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Preface: Mini-Workshop on
Beam-Beam Compensation in Tevatron.

Fermilab, 12-13 February 1998

V. Shiltsev, Organizer
February 24, 1998

A Mini-Workshop on Beam-Beam Compensation in the Tevatron was held at
Fermilab on February 12-13, 1998. The purpose of the Workshop was to assay the
current understanding of compensation of the beam-beam effects in Tevatron with

_use of low-energy high-current electron beam, relevant accelerator technology, along
with other novel techniques of the compensation and previous attempts. About 30
scientists representing seven institutions from four countries - FNAL, SLAC, BNL,
Novosibirsk, CERN, and Dubna were in attendance. Twenty one talks were pre-
sented. The event gave firm ground for wider collaboration on experimental test of
the compensation at the Tevatron collider.

The Workshop organization had required efforts of very few persons and it took
only two days - all of which is reflected in the prefix “Mini-”. If there are any ques-
tions concerning the Workshop or these Proceedings which are published as FNAL-
Conf-98/064, with very limited circulation, contact the Workshop organizer or sec-

retary:

Vladimir Shiltsev Marion Richardson
FNAL,MS221, PO Box 500 FNAL,MS323, PO Box 500
Batavia, IL 60510 Batavia, IL 60510
ph.(630)840 5241 ph.(630)840 2767

FAX (630)840 6311 FAX (630)840 8461

E-mail: shiltsev@fnal.gov  E-mail: mhr98 @fnal.gov
The Workshop information also can be found at:
http://www-bd.fnal.gov/lug/tev33/ebeam_comp/ebeam_comp.html

We are indebted to John Marriner for making and keeping the Web page.
Following is the agenda of the Workshop:
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Besides this preface, this book follows the same order, and concludes with the
report submitted to The Beams Dynamics Newsletter.

As indicated, the following papers are not the formal proceedings for the Mini-
Workshop. Mostly they are copies of transparencies presented and compressed texts
of already printed papers. The participants were very responsive and energetic in ad-
dressing the issues posed to them; nearly every concern was considered at some level
and several points were largely resolved. Questions and answers were an essential
part of the meeting and are placed in this book after each talk in a brief form.

There were no special working groups, and all talks were plenary, nevertheless,
the informal format of the presentations and flexible schedule did allow enough time
for discussions. The meeting started with a welcoming address by the FNAL Beams
Division Deputy Head John Marriner, followed by talks which can be divided in sev-
eral groups accordingly to the beam-beam compensation topics chosen by the orga-
nizer. These groups are presented below, together with relevant publications avail-
able up to date:

proposal and physics of beam-beam (1, 2]
compensation in the Tevatron

proposals and realization of similar ideas [3,4, 5, 6,7, 8, 9]
in storage rings, SSC-LHC linear colliders

coherent effects due to electron beam [10]
electron beam stability and distortions [11]
electron beam sources and transport [12]
beams diagnostics and other problems [13]

In addition to reviewing the plausibility of the beam-beam compensation in the
Tevatron, it was the goal of the Workshop to advance understanding of the general
character of the challenges to be met and to make incremental progress on design
issues. In this, the Workshop was very successful.
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Mov. 4 b

_‘Table 1: Parameters of Fermilab Collider

Parameter " Run-IB  Run-1I (M) RUN-II-(MI+Rccyclcr) TeV33
Beam energy (TeV) 0.9 1.0 ' 1.0 10
Ny 6 36 36 108 — i x40
N,, 10" per bunch 2.3 2.7 2.7 27
N5, 10'® perbunch 5.5 30 . 70 variable
€p, ™ mm-mrad 23 20 20 20

€, ® mm-mrad 13 15 15 20
rms bunch length, m 0.60 0.43 » 0.38 0.18
f*, m 0.35 0.35 - 035 0.35
0.=0,, urad 0 0 0 +100
Bunch spacing, nsec 3500 396 396 132
Intcrossing 2.7 23 5.8 8.7

P tune shift - 0015 0.020 0.022 0.022
L,cm™ %57} 2.1x103" 8.1 x10% 2.0 x 10%2 1.2x10%3

L, pb~! week™! 4.2 16.3 410 246
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Ws:

' Meshkov: You mentioned the TMCI as a major factor for choosing
the magnetic field. | think, the e-beam distortion while
pbars are coming through does play significant role.

