.10-107%
8.889 3375 0.667  7.45 8.06-107°
15.0 2000 1.13 6.92 1.47-1074
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10.7 UHV upgrade in dipole magnets

Another technique would be to upgrade the UHV vacuum subathn First vacuum tests
with a setup similar to the planned vacuum system near thdalipagnets (4.2 m long beam
pipes of 89 mm diameter with vacuum pumps at the entrancexahdfehe dipole magnets)
showed that pressures beldw - 1071° mbar can be achieved without heating, i.e. without
baking out the beam pipe. A further substantial improvernoéitte UHV (order of magnitude
improvement) can be achieved by baking out the beam pipesthi3end bake-out jackets
must be installed from the start. The baked UHV vacuum systethe CERN Antiproton
Accelerator was operated at pressures of ab@ut10~1* mbar.

Lowering the UHV vacuum pressure frohD - 10-? mbar to about..0 - 10-!* mbar has
the advantage that the ion production tiffjeincreases by about a factor of hundred. Thus, ion
clearing by mean cross-field drift velocities (as in Tabl&slB) with clearing electrodes at the
entrance and exit of the dipole magnets yields a sufficidotneutralization. This is even true
for 1.0 - 10'° antiprotons yielding a factor of four lower cross-field tlki€locities and a factor
of four higher neutralization. In Tables 17-19 we list theuking neutralizations for.0 - 10~!*
mbar andL.0 - 10! antiprotons.

Table 17: Mean cross-field drift velocityp |, mean clearing timé, production timel}, and neutralization for
H3 ions assuming a partialdpressure o1.0 - 10~ mbar (V; = 1.0 - 10'1).

p GeVic |vp| (m/s) T.(s) 1T, (s) n

1.5 51.3 0.0439 738 5.35-107°
3.825 32.1 0.0701 744 8.48-107°
8.889 21.1 0.107 695 1.39-10~*
15.0 16.2 0.139 638 1.96-107*

Table 18: Mean cross-field drift velocity |, mean clearing timé, production timel}, and neutralization for
H3 ions assuming a partialdpressure 06.8 - 10~ mbar (V; = 1.0 - 1011).

p GeVic |vp| (mls) T.(s) 1T, (s) n

1.5 51.3 0.0439 922 4.29-107°
3.825 32.1 0.0701 929 6.79-107°
8.889 21.1 0.107 869 1.11-107*
15.0 16.2 0.139 798 1.57-107*

Table 19: Mean cross-field drift velocityp |, mean clearing timé, production timel}, and neutralization for
CO™ ions assuming a partial CO pressuré)cf- 10~ mbar (V; = 1.0 - 10*?).

p GeVic |vp| (m/s) T.(s) 1T, (s) n

15 51.3 0.0439 850 4.64-107°
3.825 32.1 0.0701 833 7.57-107°
8.889 21.1 0.107 745 1.29-107*
15.0 16.2 0.139 692 1.81-1071
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11. Local Density of Trapped lons and Secondary Reactions
11.1 Transverse distribution of trapped ions

Here, we estimate the local density of trapped ions whicleteasary to estimate double ion-
ization processes and other adverse effects like smalea@gllomb scattering and hadronic
reactions due to trapped ions. In the longitudinal direttite local density of trapped ions,
pion(s) is proportional to the local neutralizatioris). However, the transverse distribution of
trapped ions is not simply a replica of the transverse thstion of the beam. This is due to the
fact that the ions perform harmonic oscillations in the ptag well of the antiproton beam.

If one assumes that the ions are created at rest, i.e. if agleate the thermal velocity
of the molecules, the ions start at the turning point of theirmonic oscillation. During the
harmonic oscillation the ions spend most of the time at theitig points. But the time period
where the ions move through the beam center is not negligithlis effect yields an enrichment
in the beam center and a depletion of the tails. The transwdisgribution of ions trapped
in a Gaussian beam has been studied by explicitly solving_tbeville equation in a one-
dimensional model [27]. The resulting modification of tha idistribution depends on the
parametern = /U/(kT/2), i.e. on the ratio of the potential ener@gy at the beam edge
(z,y) = (0,.0) or(z,y) = (0, 0,) to the mean thermal energy per degree of freeddfii2. For
the HESR beam the ring-averaged value@ft7 = 3.0 GeV and1.0- 10! antiprotons amounts
to a =~ 10. Thus, the transverse ion distributions are charactebyeminarrow central core and
tails greatly diluted at the beam edges when comparing \wgh3aussian beam distributions.
However, this effect is less pronounced if one decreasestither of stored antiprotons by a
factor of ten.

11.2 Estimate of trapped ion luminosity and secondary reaabns

The trapped ions represent an additional target in theratdip beam. For a rough estimate we
neglect the modifications of the trapped ion distributiogglscussed in the previous subsec-
tion. Thus, we assume that the trapped ion distributiongaeplica of the beam distribution.
Assuming a bi-Gaussian distribution the total ring-avethlyminosityL;,,, may be written

dNion

1
Lmn:prjgélﬂaw(s)ay(s) ds ds. (112)

In the barrier bucket mode of operation with a bunch lengththe line densitylV,,,, /ds can
be expressed by the local neutralizatign),

dNion  Np

ds N L1

n(s). (113)

Thus, we get
dLion o Ngf 77(5)

ds  4mLy 0,(s)o,(s) (114)

and
N2 n(s)

Lion = ds. 115
o An Ly ) oou(s)oy(s) ° (115)

A simple estimate of the total ring-averaged Iuminqiim can be achieved by inserting
ring-averaged values, ¢, andg,. Usingf, = R/Q, and§, = R/(Q, whereR the effective
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radius of the HESR ringl? = C'//(27) = 91.5 m, yields with@, , ~ 7.6

Buy ~ 12.0 m. (116)

Taking as a characteristic value for the emittange= 0.148 mm mrad forl.0-10'! antiprotons
yields for a beam momentum of 15 GeV/c

Ozy = 1.33 mm. (117)
This yields

_ o 10-102 5210957
ion = (0133 cm)2 . 0.9

=7-26-10% cm 2?57 (118)

For a mean neutralization af = 0.01 we getL,,, ~ 2.6 - 10%6 cm~2 s~!. The ionization
cross section for HHmolecules amounts i@, = 2.12 - 10~ cn¥. Taking the same value for
ionization processes onjHons yields a ring-averaged ionization rategf,o;,, = 5.5-107 s7L.

11.3 Comparison of primary and secondary reaction rates

It is interesting to compare the primary reaction rates efdhtiproton beam due to the inter-
action with a certain species of residual gas molecules lamgdeécondary reaction rates due to
the interaction with the corresponding trapped ions. Te #rd we comparéL,,,/ds (see
Eq. 114) for a certain species (e.gy libns) with the corresponding expressioh/ds for the
luminosity due to the interaction with the residual gas raoles (local number densipy,(s)),

d_L
ds

In the following, we denote the ionization cross sectiorvhy,. Taking into account that the
neutralization due to a certain molecule species is given by

— Nofpm(s). (119)

. L1 TC(S) . L1

=TT~ € L )ginpu(s)ie, (120

n(s)

the ratioR = (dL;,,/ds)/(dL/ds) of the luminosity due to trapped ions to the luminosity due
to residual gas molecules (see Egs. (114) and (119)) mayibenvr

R = N*f TC<S)

P oy (s)o,(s) "

(121)

Inserting typical values for the dominant kholecules, 7. = 0.00281 s ando;,, = 2.12 -
1072* m? and takingV; = 1.0 - 10'!, f = 5.2 - 10° Hz ando,0,, = (1.33 - 107*)* m? yields

R=1.39-10"* (122)

This example shows that secondary reactions on trappedarensegligibly small com-
pared to the primary reactions on residual gas molecules hidids true even if the clearing
time 7T, rises up to about 1.0 s. In addition we note that the r&tidecreases by a factor of
10'/5 = 1.58 if only 1.0 - 10'° antiprotons are stored.
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12. Neutralization in the Arcs

The arcs consist mainly of dipole magnets, see Fig. 1. Theedpetween the dipole magnets is
filled with a regular sequence of sextupole magnet, quadeupagnet, sextupole magnet. The
arrangement of magnetic elements is very compact and tfiesdaces between the different
elements are very short. There are only two longer drift epaic the arcs which replace the
missing dipoles near the entrance and exit of the arcs. Témgth amounts to about 4.5 m.
There are 22 dipole magnets of 4.2 m length in one arc yielditwjal length of about 92.4 m.
The total length of one arc amounts to 153.310 m. That meatsbout 60 % of the total arc
length is covered by the dipole magnets and the mean neaatialh of the arc depends very
much on the mean neutralization in the dipole magnets.

We first assume that clearing electrodes near the entraicexitrof the dipole magnets
are used in order to extract the ions coming from the insidd®fdipole magnets. The mean
cross-field drift velocities, and the resulting clearing ratégT. are rather low and the neu-
tralizationsy are rather high in the region of the dipole magnets, see at#snn Tables 11-13
in Subsection 10.4 for.0 - 10'* antiprotons. We assume an UHV pressuré.o6f- 10~° mbar
with 80 % H, and 20 % CO molecule content. The assumption of 20 % CO masdakes
approximately the contribution of CO and other heavier roglies like CH, H,O, N, etc. into
account. Taking the mean neutralization values fgrand CO" from Tables 12 and 13 yields
for 1.0 - 10* antiprotons a mean neutralizatignbetween 0.9 % at 1.5 GeV/c and 3.4 % at
15 GeV/c. Forl.0 - 10'° antiprotons the mean neutralization would be even abouttarfaf
four larger, i.e. about 3.6 % at 1.5 GeV/c and 13.5 % at 15 GeV/c

Such neutralizations in the dipole magnets are dangerougm of possible coherent
instabilities. Therefore, we suggest to use continuousocaticlearing electrodes in the dipole
magnets, see Sect. 10.5. Assuming vertical electric fig]dsf about 2250 V/m yields acceler-

ationsa,, of aboutl.08-10'* m/s* for Hi and7.70-10° m/s* for CO*. Assumingl, ~ /60, /a,
the resulting clearing timeg.(s) are belowl.0-10~% s and the neutralizatiopbelow1.0-107".

Another possibility to reduce the neutralization is clegrwith horizontal electric fields,
see Subsect. 10.6. Assuming horizontal electric figldef about 3400 V/m yields rather high
cross-field drift velocities, / B, and neutralizationg of order of magnitude0~* and below,
see Tables 14-16.

A third possibility to reduce the neutralization is a subsitd improvement of the UHV
vacuum by a factor of about hundred, see Subsect. 10.7. Eiissymmediately a reduction of
the neutralizatiom by a factor of hundred, see Tables 17-19 in Subsect. 10.7.