Shiltsev:  Both effects are comparable — see our Friday talks.
Nagaitsev: How are you going to measure (and, thus, control) the
pbar bunch footprint?
Bagley:  There is no reliable diagnostics for that in Tevatron now.
Shiltsev:  One may rely on existing Tevatron models. Definitely, the
e-beam distribution tuning will be done looking onto pbar
or proton) beam loss rate and the beam size.
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COLLECTIVE IUSTABILITY OF
COMPENSATED COLLIDINE BEANS
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YA.S. DERBENEV
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Kollektivnaya neustoichivost' kompensirovan-
nykh vetrechnykh puchkov. Preprint IYaF 70-
72, Nuclear-Physics Institute, Siberian Divi-
sion, Academy of Sciences of the USSR, Novo-
sibirsk (1972), 9 pages. Presented at.3rd
All-Union Conference on Accelerators, Moscow,
1972.
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SPACE CHARGL COMITNSATION WITH _ﬂ-u

W T, Acd Conf.

CERN, Yako
Jo Le Duff, M.P, Level, P.C. Marin, M. Sommcr, H. Zyngier
lahoratoire de 1'Accélérateur Linfaire, 91405 ORSAY CEDEX (France)

ABSTRACT

Extensive tests of space charge compensation, at the cnergy of .8 Gev,
in similar conditions to those of the e*e~ configuration are reported.
Stability regions, smaller in size than those observed in that confi-
guration, are found to decrease rapidly with current. Up to the limit,
the beam cross-section stays constant. The value of § rather than the
residual compensated value sets the limit. Comparison of the results
is made to various predictions of the 4-beam instability : proximity
of the integer and of non-linear resonances.

VOLUME 67, NUMBER 18 . PHYSICAL REVIEW LETTERS 28 OCTOBER 1991

Coherent Beam-Beam Interactions in Electron-Positron Colliders

S. Krishnagopal
Lawrence Berkeley Laboratory, University of Califarnia, Berkeley, California 94720

R. Siemaan

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
(Received 1S August 1991)

NUCLEAR
INSTRUMENTS
in Physics Rescarch AMD (1992) A28-336 & METHODS
IN PHYSICS
RESEARCH

e A

and Method:

Some aspects of the two beam performance of DCI

S. Krishnagopal
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720, USA

R.Sicmana
Stunford Lincar Accelerator Center, Stanford University, Stanford, CA 94309, USA

Reccived 20 September 1991
PHYSICAL REVIEW E . VOLUME 52, NUMBER 3 SEPTEMBER 1995

Coherent beam-beam interaction with four colliding beams

B. Podobedov and R. H. Siemann
Stanford Linear Accel Center, Stanford University, Stanford, California 94309

(Received 4 Navember 1994; revised ipt received 12 April 199%)
The coh beam-b i ion in the ab of Landau damping is studied with a p
lation of four sp harg p d colliding beams. Results are presented for the modes,

phase space structures, widths, and growth rates of coherent beam-besm resonances. These results are
compared with solutions of the Viasav equation, and with measurements made at the Dispositif de Col-

lisions dans I'Igloo (DCI) storage ring in Orsay, France, which operated with space-charge-compensated
colliding beams.
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Figure 4: Horizontal beams sizes on the other side of the Q = 8/10 resonance.
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Figure 3: Horizontal beam sizes for tums 250 - 400 where the instability appears.
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: : ntal phase space plots for Q = 0.80075 and § = 0.0173 for beam