The clearing electrodes near the entrance and exit of theedipagnets are also used in
order to extract the ions coming from the straight secticgtsvben the dipole magnets which
consist of a regular sequence of sextupole, quadrupole extdpole. The distance between
the clearing electrodes amounts to about 2.0 m. We assurmthéen drift velocities in the
straight sections between the dipole magnets are domibgtdte mean thermal drift velocity
in one direction,s;. (We mention that the rather high x B cross-field drift velocities in
guadrupole and sextupole magnets estimated in subse@&idrsd 8.6 can never be reached
by transverse acceleration in the rather weak electric figldf the antiproton beam). The
resulting mean neutralizatiopdue to H and CO" varies between.6 - 10~* at 1.5 GeV/c and
4.5-10"* at 15 GeV/c.

The neutralizatiom(s) at 15 GeV/c is shown in Fig. 14 in the top panel for clearing
by mean cross-field drift velocities with clearing elecedt the entrance and exit of dipole
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magnets and in the bottom panel for adding continuous &learing electrodes inside dipole
magnets. Using only clearing by mean cross-field drift weles with clearing electrodes at the
entrance and exit of dipole magnets yields an average tigatran 77 of the arcs of 2.1 % at
15 GeV/c. Adding continuous vertical clearing electrodeside dipole magnets yields =
1.8-1074,

In Sect. 13. we show also results assuming an UHV pressuré-af)—? mbar with 100 %
H, and 0 % CO molecule content. In addition, we show resultsrasgpthat the clearing in
the straight sections is mainly due to the longitudinal bve¢ion by the electric field&.
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Fig. 14: Neutralizatiom in the arcs at 15 GeV/c assuming) - 10!! antiprotons0.8 - 10~ mbar for H, and

0.2 - 1072 mbar for CO. Clearing in the straight sections by mean thedritt velocities v). Top: Clearing
electrodes at the entrance and exit of dipoles magnBtttom: Continuous clearing electrodes inside dipole
magnets and clearing electrodes at the entrance and exggaléd magnets. Dashed lines: Average neutralization
of the arcs. 55



13. Neutralization in the Full HESR Ring
13.1 Estimates with different assumptions

Here, we show the neutralization of the full HESR ring asswgdiifferent scenarios. The HESR
storage ring has a racetrack shape with two long straighiosese see Fig. 1. The long straight
sections are located betwegn= 154.75 m ands, = 289.03 m and between; = 442.34 m and

sy = (575.18+1.44) m. The total length of one long straight section amounts t2& m. We
differentiate between the cooler straight section anddlget straight section. The 24 m long
electron cooler will be installed in the cooler straighttswt The PANDA target together with
the spectrometer solenoid and a dipole chicane will be liestén the target straight section.
The problem of trapped ions in the electron cooler is disediss Sect. 14.. The problem of
trapped ions in the PANDA target region is discussed in Séct. We present eight scenarios
with different assumptions:

(i) The HESR ring is assembled without electron cooler, Sgs E5 - 18. In the long
straight sections the mean distance between the cleagog@iles amounts to about 5 m. This
distance corresponds to the magnetic length of the compenslenoids. In the arcs, the
clearing electrodes are located near the entrance andfeki¢ @ipole magnets. We assume
that the clearing is either due to the mean thermal drift aigfe v, or due to the longitudi-
nal acceleration by the electric field, of the antiproton beam. The pressure outside of the
PANDA target region amounts to aboub - 10-? mbar and the residual gas consists either of
H3 molecules (100 %) or H molecules (80 %) and CO molecules (20 %). The neutralization
in the PANDA target region is estimated assuming that thelue$ gas consists mainly ofH
molecules and assuming clearing by the mean thermal velofcil, molecules with, = 5 m.
Overneutralization is not possible. Therefore wesgset 1 in regions wher&.97,./7, > 1.
The special problems of the PANDA target region are disaliss8ect. 15.. The resulting mean
neutralizationy is indicated in the Figure captions.

(i) The HESR ring is assembled with an electron cooler (E58g Figs. 19 - 22. In the
region of the electron cooler, i.e. between= 209.890 m ands, = 233.890 m, the mean
neutralization amounts to about 0.012, see the final HESfRrelecooler design study [34] and
Sect. 14.. Itrefers to the sum of the electron and antiprb&am current, i.e. to 1.00833 A. The
corresponding linear charge density amount&(to+ p) = —3.36 - 1072 C/m. Thus we get a
linear charge density of trapped ions)Xdfon) = +4.04 - 10~'! C/m. The linear charge density
of the antiproton beam alone (0.00833 A fiob - 10! antiprotons and 15 GeV/c) amounts to
A(p) = —2.78 - 10~!* C/m. Referring the linear charge density of trapped ion$i&nEC only
to the linear charge density of the antiproton beam yialdsn)/A(p) = 1.45, i.e. more than
100 %!

13.2 Discussion

The drift of ions in the straight sections depends on the rtieammal velocity in one direction
(see Table 3) as well as on the longitudinal acceleration ¢ F;/m by the longitudinal electric
field E, of the antiproton beam (see Fig. 8). The longitudinal eledteld £, and therewith
the longitudinal acceleratiom, depends on the number of stored antiprotons. 1For 10'°
antiprotons the longitudinal accelerations are by a fast@bout eight lesser than far0 - 10!
antiprotons (see discussion at the end of Subsects. 3.1.8hd Bor1.0 - 10!! antiprotons,
the typical longitudinal accelerations ofjHand CO" ions amount to about.0 - 10¢ m/s* and

SThe resulting clearing timeg., production timed, and neutralizations are listed in the Tables 8 - 10.
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7.1 - 10* m/<’, respectively.

The ion clearing in straight sections is dominated by themtearmal velocityy if the
longitudinal acceleration; is relatively small, i.e. iflas| < @ﬁ/L (L is the distance between
two clearing electrodes in a straight section). That means = 5 m |a,| < 1.58-10° m/s* for
H3 and|a,| < 4.22 - 10* m/s* for CO". Then, we can estimate the mean clearing timasing

The conditiona, < vf/L occurs forl.0 - 10'" antiprotons at a few positions in the ring. It is
generally fulfilled for1.0 - 10'° antiprotons.

The ion clearing in straight sections is dominated by theitudinal acceleration, if
|as| > i /L. That means fol, = 5 m |a,| > 1.58 - 10> m/s’ for H; and|a,| > 4.22 - 10* m/¢’
for CO". Then, we can estimate the mean clearing timasing

8 L L
T, ~ \/— R~ \/ ) (124)
9 |asl |as|

For1.0 - 10! antiprotons, the ion clearing in straight sections is myaghle to the longitudinal
acceleration, see Figs. 17, 18, 21 and 22.

Comparing Figs. 15, 16, 19 and 20 with Figs. 17, 18, 21 and 22sees that clearing by
mean thermal velocities; yields similar results as clearing by the longitudinal deciona,.

Comparing the contributions of Hand CO molecules one sees that the neutralization
outside of the PANDA target is about a factor of four largethié contribution of 20 % CO
molecules is taken into account. This is due to the largeization cross sections of CO
molecules.

The ring-averaged neutralizatignis dominated by the pressure bump near the PANDA
target. A substantial contribution is due to the dipole n&gif the vacuum pressure amounts to
aboutl.0 - 10~ mbar and the ions are cleared by mean cross-field drift wésawith clearing
electrodes at the entrance and exit of the dipole magnetdppepanels of Figs. 15 - 22. The
situation would be even worse far0 - 10! antiprotons since the cross-field drift velocities
would be a factor of about four lower and the neutralizatiothie dipole magnets a factor of
about four higher. The contribution due to the dipole magisategligibly small for ion clearing
by vertical or horizontal electric fields, see Subsects 4dd 10.6. The same holds true if the
residual gas pressure is reduced from- 10~ mbar to1.0 - 10~ mbar, see Subsect. 10.7.
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Fig. 15: Neutralization; in the HESR ring {.0 - 10*! antiprotons, 15 GeV/ayithout EC assuming outside of
the PANDA target region partial pressureslod - 10~2 mbar for H, and0.0 - 10~ mbar for CO.Clearing in

the straight sections by mean thermal drift velocitiesv. Distance between clearing electrodes in the long
straight sections: 5 m. Distance between clearing eleefratthe straight sections of the arcs: 2Top: Clearing
electrodes only at the entrance and exit of dipole magnets(.0232. Bottom: Clearing electrodes at the entrance
and exit of dipole magnets and continuous clearing eleesaaside dipole magnets,= 0.0162. Dashed line:
Mean neutralizatiofy. 58



m

L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L
1o 0 100 200 300 400 500

s (m)

_ L L ‘ L L ‘ L \7‘ L L L L ‘ L
1o 0 100 200 300 400 500

s (m)

Fig. 16: Neutralization in the HESR ring {.0 - 10*! antiprotons, 15 GeV/ayithout EC assuming outside of
the PANDA target region partial pressuresto$ - 10~2 mbar for H, and0.2 - 10~ mbar for CO.Clearing in

the straight sections by mean thermal drift velocitiesv. Distance between clearing electrodes in the long
straight sections: 5 m. Distance between clearing eleefratthe straight sections of the arcs: 2Top: Clearing
electrodes only at the entrance and exit of dipole magnets(.0289. Bottom: Clearing electrodes at the entrance
and exit of dipole magnets and continuous clearing eleesadside dipole magnets,= 0.0168. Dashed line:
Mean neutralizatiofy. 59
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Fig. 17: Neutralization in the HESR ring {.0 - 10*! antiprotons, 15 GeV/ayithout EC assuming outside of
the PANDA target region partial pressureslds - 10~2 mbar for H, and0.0 - 10~ mbar for CO.Clearing in the
straight sections dominated by longitudinal acceleratior; = ¢E;/m. Distance between clearing electrodes in
the long straight sections: 5 m. Distance between cleatewredes in the straight sections of the arcs: Zlop:
Clearing electrodes only at the entrance and exit of dipa@gmatsjy; = 0.0234. Bottom: Clearing electrodes at
the entrance and exit of dipole magnets and continuousicteatectrodes inside dipole magnefs= 0.0162.
Dashed line: Mean neutralizatign 60
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Fig. 18: Neutralization; in the HESR ring {.0 - 10*! antiprotons, 15 GeV/ayithout EC assuming outside of
the PANDA target region partial pressure<d - 10~2 mbar for H, and0.2 - 10~ mbar for CO.Clearing in the
straight sections dominated by longitudinal acceleratiors; = ¢E;/m. Distance between clearing electrodes in
the long straight sections: 5 m. Distance between cleatewredes in the straight sections of the arcs: Zlop:
Clearing electrodes only at the entrance and exit of dipa@gmatsjy; = 0.0293. Bottom: Clearing electrodes at
the entrance and exit of dipole magnets and continuousicteatectrodes inside dipole magnefs= 0.0168.
Dashed line: Mean neutralization 61
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Fig. 19: Neutralizatiom in the HESR ring {.0 - 10!! antiprotons, 15 GeV/cyith EC assuming outside of
the PANDA target region partial pressureslad - 10~2 mbar for H, and0.0 - 10~ mbar for CO.Clearing in

the straight sections by mean thermal drift velocitiesv. Distance between clearing electrodes in the long
straight sections: 5 m. Distance between clearing eleefratthe straight sections of the arcs: 2Top: Clearing
electrodes only at the entrance and exit of dipole magnets(.0237. Bottom: Clearing electrodes at the entrance
and exit of dipole magnets and continuous clearing eleesadside dipole magnets,= 0.0167. Dashed line:
Mean neutralizatiofy. 62
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Fig. 20: Neutralizatiom in the HESR ring {.0 - 10!! antiprotons, 15 GeV/cyith EC assuming outside of
the PANDA target region partial pressuresto$ - 10~2 mbar for H, and0.2 - 10~ mbar for CO.Clearing in

the straight sections by mean thermal drift velocitiesv. Distance between clearing electrodes in the long
straight sections: 5 m. Distance between clearing eleefratthe straight sections of the arcs: 2Top: Clearing
electrodes only at the entrance and exit of dipole magnets(.0294. Bottom: Clearing electrodes at the entrance
and exit of dipole magnets and continuous clearing eleesaaside dipole magnets,= 0.0172. Dashed line:
Mean neutralizatiofy. 63
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Fig. 21: Neutralizatiom in the HESR ring (.0 - 10! antiprotons, 15 GeV/ayith EC assuming outside of the
PANDA target region partial pressures of) - 102 mbar for H, and0.0 - 10~? mbar for CO.Clearing in the
straight sections dominated by longitudinal acceleratior; = ¢E;/m. Distance between clearing electrodes in
the long straight sections: 5 m. Distance between cleatewredes in the straight sections of the arcs: Zlop:
Clearing electrodes only at the entrance and exit of dipa@gmatsjy; = 0.0239. Bottom: Clearing electrodes at
the entrance and exit of dipole magnets and continuousicteatectrodes inside dipole magnefs= 0.0167.
Dashed line: Mean neutralization 64
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Fig. 22: Neutralizatiom in the HESR ring (.0 - 10! antiprotons, 15 GeV/ayith EC assuming outside of the
PANDA target region partial pressures@8 - 102 mbar for H, and0.2 - 10~ mbar for CO.Clearing in the
straight sections dominated by longitudinal acceleratior; = ¢E;/m. Distance between clearing electrodes in
the long straight sections: 5 m. Distance between cleatewredes in the straight sections of the arcs: Zlop:
Clearing electrodes only at the entrance and exit of dipa@gmatsjy; = 0.0297. Bottom: Clearing electrodes at
the entrance and exit of dipole magnets and continuousicteatectrodes inside dipole magnefs= 0.0173.
Dashed line: Mean neutralizatign 65



14. Electron Cooler

Here, we discuss the special problems due to the electran behe electron cooler (EC) is
installed. We refer to the final HESR electron cooler desimilys [34]. The electron beam
current/ amounts to 1.0 A. It is guided by the EC solenoid with a cortdbaéam radius =

5 mm. The inner diameter of the EC vacuum chamber amounts tay#80 The resulting
radius profiler.(s) is shown in Fig. 23. 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.

14.1 Negative potential well of the electron beam

We first estimate the negative potential well due to the gtdactron beam. The linear charge
density\ is given by
A= e = { (125)
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:

A
o = -9V, (126)
0
U©0) = —195V, (127)
E.(a) = —12kV/m. (128)

The absolute value of the electric field component in radi@ation, | £, |, is maximum at the
edge of the electron beam, i.e. rat= a. For comparison we calculate the corresponding
potential well parameters of the antiproton beam at 8.88@/Gesing Egs. (8)and (9). Inside
the EC the rms widths of the bi-Gaussian beam distributiearar: 6.5 mm ando, ~ 6.5 mm,

the inner radius of the beam pipe amounts to 100 mm. Thesenpéees yield forl.0 - 10!
antiprotons at 8.889 GeV/c

5 ;6 — 0556V, (129)
0
U) = —-1.63V, (130)
E.(a) = —428 V/m. (131)

Here, the absolute value &f.(a) represents the value of the electric field at the 1-sigma edge
r = a = o, = o, of the antiproton beam. The depth of the electron potental i& a factor

of 120 larger than the depth of the antiproton potential @ed the strength of the electric field
near the edge is a factor of 280 larger.

Summarizing, the negative potential well of the electroarbects as a very deep pocket
for trapped ions (see Fig. 24). The positive ions perform iffext cyclotron motions around
the magnetic field lines of the solenoid and magnetron metayound the central axis of the
electron beam, see Subsections 9.3.

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
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the EC solenoid is rather low (0.2 T) yieldiag = 9.58 - 10¢ s~! for HJ ions. Using Egs. (98)
and (99), 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. IRPANDA target solenoid and the
compensation solenoids the frequerfcyis rather low.

14.2 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 correspondsptourrent of about 8 mA. The
current of the electron beam amounts to 1.0 A. This corredptma number of electrons per
second ofN, = 6.24 - 10'8 s~ which is a factor of 125 larger. Therefore, the ionizatiorera
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 anddabe
of the beam particles. Now, the velocity of the electron beéaexactly equal to the velocity
of the antiproton beam. Therefore, applying Bethe’s foan{dl7) 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. (132)

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 [34]. In the
region of the electron cooler big pumps on both sides of tregit cooling section and the
return straight section are installed. The distance beiwlee pumps is 30 m. The outgassing
rate is assumed to lie= 1.0 - 10~'2 mbarliter/cn?/s after bake-out to 15C. 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 - 10" m=3),
2. 1.3-107 mbar for CO p,,, = 3.5 - 102 m™3),
3. 2.0-1071° mbar for CH, (p,, = 5.3 - 10> m=3).
The ionization cross sectionsand the resulting production timé$ are
1. 0 =2-1072m? T, = 11 s for H,,
2.0=9-107m? T, = 11 s for CO,
3.0=11-1002m*T, = 6 s for CH,.

It is planned to remove the trapped ions with clearing etetgs near the entrance and
exit of the straight cooling section [34]. The clearing ¢éledes are installed in the merging
modules. The resulting clearing times due to the mean tHeratacity in one direction are
estimated as [34]

67



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, 1. 1. 0.013 0.050 0.038
n= <_> + <_> + <_> = + + =0.012. (133)
T)u \L)oo \Tp)ew 11 11 6

p

The achievable neutralization is sufficiently small for tperation of the electron cooler
[34]. However, the neutralization is rather high when cormgait with the neighbouring sec-
tions of the HESR ring, see Figs. 19 - 22. This is due to thetfaadtclearing electrodes can only
be installed outside of the 24 m long cooler section. In aoldithe number of ions per meter
is about a factor 125 larger since the neutralization refietee sum of electron and antiproton
beam.

We note that the neutralization in the EC could be reducecbnoring the trapped ions
by short interruptions of the electron beam (for instanceie tterruption at 100 Hz). Such
a scheme has been tested with great success at the Fernfilal f&n, it would be possible
to extract the trapped ions with moderate electric fieldagisiearing electrodes inside of the
electron cooler. Electric fields of abo(#00V)/(0.2m) = 1000 V/m would be sufficient. To
this end, one could use the nine beam position monitors ielgwron cooler section.
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Fig. 23: Inner beam pipe radius(s) after installation of the electron cooler.
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Fig. 24: Central potentidl (s) showing the large potential depth due to the electron beam.
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15. Target Region
15.1 Problems

The problem of trapped ions is especially virulent in thaaoegf the PANDA target.

() The local density of H molecules is extremely high due to the pressure bump in tlghne
bourhood of the PANDA target, see Fig. 9. Near the targettghproduction tim&, for Hj
ions decreases strongly from 6.4 s to about 0.1 ms, see Fig. 10

(i) The produced ions cannot escape in the transversetainedue to the high magnetic field
of the PANDA target solenoid. The produced ions (mainlyibins) gyrate around the magnetic
field lines of the solenoid. They can only escape in the latyital direction along the magnetic
field lines.

(iif) There is a 2 m long dipole spectrometer in the immedraeghbourhood of the PANDA
solenoid.

(iv) There is a 5 m long compensation solenoid in front of tA&IPA solenoid.

(v) There is a narrow beam waistin andy-direction at the target point. As a consequence the
longitudinal electric fieldE, of the antiproton beam is directed towards the target pbimwit)
upstream and downstream, see Fig. 8. Thus, positive ionacarderated towards the target
point instead of being accelerated towards clearing @des at the entrance and exit of the
target solenoid. Therefore, ion clearing by the longitadiglectric field of the beam is not pos-
sible.

(vi) The inner diameter of the beam pipe near the PANDA taagsbunts to 20 mm and 40 mm,
respectively. There is no room for clearing electrodes.rfjpam that, a direct transverse accel-
eration of trapped ions towards clearing electrodes usamgterse electric fields is not possible
due to the longitudinal magnetic field of the solenoid whieliges a cyclotron motion around
the field lines.

(vii) lon clearing using beam shaking is not possible. Tvanse ion oscillations are suppressed
by the longitudinal magnetic field of the solenoid.

15.2 Possible solutions outside of the PANDA solenoid

The highly uniform part of the magnetic field of the PANDA sodéd extends over a distance of
1.5 m from the target point at= 509.481 m to s = 510.981 m. Including the fringe fields, the
magnetic field of the PANDA solenoid extends over a distarice®) m froms = 507.481 m

to s = 512.981 m. The high magnetic field of the PANDA solenoid (2.0 T) has tmportant
advantages: (i) Transverse oscillations of trapped iodglag excitation of coherent ion-beam
oscillations cannot occur in this region due to the longitatimagnetic field. (ii) Due to the
short production time of positive ions the antiproton beaifuily neutralized within a very short
time period and the longitudinal electric field, directed towards the target point disappears.
The overshoot of ions which are produced continuously witkery high production rate can
escape along the magnetic field lines towards the fringe dillde solenoid. In the fringe field
region of the solenoid the ions follow adiabatically the metic field lines towards the beam
pipe where they are neutralized, see Subsect. 9.5.