ﬂwuﬂww_ nmy.a Wv.. the difference between beams 2 and 4, on a.mmm_.r The plots gw%.nuwuomh_ o Mw
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Angle
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Figure 6: Horizontal phase space for Q=0.777853 and § = 0.0173, a point within the Q = 14/18

resonance. The plots cover £5 times the nominal RMS sizes, and the dashed lines are contours of
negative value.
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Figure 7: Contour plots in physical space for f2- £4. The figures cover £500, and the conditions:
are those of Figure 4: Q =0.79925 and £ =0.0173.
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Figure 9: Stable and unstable regions after 20,000 turns compared with the resonance widths in
€q. (21). In (a) the Q =3/4, 5/6, and 8/10 resonances are shaded and labeled, the Q = 11/14, 14/18,
and 21/26 resonances are shaded, and there is an unstable point at Q = 0.8125 =26/32. There is
an expanded view of the Q = 8/10 resonance in (b).
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Figure 9: Resonance widths for different resonance orders. The first stable and last unstable
points on each side of the resonance are indicated. The resonances are: 8/10 (m = 51 EA.AB =
7), and 14/18 (m=9). The resonance width form = 5, & = 0.0173 was doubled for inclusion in the
fi .
g DCI PERFORMANCE

Four DCI operaiing points documented in LeDuff ef a8 were chosen for comparison
between Bomuﬁnﬂ.w.ﬂmﬁ and simulations.. Two models of DCI, ONE and TWO, named after the
number of interaction regions, were used. Reference [9] has details of these models. Parameters
are given in Table 2.

' Table 2: Parameters of DCI Models

Parameter ' . - ONE
[nteraction regions . 1
o - - _ ~0.88
3* (m) Horizontal 218
Vertical . : }%Mmuu

: Horizontal C .

) ‘Vertical . 0.015
Zoupling Resonance Width13 : 0.001
Arc Errors {Horizontal, Vertical] - uwl..—cu
3 - : STX .
L .Loss per Tu 7.1x10°0 142x10°%

No Feedback’ No Feedback
| 569 (fully coupled) 569 (fully coupled)
10,000 . . 10,000

fums of Tracking . L .wPoo.o. . . 10,000

12

DLY = 2 O?owf.(@v\.q.:h-./\.

La figure 24 montre que le paramitre de charge d'espace £ dans le premier

cas, croit linéairement jusqu'd .024, et dans le second cas sature pour
la valeur .018.

Paramitrs de dum 4‘np-§ 4

Intensité (mA)

Fig. 24 : Comparaison des interactions 2 2 et »Lm-wunaucu.ﬁ.
T ea fonction du courant 2 E = 800 MeV et ¥V » ,725 ]

N s + - . .
La luminosité totale maximum en e e obtenue avec 4 faisceaux com-

pensés est de 1,2 x 102%cm™25"% alors que la vmnmonsmnno.nuu—.nuvoumuunn
réalisée en e'e avec chaque anneau séparément est de 6,7 x 102%cm™2g™}
correspondant 3 des courants de 24 mA par faisceau Aml\m“ = 2,5). Cette
luminosité par anneau peut d'dilleurs &tre considérablement améliorée
wmn un déplacement du point de fonctionnement (voir § 1), ce qui n'est

pas le cas pour les 4 faisceaux cowpensés,

4.3 Influence du point de mmunnwonananﬂn sur la stabilité 3 4 faisceaux

4.3.1 Mise en évidence des résonances non-linéaires

L'influence du point de fonctionnement a d'abord &tg &tudiée pour

3,6 < Yy €3,9 et 1,6 A.<n < 1,9 avec deux points de croisement. On a
utilisé les corrections quadrupdlaires en commande groupée, soit pour
faire varier le nombre d'onde paralldlement ou perpendiculairement 3 la

résonance de couplage, soit suivant v et v, pour 1'étude hors résonance.

x
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Le long de 12 résonance de couplage, on observe des zones de sta-
bilité discr3tes comme en n+n| 3 un anneau (fig. 25), mais on constate
qu'elles sont beaucoup plus petites pour des courants deux fois plus
faibles et qu'elles sont situfes 3 peu prés 3 &gale distance de deux

résonances d'ordre relativement bas.

n A

o i,

T

bt I

-2 5

1

1

1

= — T

i 3

]

n 5

1
n

1

T

2 K
x

Fig. 25 : Diagramme de stabiliré 1 4 faisceaux compensés
avec 2 points d'interaction 2 E = 800 HeV

Le tableau 5 montre que V + £ et ¥V - £ ont une valeur limite proche
4'une résonance non-lingaire. Le nombre d'onde v représente ici la valeur
en bord de plage, et la n:m:nwnm £ calculée en supposant que la luminosité
est la mime en bord de plage qu'au centre, ce qui est vraisemblable
puisqu’on n'observe pas d'augmentation de dimensions. On notera que les
valeurs de £ ne représentent pas des valeurs limites qui, elles, semblent
gtre approximativement les mémes pour les différentes zones : en parti-
culier 1a zone IV faite i faible courant a sensiblement la méme dimension

que la zone I pour le méme courant.