Thus, it is only necessary to provide clearing electrodeside of the PANDA solenoid
region. There, clearing times @} < 1 us are needed in order achieve a neutralization of less
than 0.1 %. This can be achieved with continuous clearingireldes. However, it is necessary
to take the additional constraints of the PANDA experimaid iaccount. Clearing electrodes
must not disturb the PANDA experiment.
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In this context we mention the PANDA dipole spectrometeihie immediate neighbour-
hood of the PANDA solenoid which starts in the fringe fieldioggof the solenoid and extends
over 2 m froms = 512.481 mto s = 514.481 m. The PANDA dipole spectrometer is located
in a region where the residuakHyas pressure is still rather high and the production time for
H3 ions is rather low. The mean cross-field drift velocitiesanditudinal direction are very
low and the beam is fully neutralized within a short periodiofe. Then, the overshoot of
positive ions can escape along the vertical magnetic fiaksltowards the vacuum chamber.
Summarizing, the beam is fully neutralized in the regionhaf dipole spectrometer, i.e.= 1
without clearing electrodes inside of the dipole spectri@me

In addition, there is a compensation solenoid with oppdetd direction which extends
over 5.0 m froms = 500.231 mto s = 505.231 m. Here, we estimate the neutralization in the
region of the compensation solenoid assuming that thenecackearing electrodes inside of the
solenoid. Fortunately, the longitudinal electric fiélgis unidirectional (directed in the positive
direction). The trapped ions move along the magnetic fieleditowards the fringe field of the
compensation solenoid. There, the ions follow adiabdsithé magnetic field lines towards the
beam pipe where they are neutralized, see Subsect. 9.5. e ctearing timéd,. depends on
the strength of the longitudinal electric field. Fob - 10! antiprotons the longitudinal electric
field varies between 0.057 V/m and 0.11 V/m and the clearimg fi,. is dominated by the
longitudinal acceleration of the ions. It yields fofHons7,. ~ 1.1 ms andy ~ 0.11 in the
region of the compensation solenoid. Aadb - 10!° antiprotons the longitudinal electric field
is about a factor of eight lower but the clearing tiffeis still dominated by the longitudinal
acceleration of the ions. It yields forjHons 7, ~ 3.0 ms andy ~ 0.29 in the region of the
compensation solenoid.
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16. Stability Condition for lon Oscillations

The barrier-bucket mode of operation produces a long buhtgngth L, = 0.9C followed by

a short beam-free gap of length = 0.1 C', with L; 4+ L, equal to the circumferencé; + L, =

C'. The corresponding times ate = L;/(fc) andt, = Lo/(fc). The barrier-bucket bunch
has a nearly constant linear charge densitiPositive ions perform oscillations during the long
time periodt; in the negative potential well of the antiproton beam, sex.96.1. During the
short beam-free time gap the ions move freely in the direction of their momentary snarse
velocity. We consider the stability condition assuming tha neutralization is negligibly small.

16.1 Stability condition assuming neutralizationn = 0

During the beam-free time gap, the focusing force is zero and the ions behave like in a drift
space. The sequence of focusing and non-focusing can lesegpied by a transport matrix like
the TWISS matrix in accelerators,

(1 Ly cos(vk.L1) sin(vkzL1)/Vkz

M. = ( 0 1 ) < —kysin(vk,L1)  cos(vkiL) ) ’ (134)
(1L cos(\fkyLa)  sin(y/kyL1)/\/ky

M, = < 0 1 ) ( —@sin(@Ll) Cos(\/l?yLl) ) ’ (135)

wherek, andk, depend on the electric field componesatsand E, of the antiproton beam,

P 1 ezNﬁ
c (Bc)? 2megLymoy (0, + 0y)
1 2N
k, = c (136)

(Be)? 2megLymoy (o, + 0y)
The ion oscillation and therewith the ion trapping is stableegions where
|Tr(M,)| <2 and |Tr(M,)| < 2. (137)
The ion oscillation becomes instable and the ions leaveaktenpial well of the beam if
|Tr(M,)| >2 and/or |Tr(M,)| > 2. (138)

In passing, we note that the TWISS matrix could also be writteéerms oft; andt,,

oo (1t cos(\/l%:tl) sin(\/l?xtl)/\/a)
e <0 1 ) ( —\/l?xsin(\/lz,tl) cos(\/l%:tl) 7 (139)

- (1t cos(\//?ytl) Sin(\/?yh)/\/?y)
M, (0 1 ) ( —VEysin(\Byt)  cos(y/Eyt) ’ (49

wherefk, andl%y depend on the electric field componehtsand £, of the antiproton beam,

7;: . €2N]5
© 0 2megLymoy (o, + o)
2
. N
k, = < (141)

2megLymoy (o, + 0y)

73



It should be noted that the calculations®f(),,) andT'r(M,) presented in Figs. 25
and 26 have been done assuming - 10'! antiprotons in the HESR ring. Instabilities with
|Tr(M,.,)| > 2 occur only at a few positions in the HESR ring. The regionsnstability
would be larger if the beam-free gap would be 20 % instead é610

In dipole magnets, vertical ion oscillations along the netgrfield lines are not hindered
and instabilities due t¢l'r(M,)| > 2 are possible. In the-direction dangerous oscillations
are suppressed by the Lorentz fokgé x B yielding cyclotron motions around the magnetic
field lines, see subsection 8.2. Thus, instabilities dug'ig¢)M,)| > 2 cannot occur in dipole
magnets. Therefore, we sBt(M,) = 0 in the region of dipole magnets, see Fig. 25.

In the region of solenoids, the transverse ion oscillatauns to the electric field of the
antiproton beam are completely suppressed and an insyathile to|7'r(M,,)| > 2 cannot
occur. This is due to the Lorentz forgé x B yielding a strong confinement in the transverse
direction. The magnetic field of the solenoid and the ele¢ieid of the antiproton beam cause
the modified cyclotron motion and the slow magnetron motioouad the central axis (see
subsection 9.3). Therefore, we get(M,) = 0 andT'r(M,) = 0 in the region of solenoids,
see Figs. 25 and 26. It is interesting to note that the speeti@r solenoid near the PANDA
target preventsI'r (M, )| > 2 instabilities which would occur without solenoid. Thenefp
the huge amount of Hions near the PANDA target cannot not be detrappefdbyM,. ,)| > 2
instabilities.

In order to study the basic cause for instabilities a proghas been written where the
harmonic oscillation in the potential well of the antiprotbeam is periodically interrupted
during the beam-free time gap. A detailed analysis shovisribtabilities occur for a beam-free
time gap of 10 % if the 'tune numbers’ of the ion oscillatiops = w,. /w, and/org, = w, /wy,
are located in certain intervals, i.e.0i60 < ¢, < 0.55,1.0 < ¢, < 1.1, 1.5 < ¢, < 1.65, etc.
and/or0.50 < ¢, < 0.55,1.0 < ¢, < 1.1, 1.5 < g, < 1.65, etc.. If the ion oscillation is instable
the oscillation amplitudes rise quickly and the ions areafgied. For instance faf, = 0.53
only 21 oscillations are necessary in order to reach ang@gwf more than 50 mm.

It should be noted that ions with larger mass like for insta@©" or Nj ions perform
always stable oscillations since the focusing strengtésiaarly an order of magnitude lesser.
It should also be noted that instabilities witfir (11, )| > 2 do not occur at all foi.0 - 10*
antiprotons in the ring since the electric fields and the $owy strengths are by a factor of ten
lesser.
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Fig. 25: T(M,,) vs. s with Tr(M,) = 0 in the region of dipole magnets and solenoids. A beam-freeo§40 %

and the standard optics are assumed wijth= 15 GeV/c,N; = 1.0 - 10'! andn = 0. Left: the complete HESR
ring froms = 0 mtos = 575 m. Right: the PANDA target region from = 420 m to s = 575 m. The trapped

ions are detrapped jf'r M, | > 2.
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Fig. 26: T(M,,) vs. s with Tr(M,) = 0 in the region of solenoids. A beam-free gap of Z0and the standard
optics are assumed wighy = 15 GeV/c,N; = 1.0 - 10! andrn = 0. Left: the complete HESR ring from= 0 m

to s = 575 m. Right: the PANDA target region from= 420 m to s = 575 m. The trapped ions are detrapped if

ITrM,| > 2.
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16.2 Stability condition assuming neutralizationn > 0

If positive ions are trapped in the potential well of the prdton beam the neutralizationis
nonzero. The corresponding TWISS matrix may be written asptieduct of a focusing and
defocusing matrix,

Mm _ ( COSh( k?g ng) sinh k?g $L2 /Q/ka )

ko . smh( ko Lo) cosh(y/kazL2)

cos( klmL) sin(y/k1oL1)/\/ K12

(142)
k1 x sin(y/k1 L1) cos( k1 2L1)

ysinh(y/ksyLy) cosh(y/ko L)

cos(y/k1,yLn) sin( klyL )/ /K1y (143)
k1y51n ki1yL4) cos(y/k1,yLn)

( cosh(y/kayL1) sinh(y/k2,L1) /\/Ey )

where
k ! N1 = 1) (144)
L (Be)? 2megLymoy (o + 0y)’
1 e2Ny(1 —n)
k = P 145
Ly (Be)? 2megLymoy (o, + 0y)’ (145)
1 e?Nyn
kyy — p , 146
> (Bc)? 2megLoamoy (0, + 0y) (146)
1 2N
kyy = ¢ o . (147)

(Bc)? 2megLomoy (o, + 0y)
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17. Tune Shift and Tune Spread
17.1 Tune shifts due to trapped ions

The trapped ions affect the betatron oscillations of thépastion beam particles. The space
charge of the trapped ions yields a focusing force whereas#am space charge yields a
defocusing force. Assuming identical transverse distigims (elliptic and bi-Gaussian) of the
beam particles and the trapped ions the maximum total tufte®sh @, andAQ, are givenin
linear approximation by

Ny 1€ B (s) ) 1 )
AQ, = 2132y C Jo 04(s)[04(s) + 0y(s)] (77( ) 72> ds,
— Nﬁ'rp l ¢ By(s) ) — i 5
2T 2132y C Jo ay(s)[o.(s) + oy (s)] (77( ) 72) ds. (148)

Here,r, = 1.5347 - 10~'® mis the classical proton radius. The integral indicatesatrezaging
around the ring.

The term with1/+? = 1 — 32 represents the effects of the electric and magnetic forces
from thep beam charges and currents and the term witepresents the effects of the electric
forces from the positive ion charges. The ions, which aretprally motionless contribute only
a focusing electric field. Without trapped ions= 0) the tune shifts are negative. If the space
charge effects are dominated by trapped ions the tune shétpositive. Thus, measuring the
tune shifts provides one means to estimate the averageahezation in the HESR ring.

The equation (148) gives the maximum tune shift. Beam pastiwith large betatron
amplitudes at the edge of the beam distribution experiesg® focusing and defocusing (zero
at the limit). Therefore, th& @, andAQ), represent also approximately the tune spreads.

In order to estimate the effects of trapped ions we calculaemaximum tune shifts
and tune spreads by solving numerically the integral exgiveg148). We take as an example
calculations assuminy; = 1.0 - 10'! at 15 GeV/c, a UHV vacuum pressurelof - 10~ mbar
with 80 % H, and 20 % CO outside of the target pressure bump, ion cleasimg longitudinal
acceleratiom, by the longitudinal electric fields in the straight secti@ml cross-field drift
velocities in the dipole magnets. The electron cooler is #d&en into account. To this end
we assume the neutralizatioyis) as a function ofs as estimated in Sect. 13. and shown in
the top panel of Fig. 22. In addition we calculate also seépbrahe maximum tune shifts
AQm andAQ;'f” caused by the ion space charges taking only;ia¢ term, and theA Qb
and AQ’;W caused by the beam space charge taking only thé term. They are related by
AQyy = AQ;‘j’; +AQ§f;m. And we calculate numerically the average neutralizagias given
by

= %/O.C n(s)ds. (149)

The results are listed in Table 20.

It is interesting to study what happens if we assume full radizaation in the HESR ring,
i.e.n = 1.0 everywhere. Full neutralization can be prepared appraaipay switching off all
clearing electrodes. The resulting maximum tune shiftdisied in Table 21.

60ften this tune shift is called incoherent tune shift sircefiers to the incoherent motion of the beam particles.
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Table 20: Maximum tune shifts and tune spreadstej shown in the bottom panel of Fig. 22 witi; = 1.0-10*
at 15.0 GeVic.

AQ;on AQgeam AQ$ AQgijm AQZeam AQy ﬁ

1.51-107* —2.05-107% 1.30-107* 1.50-10"* —1.93-107% 1.31-107* 2.97-1072

Table 21: Maximum tune shifts and tune spreads¥gr= 1.0 - 10*! andn = 1.0 at 15.0 GeV/c.

AQ;O" AQI;eam AQm AQ;on AQI;eam AQy 77
526-1072 —2.05-107° 5.24-107% 4.96-10~* —1.93-107° 4.94-10~% 1.0

17.2 Estimate of tune shifts
A simple order of magnitude check can be performed [20] using
Nyr 1 1
A ~ PP 5 1
Qx,y 271—5 2€n,rms <?7 72> ’ ( 50)

wheree,, . is the normalized rms emittance. Wiffy, = 1 - 10" ande¢,, ,.,,s = (10/3.5)%8 -
1.0 mm mrad = 2.32 mm mrad (see Sect. 2.) we get

‘ 1
AQ™" 0.00526577,

z,y
AQYI™ 0.00526l (—i), (151)
“Y B\ 7
AQqy = 0.00526l <ﬁ—i).
» B 72

These equations can be used in the full momentum range of HEeS#een 1.5 and 15 GeV/c
in order to get a quick estimate.

They yield forp = 0.0297 at 15 GeV/c
AQY" ~ 1.57-107%,

AQY¥™ ~ —2.05-107° (152)

T,y
AQ., ~ 137-107%
These values are in rather good agreement with the valueshir?0.
Assuming full neutralization;{= 1.0) at 15 GeV/c yields

AQYr ~ 5261077,

m7y

AQY™ ~ —2.05-107° (153)

m7y

AQ,, =~ 5.24-107%

These values are in rather good agreement with the valueshir?L.
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18. Coherent Instabilities

Transverse coherent instabilities have been observedvatasentiproton machines. There,
collective oscillations of the beam center (dipole modetherbeam shape (quadrupole mode)
grow exponentially due to the interaction of the beam with ttapped ions. The most dan-
gerous mode is the dipole mode, i.e. the coherent oscilaidghe beam center. The coherent
instabilities can be estimated using the two-beam instakileory developed by Koshkarev and
Zenkevich [9], Laslett, Sessler and Mohl [10] Keil and Zotf11] and Alves-Pires et al. [13].
Additional information can be found in the thesis of Zhou][&6d in the references [12, 20].

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 tiewdich 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 wakedigitlich are described by the
machine impedancB(w). Herew is the angular frequency of the resulting coherent osiilhat
The effect of trapped ions can be described by some extradamee”;(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 [16]. Herey, is the revolution frequency,) the betatron tune andan integer
with n > —@Q. Without Landau damping, i.e. without any frequency spsetie slow-wave
mode withw = (n — Q)wy is always unstable. Here, is an integer withn > Q. Thus,
dangerous coherent oscillations can occur if the trappesl ascillate at frequencies near the
sideband frequencids — Q)wy.

18.1 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?z; Zie 2N, Z; 1-—n
7 — —ZE;E — p v = — 2 2 ;
dit? m; 2negLy m; 0, (0, + 0y) o Lo
d?y; Zie 62N15(1 — 1) 2 2
dt? m; Y 2megLimoy (o, + ay)y 4ol (154)

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 caregéeoted. The ions perform
harmonic oscillations. The frequencigsand f, of the ion oscillations ('bounce frequency’)
read

1 Zie2Ny(1—n
Jo = & p< ) = q.fo
271\ 2megLym;o, (0, + 0y)
1 Z;ie*N5(1 —n)
= — = . 155
T 27\ 2megLym;oy (o, + 0y) 4y Jo (155)

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,

2 = 1 Zie*Ny(1 —n) _ 2R? Nprp Z;  1—n
v wi 2megLym;o, (o, + 0y) Ly (% Aiog(o,+0y)
y wi 2megLymoy (0, + o) Ly p% Ajoy(o,+0,)

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

In the region of solenoids the ion motion is modified by thespree 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. 9.3. 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 componentf, 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 numbers; andg, depend on the positionin the HESR ring since the
rms envelopes, ando, and the neutralizatiompare functions of. They are shown in Figs. 27-
38 for H", Hf and CO ions at four beam momenta (1.5 GeV/c, 3.825 GeV/c, 8.889 GeV/
and 15.0 GeV/c). These typical examples are calculatedrasgua local beam neutralization
n(s) as shown in the top panel of Fig. 22. The dotted lines inditaaesonance frequencies
(n—Q,) and(n—Q,) where coherent oscillations of thdeam and the trapped ions can occur.
The ring-averaged root mean square valj€s andg,™* are indicated by the dashed lines.

The danger of coherent oscillations is especially high & tims values of;, and/org,
are close to a resonance line. This occurs for instance,{éf™) near 1.5 GeV/cg,(HT)
near 3.825 GeV/c, fog,(H3 ) near 3.825 GeV/c and far,(HJ ) near 8.889 GeV/c. The 'tune
numbers’ of CO ions are always below the critical resonance liftes- Q) 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 antiprotorchwletermines the depth of
the potential well and the electric field strengthisandE,. The examples shown in Figs. 27-38
are calculated assuming; = 1.0 - 10" antiprotons in the HESR ring. The 'tune numbers;,

are proportional tq/Nﬁ/[ax,y(% +0,)]. The beam widths,, are proportional tov2'> (see

Sect. 2.). Therefore, we get, N$/5, and the 'tune numbers’ far.0 - 10'° antiprotons are
by a factorv/10'/> = 1.26 lower than those shown in Figs.27 - 38.

We mention that the bounce frequencies of the trapped ioosedge 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 toveri® ions out of the beam (see
Sect. 19.).
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Fig. 27: Bounce frequencies of transvets& ion oscillations represented as 'tune numbegs’ = f./fo and

qy = fy/ fo, assuming; = 1.5 GeV/g N; = 1.0- 10", n(s) as in top panel of Fig.22. The dotted lines represent
the resonance linds — Q..) and(n — Q,)) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and 2.4005 for
(n — Q) and 0.3784, 1.3784 and 2.3784 far— Q, ), respectively. The dashed lines represent the ring-aedrag
rms valuesy;™* = 0.282 andq,™* = 0.401. Top: ¢,. Bottom: g,
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Fig. 28: Bounce frequencies of transvets& ion oscillations represented as 'tune numbegs’ = f./fo and

qy = [fy/fo, assuming; = 3.825 GeV/¢ N; = 1.0 - 10!, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lines— Q,.) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.393 andg,™* = 0.558. Top: g,. Bottom: ¢
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Fig. 29: Bounce frequencies of transvetse ion oscillations represented as 'tune numbegs’ = f./fo and

qy = fy/fo, assumingy; = 8.889 GeV/¢c N; = 1.0 - 10!, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lines— Q,.) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.581 andg,™* = 0.829. Top: g,. Bottom: ¢,.
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Fig. 30: Bounce frequencies of transvetse ion oscillations represented as 'tune numbegs’ = f./fo and

qy = fy/fo, assumingp; = 15.0 GeV/c N; = 1.0 - 10}, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lifes— Q,.) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.754 andg,* = 1.07. Top: ¢,.. Bottom: g,.
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Fig. 31: Bounce frequencies of transveksg ion oscillations represented as 'tune numbets’ = f./fo and

qy = fy/ fo, assuming; = 1.5 GeV/g N; = 1.0- 10!, n(s) as in top panel of Fig.22. The dotted lines represent
the resonance linds — Q..) and(n — Q,)) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and 2.4005 for
(n — Q) and 0.3784, 1.3784 and 2.3784 far— @, ), respectively. The dashed lines represent the ring-aedrag
rms valuesy;™* = 0.199 andq,™* = 0.283. Top: ¢,. Bottom: g,
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Fig. 32: Bounce frequencies of transveksg ion oscillations represented as 'tune numbets’ = f./fo and

qy = [fy/fo, assuming; = 3.825 GeV/¢ N; = 1.0 - 10!, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lines— Q,.) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.278 andg,™* = 0.395. Top: g¢,. Bottom: ¢,.
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Fig. 33: Bounce frequencies of transveksg ion oscillations represented as 'tune numbets’ = f./fo and

qy = fy/fo, assumingy; = 8.889 GeV/¢c N; = 1.0 - 10!, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lines— Q,.) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.412 andg,™* = 0.586. Top: g,. Bottom: ¢,.
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Fig. 34: Bounce frequencies of transveksg ion oscillations represented as 'tune numbets’ = f./fo and

qy = fy/fo, assumingp; = 15.0 GeV/c N; = 1.0 - 10}, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lifes— Q,.) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.533 andg,™* = 0.759. Top: g¢,. Bottom: ¢,
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Fig. 35: Bounce frequencies of transve@®™ ion oscillationsrepresented as 'tune numbegs’ = f./fo and

qy = fy/ fo, assuming; = 1.5 GeV/g N; = 1.0- 10!, n(s) as in top panel of Fig.22. The dotted lines represent
the resonance linds — Q..) and(n — Q,)) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and 2.4005 for
(n — Q) and 0.3784, 1.3784 and 2.3784 far— @, ), respectively. The dashed lines represent the ring-aedrag
= 0.0533 andq

= 0.0758. Top: ¢,.. Bottom: g,,.
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Fig. 36: Bounce frequencies of transve@®™ ion oscillationsrepresented as 'tune numbegs’ = f./fo and

qy = [fy/fo, assuming; = 3.825 GeV/¢ N; = 1.0 - 10!, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lifes— Q) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.0742 andg,™* = 0.105. Top: ¢,.. Bottom: g,,.
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Fig. 37: Bounce frequencies of transve@®™ ion oscillationsrepresented as 'tune numbegs’ = f./fo and

= 8.889 GeV/¢ N; = 1.0 - 101, n(s) as in top panel of Fig.22. The dotted lines
represent the resonance lifes— Q) and(n — Q,) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and
2.4005 for(n — @) and 0.3784, 1.3784 and 2.3784 fer — Q),), respectively. The dashed lines represent the
ring-averaged rms valugg™® = 0.110 andg,™* = 0.157. Top: g,. Bottom: ¢
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Fig. 38: Bounce frequencies of transve@®™ ion oscillationsrepresented as 'tune numbegs’ = f./fo and

qy = fy/ fo, assuming; = 15.0 GeV/¢ N; = 1.0-10'!, n(s) asin top panel of Fig.22. The dotted lines represent
the resonance linds — Q..) and(n — Q,)) forn = 8, n = 9 andn = 10, yielding 0.4005, 1.4005 and 2.4005 for
(n — Q) and 0.3784, 1.3784 and 2.3784 far— Q, ), respectively. The dashed lines represent the ring-aedrag
rms valuesy;™* = 0.142 andq,™* = 0.203. Top: ¢,. Bottom: g,
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18.2 Formalism of coherent instabilities

Because beam instabilities develop on a time scale mucérléingn the revolution period, the
theoretical description of coupled oscillations can bepdiiied by introducing ring-averaged
forces. Usually, the ring-averaged forces are calculasedraing a constant neutralizatigm

the ring and using a smooth approximation for the envelapes; /e, (5,) ando, = \/€,(5,)
with (3,) = R/Q, and(5,) = R/Q,. However, in the HESR ring the neutralizatigulepends
strongly on the positior due to the large pressure bump in the vicinity of the PANDAy&ar
Also the envelopes depend strongly on the positidoie to the low beta values at the PANDA
target and the large beta values in the region of the electoofer. Therefore, the HESR ring
is segmented in small sections and the ring-averaged fareasumerically evaluated.

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

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

d?y
fymﬁ@ = <F5> + <Fsc> + <Fc>7 (157)
d?y;
7 = E sc E c/- 158
T (R (R (158)

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 f#aquw, of the beam using the
following definitions

(Fp)

= Qowi Y,
Ymp oo
<FSC> 2 2 _
= Q.w; (¥ — 1),
p— o ( )
F. _
Fo) a2y - g, (159)
YMp
<E750> . 2 2 —
mi - qscw(] (yl yl)u
(Fie) 5 9 _
G (i — ).

Thus, the model for linearized coupled oscillations as diesd in [13] yields the following
coupled equations for the dipole mode.

1 d%y - B

S b QU QLy—9) + QY —5) =0, (160)
wj dt

1 dQﬁUi 2 9
3 - i — Vi i —y)=0. 161
22 e G(yi — Y1) + 4z (yi — 9) (161)
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The external focusing forces are represented by the squaned)? of the unperturbed be-
tatron oscillation. The other forces are represented bytineesponding mean squared 'tune
numbers’,

2 = 2%? g];);«g <ay(s)(ax(i) n ay(s))> , P space charge acting on p, (162)
Q? = %j Jgggp <Uy(s)(0x7zi‘§)+ Uy(s))> , lon space charge acting on p, (163)
= 2%? ]\gz"’illzz <Uy(8)(m7z$)+ ay(s))> , ion space charge acting on ion, (164)
@ = 2%? ]\g{ZZZZ <0y(8)(am(;) n O'y(S))> , D space charge acting on ion. (165)

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

y = aexpli(ks—wt)] :aexp[i(%s—wt)] (166)

Ui = a;exp|[—iwt], (167)
Here, the resonance condition imposes that the wave nuinhed the wave length of the
travelling wave satisfy the resonance condition

k==, A=—. (168)

wheren is an integer(' the circumference an®® = C/(2r) the effective radius’ of the ma-
chine. The substitution gf andy; from (166) and (167) into (160) and (161) gives two equa-
tions,

1 d2g 2 2\ — 2 _

g T (@)Y= Qi (169)
0

1 d2, o,

gt Cu=ay (170)
0

Since thep oscillations are oscillating in space) (and time () (travelling wave ansatz, see
Eg. (166)) the total differential/d¢ in thep equation of motion (160) must be written

d o 0.
E - (a + £8> (171)

Inserting the travelling wave ansatz (166) yields

dy . no\ _

il (—zw + zﬁs> g = 1(—w + nwy)7,

d*y

d—t:zy = —(nwo — w)zg. (172)
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Similarly, we get

d*g; _
e —w2g;. 173)
Using these relations in (169) and (170) yields
nwy — w 2
[—(OT) +(QF + Qi)] y = Qi (174)
0

w? 2| - 2
—— | v o= 4y (175)
“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)[(QF + Q2) — (n —w)*] — ¢2Q% = 0. (176)

In this equationp, ¢., Q. and(Q, 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 dagpirhe oscillations and one with

a positive imaginary part corresponding to a growing (aatnping) of the oscillations which

means instability!

SinceQ. < Qo, we can ignore it in the surf®)? + Q?) or slightly shift the value o€), by
introducing@? = (Q3+Q?). Unstable values (complex) can occur ify. is close to a sideband
frequency(n — Q), i.e. ¢ = (n — Q) andw = (n — Q). Replacingw by w = (n — Q) + ¢
yields an equation quadratic i

22
82+ [(n— Q) — q)o + dee ~ g, 177
[(n = Q) —qo+ 7 ) (177)
The solution reads
Qe [((n-Q ) Q2
0= 5 + 5 10,0 (178)
Thus, the equation yields complex solutions if
4cQe
n— —q.| < . 179
This equation defines a ban@ for q. in the vicinity of (n — @),
4cQe
0Q = : 180
?=Vaq (189)

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)(¢.Q.)/v/q.Q. Thus. the fastest growth rate
reads

1 wo qCQC
- = — . 181
T 2 Vq.Q ( )
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18.3 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
By > |5, (182)
q2
Ay > |l (183)
q
22
AN, > qq_g| (184)

Here, the space charge effects are taken into account inefir@tion of the betatron tuné
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. (184).

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

5Q = pjf_é, (185)

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 ta),, i.e. to the square root of the averaged neutralization
\/<77/[o—y(ax + 0,)]) (see Eq. (163)). Itis narrower for quadrupole modes thadifmsle modes.

Including the possibility of quadrupole modes, the neagssandition for Landau damping
reads

2
A > p‘%, (186)
q2
A, > p |, (187)
22
AN, > 2|9 188

18.4 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 getn — Q) as 1.4005, 2.4005, etc.. Similarly, for= 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 gef{n — (),) as 1.3784, 2.3784, etc..

The occurrence of coherent oscillations depends criyicati the neutralization of the
beam by trapped ions. The coupling between beam and ionteistiaed byQ? which depends
on the neutralization (see Eq. (163)). In the following we calculate the charastierquantities
taking the assumptions oyi{s) as in the top panel of Fig. 22, see Sect. 13.. The charadaterist
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quantities i.e. the ring-averaged 'tune numbers= /q¢? — ¢2. and Q. of ion andp bounce
frequencies, the bandwidi#) and the difference\ = |(8 — Q) — ¢.| — dQ are listed in
Tables 22-25 for H and H; ions and four beam momenta. The danger of an unstable caheren
oscillation is given in regions whekg is near a resonance lir{8 — Q). Then, the difference

|(8 — Q) — ¢.| can be very small. The risk of instability is givengif lies within the resonance
band(8 — Q) +0Q, i.e. if A = |(8 — Q) — ¢.| — 0Q is negative. This occurs in our example for

¢. and H' ions near 3.825 GeV/c and fof and Hj ions near 8.889 GeV/c.

Table 22: Ring-averaged 'tune numbegs= +/q? — ¢2. andQ@. of ion andp bounce frequencies, the bandwidth
5@ and the differencé\ = |(8 — Q) — ¢.| — 6Q for coherent H" oscillations in z-direction assumingV; =
1.0 - 10, n(s) as in top panel of Fig. 22, a beam-free gap of4@nd the standard optics.

p(GeVic) ¢, Qe 0Q: A,

1.50 0.282 0.0662 0.0128 0.106
3.82 0.393 0.0618 0.0141 -0.00615
8.89 0.582 0.0614 0.0170 0.165
15.0 0.754 0.0616 0.0194 0.334

Table 23: Ring-averaged 'tune numbegs= /¢ — ¢2. andQ. of ion andp bounce frequencies, the bandwidth
5@ and the differencé\ = |(8 — Q) — ¢;| — 6Q for coherent H" oscillations in y-direction assumingV; =
1.0 - 1011, n(s) as in top panel of Fig. 22, a beam-free gap of4@nd the standard optics.

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

1.50 0.401 0.0722 0.0166 0.00597
3.82 0.558 0.0674 0.0182 0.162
8.89 0.829 0.0669 0.0221 0.428
15.0 1.07 0.0671 0.0252 0.669
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Table 24: Ring-averaged 'tune numbegs= /¢ — ¢2. andQ@. of ion andp bounce frequencies, the bandwidth
§Q and the differencé\ = |(8 — Q) — q.| — 6Q for coherent Hj oscillations in z-direction assumingV; =
1.0 - 10, n(s) as in top panel of Fig. 22, a beam-free gap of4@nd the standard optics.

p(GeVic) q. Qe 0Q, A,

1.50 0.199 0.0662 0.0107 0.190
3.82 0.278 0.0618 0.0118 0.111
8.89 0.412 0.0614 0.0143 -0.00299
15.0 0.533 0.0616 0.0163 0.116

Table 25: Ring-averaged 'tune numbegs= +/q? — ¢2. andQ@. of ion andp bounce frequencies, the bandwidth
5Q and the difference\ = |(8 — Q) — ¢;| — 6Q for coherent Hj oscillations in y-direction assumingV, =
1.0 - 10, n(s) as in top panel of Fig. 22, a beam-free gap of4@nd the standard optics.

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

1.50 0.283 0.0722 0.0139 0.0810
3.82 0.395 0.0674 0.0153 0.000933
8.89 0.586 0.0669 0.0186  0.189
15.0 0.759 0.0671 0.0212 0.359

18.5 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 widt) for unstable oscillations depend on the neutraliza-
tion . We mention that instabilities at low sideband frequeneiesthe most unstable modes
because the frequency spreads are low. Thus, it is diffiouftlfill the conditions for the
Landau damping of those instabilities [17]. 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 [16]. 3

18.6 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-updtateéhe frequency of the single
unstable mode [16, 17]. At the cooler synchrotron COSY adtmend feedback system has
been developed in order to damp transverse instabilitiegotron cooled beams [37, 38]. 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 systemsxp(—t/7). As long as the
damping timer is less than the growing time of the instability, the beamlzastabilized [16].
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19. Beam Shaking

The beam shaking can be used in order to decrease the naattoadi) and the coupling strength
Q? for coherent oscillations in regions where the clearingteteles cannot remove trapped
ions sufficiently. Thep beam is shaken using an RF electric field andthmam shakes the
ions. This method works if the shaking frequency is closerte of the sideband frequencies
(n — Q)wo ('slow wave’ frequency) ofn + Q)w, (‘fast wave’ frequency) and close to the ion
bounce frequency.w,. This condition corresponds to the resonance conditiorcébrerent
oscillations of beam and trapped ions as discussed in S&et. 1

19.1 Formalism

We start with the coupled equations of motion (160) and (l)eam and trapped ions in
Sect. 18.2. 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]. (189)
1 deZ 2 9
— Ui —7)=0. 190
2 AP Goc(yi = Ui) + qc(yi —9) =0 (190)

The force term¥ on the r.h.s of (189) represents the shaking kicker assuoneel & function
in azimuth. The integrated electric fieldhAs exp [—iwt| enters as

, eFyAs exp [—iwt] As eEy "I s
F —wt| = 0(s) = — — —wt|. 191
exp [—iwt] —— (s) C o n:Z_OO exp [in 7w ] (191)

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

As eFEy .S
= — —1. 192
O s epling] (192)

F

We are interested in the resonant excitation of coupledlasons of the beam centersand
y;- As in Sect. 18.2, we make the following ansatz for the cadipt@tion of the beam and ion
centers,

y = aexpli(ks—wt)] =aexpli (n% —wt)] (193)

Ui = a;exp|[—iwt], (194)

The substitution off andy; from (193) and (194) into (189) and (190) yields two equagion
ey — W) + (G + Qed g — Qs = wAFexpl-iwt],  (195)

(—w® + q2w)) G — qowy = 0. (196)

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

—w’ + giwg 2
7l — C F o _Z t ’ 197
V= o o+ Gt 1 ) — @@t e it 97
2
Vi = cwo S F exp i) (198)

[—(nwo — w)? + Q*wi](—w? + ?wi) — ¢2Q%wyg
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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]. (200)
(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 (176). 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

F exp [—iwt], (199)

(w® —¢?) > 0, (201)
(n—w)?—Q* > 0. (202)

That means for the excitation near a slow wave sideband érexyuwithw ~ (n — Q)w, and
positiven with n > Q,
w<n-—Q, (203)

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, (204)

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

2 2,2 2 2
w—cho_'_ w” —dq. _

a8 (205)

P =

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

19.2 Experimental observations

Here, we cite some important observations during shakipgmxents at the CERN Antiproton
Accelerator (CERN AA) which are reported by Alain Poncet][15

The effects of neutralization have been considerably redlby exciting vertical coherent
oscillations with a transverse kicker in the CERN AA. Thelghg system has been perma-
nently 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.

19.3 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 26 we
list the corresponding slow-wave sideband frequengies @) fo for n = 8 and the fast-wave
sideband frequencids + Q) f, forn = —7.

Table 26: 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) = 0.3784, (Q, — 7) = 0.5995 or (Q, — 7) = 0.6216, see Figs. 27 - 34. The 'tune
numbers’ are proportional t@Nﬁ/[aLy(am + o,)]. For N; = 1.0 - 10 all tune numbers’
decrease by a factar10'/5 = 1.26. Resonant transverse shaking is not all possible for heavie
ions like CO' ions. Even forN; = 1.0 - 10'! the 'tune numbers’ of CO oscillations are below
the sideband tunes.
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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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20. Beam-free Time Gap

In this section, we summarize the effects of the beam-frae gap with respect to the produc-
tion and clearing of trapped ions. The barrier-bucket mddgperation produces a long bunch
of antiprotons witht; = 0.9 7 which is interrupted by a short beam-free time gap- 0.17T'.
Here, T = 1/ f is the revolution time of the antiproton beam. Taking 500 kiszypical revo-
lution frequency the beam-free time gap amounts to aboyi$.2

20.1 Extraction of trapped ions during the beam-free time ga

Taking only the mean thermal velocities into account (s€a€erTd), the trapped ions cannot
escape the potential well of the antiproton beam during Hwtdeam-free time gap. For
instance the mean thermal velocityof H3 ions amounts to 889 m/s yielding a mean distance
of only 0.18 mm within 0.2us.

In principle it should be possible to extract trapped ionsigihigh transverse electric
fields during the beam-free time gaps. To this end high trensgvelectric fields could be
switched on during the beam-free time gaps. A quick estirsatevs that transverse electric
fields of about 50 kV/m are needed in order to extragtiehs within a time period, of about
0.2 us. However the switch-on and switch-off time would be exegnshort (about 0.0Ls).

For heavier ions like for instance CQons the necessary transverse electric fields of 700 kV/m
would be unrealistically high.

20.2 Instability of ion oscillations

Sect. 16. deals with the problem of instabilities of ion #ations. Positive ions perform oscil-
lations during the long time periad in the negative potential well of the antiproton beam, see
Sect. 18.1. During the short beam-free time gathe ions move freely in the direction of their
momentary transverse velocity. But the ions cannot escapéewd.2 ;.s. The only possibility

to escape is that the ion oscillation amplitudes increasaddy, i.e. that the ion oscillation
becomes instable due to the beam-free time gap. Instabiliccur if the 'tune numbers; ,

of the ion oscillations are located in certain specific s, for instancé®.50 < ¢, , < 0.55.

As shown in Sect. 16. the oscillations of Hons become instable at a few localized positions
in the ring if 1.0 - 10! antiprotons are circulating. lons with larger mass likeifmtance CO

or Nj ions perform always stable oscillations since the focustngngths are nearly an order
of magnitude lesser.

Summarizing, the trapped ions perform mostly stable @mlhs in the negative potential
well of the antiproton beam. The beam-free time gap caussalite oscillations of K ions
only at a few localized positions in the ring and only fap- 10! antiprotons in the ring. Heavier
ions are not affected at all. Thus, the benefit of detrappang by instable ion oscillations is
negligibly small.
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21. Diagnostic Tools and Measurements of Trapped lon Effest
21.1 Current measurements at clearing electrode

An important diagnostic tool is the measurement of the tolgacurrents at the clearing elec-
trodes. To this end each clearing electrode should be egdimih a Pico-Amperemeter. All
clearing electrodes should be computer controlled suchaha can adjust individually the
clearing voltages and measure the clearing currents dovpictamps. Then, the electrode
clearing currents can be measured as a function of the etiectroltages in order to verify the
required maximum voltage for full clearing. The clearingremt will saturate if a sufficiently
high voltage is reached.

Additional information about neutralization and trapped pockets can be obtained by
individually switching on and off, and by reversing the apgivoltage from negative to positive.
The Pico-Amperemeter should be fast enough to allow the uneaent of time dependent
processes. For instance the longitudinal mobility of texpns can be studied by switching
off the voltage in one channel of the clearing system and orgagsthe additional currents at
the neighbouring electrodes.

21.2 Tune-shift measurements

The HESR Schottky diagnostics can be used in order to stuspehavior of the antiproton
beam. The signals from the transverse Schottky pickups/gtecise tune-shift measurements.
The incoherent tune shifts depend on the average neutrafizaof the beam, see Eqs. (148)
and (150). Thus, by measuring the turigs and 9, with and without ion clearing one can
deduce the average neutralizatipnSimilarly, one can study the effectiveness of the clearing
electrodes by measuring the residual neutralization ascifin of the clearing voltages.

21.3 Beam emittance measurements

The power in the bands of the transverse Schottky spectrumbeaised in order to deduce
information on the beam emittance. Thus, one can study theeirce of trapped ion effects on
the beam emittance by switching the clearing voltages oroéind

21.4 Measurement of the coherent ion-beam oscillations

Pockets of trapped ions can interact resonantly with thenbée a result coherent oscillations
with large amplitudes can occur. Therefore it is necesganydasure the dipole spectrum of the
beam at the sideband frequendigs- ),.,,) and(9 — Q.. ,). By decreasing the clearing voltage
one can study the growth of the dipole modes which is an itidicaf trapped ion effects.

21.5 Measurements of the transverse beam transfer function

The transverse beam transfer function is obtained by exgcttie beam with a periodic signal
and measuring the response (amplitude and phase) as aofunttihe frequency. Measure-
ments at the the Fermilab Antiproton Accumulator [39] shdwedouble peak structure of the
amplitude response at the beam dipole resonance frequgney) f, (¢ is here the fractional
part of the betatron tune) due to the presence of trapped Tdresdouble peak structure seems
to be caused by the non-linearity of the ion motion in the@oton beam.
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22. Summary and Conclusion

The phenomenon of ion trapping in the future HESR antipratonage ring is studied in the
present report. Outside of the PANDA target region the UH¥wan pressure amounts to
about1.0 - 10~? mbar yielding full neutralization of the negative beam it within about

7 s. Near the PANDA target the pressure rises up to about10~° mbar yielding full neu-
tralization within about 0.1 ms. The positive ions (mainly &ns) are trapped by the negative
beam potential and perform quasi-harmonic oscillatiorteéypotential well. The central beam
potential is calculated assuming the standard optics afitB8R ring. The local minima of the
potential are especially dangerous since they act as tdppeockets.

The positive ions can be extracted out of the beam usingiotpatectrodes with sulffi-
ciently high electric fields. We recommend to install as melegtrodes as possible at least one
electrode every 5 m in the two long straight sections. In ties alearing electrodes should be
located in the 2 m long straight sections at the entrance @hdfehe dipole magnets.

The danger of a high neutralization in the region of dipolgneis has been discussed in
Subsect. 10.4. lon clearing by mean cross-field drift vélegiis not sufficient if the residual
gas pressure amounts to abaut - 10-? mbar. In order to solve this problem three different
suggestions are discussed: (i) Continuous vertical cigaglectrodes inside the beam pipes in
order to extract the trapped ions along the magnetic fieleslim the vertical direction (see
Subsect. 10.5). (ii) Continuous horizontal clearing elmbs inside the beam pipes in order
to achieve sufficient cross-field drift velocities in the ¢gmdinal direction (see Subsect. 10.6).
(iif) Improvement of the UHV vacuum by about a factor of huedi{see Subsect. 10.7). In view
of the difficulty to install continuous clearing electrodeside of the 4.2 m long beam pipes
of a dipole magnet, the optimum solution is to improve the U¥¢uum to a level of about
1.0 - 10~ mbar.

In solenoids the ions move freely along the longitudinaédiion. Clearing electrodes
should be located at the entrance and exit of the solenotus pfoblem of trapped ions in the
intense electron beam of the electron cooler has been selyatescussed in Sect. 14..

A virulent problem represents the huge pressure bump indgiggnbhourhood of the PANDA
target. The ion production rate is so high that without sigfit clearing the antiproton beam
can be fully neutralized within 0.1 ms - 10 ms. In addition gneduced ions cannot escape in
the transverse direction due to the high magnetic field osttenoid. The special problems of
the target region and possible solutions are discusseccin Be.

The effect of the beam-free time gap with respect to ion gigdras been studied in detail.
The barrier bucket mode of operation produces a long bunkgmgthZL; = 0.9 C followed by a
short beam-free gap of length = 0.1 C' with L., + L, = C'. It has been shown that the positive
ions perform mostly stable oscillations in the negativeeptial well. The stability condition is
practically not affected by the short beam-free gap of lerigtwhich acts ion-optically like a
drift space. Instabilities witli'r M, , > 2 occur only under certain conditions at a few discrete
positions in the HESR ring.

Trapped ions in the beam represent an additional targeefmrglary reactions with the
antiproton beam. However the estimate of the resulting hasities shows that the secondary
reaction rates are negligibly small compared to the prinmaaction rates due to the residual
gas molecules.

The adverse effects of the trapped ions are due to the adlaigtectric field of the trapped
ion clouds. First of all the trapped ions affect the betatsnillations of the beam yielding
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incoherent tune shifts and tune spreads. The tune shiftsame@dds have been estimated by
taking the beam envelopes around the ring into account anaubyerically integrating the
corresponding expressions. Simple order of magnitudeksheanfirm the numerical results.
The ion induced tune shifts are abdu$ - 10~* if the mean neutralization is kept at the 3 %
level.

The most dangerous effects of trapped ions are cohereabifises due to the interac-
tion of the antiproton beam with the trapped ions. Numerazdtulations of the ion bounce
frequencies show that coherent oscillations can be exbigedd™ and Hf ions at the sideband
frequencies8 — (),,). The risk of instability depends on the neutralizatipni.e. on the
coupling strength of the ion space charge acting orptbeam. Dangerous oscillations can be
avoided by keeping the neutralization beloW 3. Heavier ions like N and CO" cannot cause
dangerous oscillations. They exhibit bounce frequenctasmare below the critical resonance
frequencies8 — @, ). Coherent instabilities can be suppressed by Landau damipineces-
sary, the coherent instabilities can also be damped byveases feedback systems using highly
sensitive resonant pick-up systems tuned at the frequertbg anstable mode.

The possibility of removing trapped ions by beam shakingdlas been studied. The
p beam can be shaken using a broad-band kicker with field shemd about 20 V/icm. The
trapped ions are shaken by the forced oscillation offtheam. The amplitudes of the ion
oscillations become very large compared to the small aog#s of thes beam. Thus, the ions
are removed by neutralization at the beam pipe. The possitaking frequencies are in the
range of 165-330 kHz. Resonant transverse shaking is peskithe ion bounce frequencies
are slightly below the slow-wave sideband frequenckes- @), ,) and/or slightly above the
fast-wave sideband frequentg,. , — 7). Resonant transverse shaking can only be used under
certain conditions; > 1.0 - 10'°) in order to remove light ions like Hand H; at discrete
positions in the ring. Heavier ions cannot be removed by b&fzeking. Therefore, clearing of
trapped ions in the HESR should be mainly done using clealiecirodes.

Finally, diagnostic tools and measurements of trappedffects are discussed. The cur-
rent measurements at clearing electrodes are very importéey provide information about
neutralization and trapped ion pockets. In addition thelp e optimize the clearing volt-
ages. The average neutralizatipaf the beam can be measured using tune shift measurements.
Measurements of the beam emittances and the coherent @&n-bscillations give additional
information about trapped ion effects.
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23. Appendix
23.1 Magnetron motion and modified cyclotron motion of trappged ions in solenoids

Here, we discuss first the magnetron motion and the modifieldirgn motion of trapped ions
in solenoids which is due to the superposition of a radiattele field E and a longitudinal
magnetic fieldB. The magnetron motion and the modified cyclotron motion heenbfirst
studied during the invention of the magnetron [28]. Thesdions have also been analyzed
during the development of Penning traps [29]. As to the egnabf motion for a Penning trap,
we refer to review articles by Brown and Gabrielse [30] anaush [31].

The beam envelopes of the antiproton beam are nearly axiahgyric in the region of
the solenoids. The resulting radial acceleration by thetetefield E of the antiproton beam is
directed radially towards the central axis. This is in castito magnetrons and Penning traps
where the radial acceleration is directed off the centrad.akhis important difference must be
taken into account in the solution of the equations of motion

We use the Cartesian coordinate systetyy, =) which coincides with the standard coor-
dinate system of accelerator physiesy, s). The z-axis is oriented along the central axis of
the solenoid. We describe the ion motion radiallyby: (z, y) and axially byz. The equations
of motions read

mi = q(E,+px B), (206)
mz = qF,. (207)

We first discuss the solution of the radial equation. We assartinear approximation of an
axial symmetric electric field directed towards the cerdras,

—

E, = —Eyp. (208)
Without loss of generality, we assume a magnetic fiéldriented in the negative-direction,
B =—(0,0,B). (209)

Thus, the resulting angular velocity. of the cyclotron motion is directed in the positive
direction. We remember that the angular frequencyf the free cyclotron motion (i.e. for
E, = 0) is given by

_4B
=
We introduce the parametey, in order to take the electric field strength in the followirguea-

tions into account,
E,
wy = 1 L2 (211)
m

The parametew, represents the angular frequency of trapped ion oscitiatio the potential
well of the antiproton beam faB = 0. The radial equation of motion can be solved using the
following ansatz

(210)

We

0 T T, (212)
e = ri(cos(wit + ay),sin(wit + ay)), (213)
= r_(cos(w_t+a_),sin(w_t+a_)). (214)
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Thus, the radial motion of an ion is characterized by two paglent motional modes: (i) the
modified cyclotron motion with angular frequency and radius-, and (ii) the magnetron
motion with angular frequencay_ and radius-_. Inserting the ansatz (212) into (206) yields

We we\ 2
o = SH|(5) +eb (215)
W, wWe\ 2

The magnetron motion has not the same direction of rotasdhemaodified cyclotron motion,
i.e. the angular velocity, is directed in the positive-direction whereas the angular velocity
«_ is directed in the negativedirection. This is due to the radially attractive elecpratential,
see Fig. 12. In this context, we note that in Egs. (214) and (216) is a negative quantity.
However, the absolute value of the angular velocity reads

2
3 = | = =+ (%) . (217)

This fact is important if one tries to find the solution of truations of motion. The parameters
ry, r_, a, anda_ are constants of integration determined by the initial pasiand velocity
of the ion in the moment of ionization.

23.2 Proof

Now, we sketch the proof that the ansatz (212)-(214) with E25) and (216) fow, andw_
is a solution of the radial equation of motion. We ingé#t i, +7"_ into the equation of motion
(206),

m(Fy +7_) = q(Fy +7_) X B — qEy(Fy + 7). (218)
Taking into account that )
Ty = —with (219)
and '
Fi:&ixﬁ (220)
we get
(WA 4 W) = L@y x Ty 4@ x ) x B — LR, +7), (221)
m m
2 = 2 = . q — 31— q — =N q — —
—(wirh +wlrl) = ——|d || BlFy + —|&-|[ Bl — —Eo(ry + 7)), (222)
m m m
—(WAT + W) = —wiwely + lwo|wers — wp (P + 72, (223)
(Wl — wiwe — wp) + 7 (W2 + Jw-|we — wp) = 0. (224)

The last equation holds true because the coefficients ahd"_ are equal to zero, i.e.
wi — WylWe — wg = W+(W+ - Wc) - wg =0, (225)

which means

2 2
VG ) (5 6) i) 0 e



(' () )0

w? +Jw_fwe — wy = w_|(jw-| + we) —wy =0, (228)

(5 fET) (5 VG )0 e
() ((5) ) o

23.3 Longitudinal motion of trapped ions in solenoids

Finally, the solution of the longitudinal equation of mati(207) yields the third independent
motion in z-direction. The longitudinal electric fielf, is due to longitudinal variations of the
antiproton beam potential(s). It depends on the longitudinal variations of the beam eypest
and the beam pipe radius (see Sect. 5). The longitudinarieléeld yields an unidirectional
acceleration of the trapped ions out of the solenoid if thieepttal minima are located outside
of the solenoids. If the electric field componefit equals to zero the ions move with their
constant thermal velocity in the longitudinal directiom @specially dangerous situation occurs
if a potential minimum occurs inside a solenoid. Then, thmsistart to oscillate longitudinally
about the potential minimum. They are trapped radially dsagdongitudinally as in a Penning
trap. Without clearing the beam is locally neutralized with very short time.

and

which means

23.4 Magnetron motion and modified cyclotron motion of eleabns in solenoids

Now, we discuss the magnetron motion and the modified cymlotnotion of electrons in
solenoids which is due to the superposition of a radial etefield £ and a longitudinal mag-
netic field B. The charge of electrons is negative,

q=—lql- (231)

The resulting radial acceleration by the electric figlobf the antiproton beam is directed ra-
dially off the central axis. In addition the angular velgcii. of the cyclotron motion is also
directed in the opposite direction, i.e. in the directionttud magnetic field5. The angular
frequency of the free cyclotron motion (i.e. fﬁ}; = 0) is given by

_ lalB

(232)
m

The parametey, takes the electric field strength in the following equatiore account,

|Q|Eo
m

. (233)
Before going into the details we anticipate that the angeeéocities, andiw_ of the modified
cyclotron and magnetron motions are directed in the saneetibn, i.e. both are directed in the

direction of the magnetic field.
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As before, the radial equation of motion (206) can be sohsdgithe ansatz (212)-(214)
and the radial motion is characterized by two independerttomal modes: (i) the modified
cyclotron motion with angular frequency, and radius-, and (ii) the magnetron motion with
angular frequency_ and radius _. Inserting the ansatz (212) into (206) yields

We we\ 2

we = —+ <?) — wp, (234)
We we\ 2

wo = — — (—) —w?. (235)
2 2

The subtle distinction of this solution is the fact that a usrsign appears in the expression
under the square root. The proof that the equations (212} ®ith (234) and (235) represent
the solution of the equation of motion (206) for particleshwiegative charge = —|q| goes as
before.
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