- 42 - .

On notera par ailleurs que les résonances non-lindaires v = .75 et
Vv = .80 sont respectivement d'ovdre 8 et O pour deux points de croise-

ment par tour.

- -~ )

£ Veg »/q v-E /e b As

e ——

Zone 1 .022 .7540 .7500 (3/4) .7060 e /0 | BES). 003
Zone 11 | .018 .7880 7780 (2/9) .7470 7500 (3/4) | 13K ]. coR
Zome III | 014 .8030 .8000 (4/5) 2710 -7780 (7/9) | H9%y OO
Zone v | o1t .8290 .833) (5/6) .79% 8000 (4/5) |- 907 |. e ®’

P
s TER TR

STABLE FEIN

Au vu des résultats précédents il semble que le paramdtre important
reste la valeur £, correspondant 3 1'interaction dans un seul anneau, et
non le mu résiduel de faisceaux partiellement compensés, ni méwe le

glissement de meAcmnnm.oormum=nm + 4 E (mode mmvmwmman.

En~-dehors de la résonance de couplage, on observe &galement des
zones de stabilit discf@tes plus ou woins bien délimit8es par des
résonances non-linéaires no:vamnm.nmmn. 25). Les courants limites obtenus
2 4 faisceaux plats ne dépassent gudre 4 mA. Un éventuel effet du £ est
ici plus difficile 2 introduire &tant dopné 1'incertitude quant aux

résonances qui jouent effectivement un rSle destructif.

On s'attendait 3 retrouver un effet des résomances non-linéaires
dans 1'interaction a4 faisceaux en consid@rant, d'une part 1'effet
incohérent de la charge d'espace résiduelle due 3 une compensation impar-
faite des faisceaux'!), et d'autre part les oscillations collectives de

12

4 faisceaux parfaitement compensés 13) L'expérience montre que 1'effet

de ces r&sonances non-linéaires est beaucoup plus important que prévu.

Pour ce qui est de l'effet imncohérent on estimait que les non-
lin8arités ne devenaient limitatives que pour des mn résiduels du méme
ordre de grandeur que les £ maxima que l'on réalise avec un seul anneau.
Pour ce qui est de l'effet collectif, il n'écait pas prévu, qu'il conduise,

tout au mains pour un choix correct de point de fonctionnement, i un

4

’

/



. Figure 10 shows the results for ane point, Q = 0.865 and & = 0.022. There are strong, low
order resonances, Q = 12/14 and Q = 7/8, on the two sides of this operating point leading o a
region of width AQ ~ 0.011 where the beam size has increased by less than 10% afier tracking for
20,000 turns, This is to be compared with a measured stable operating region of AQ ~ 0.0020
which was extracted from Figure 3 of reference [8] and reduced by a factor of two for comparison
with the one interaction region model. The measured widths for stable operation at the four
operating points are compared with the widths from simulation in Table 3. The simulation
Predicts stable regions 3 - 5 times wider than those meastred.

* The measurements themselves could be in emor due to effects such as quadrupolc power
supply regulation narrowing the observed stable operating point, but this cannot be tested and must
remain speculation at best. Synchrobetatron resonances could play a role, but the DCI bunch
length was short compared to B*, and the dispersion at the interaction region was small. ™ There
are indications that phase advance errors between the interaction regions affected the DCT tune shift
Limit with two beams.9 A simulation of DCT with two.interaction regions and phase advance
errors was performed to sec if these errors affect the four-beam performance. These results are
shown in Figure 10. Phase advance etrors between interaction points do not change the width of
the stable region in this case. : ,

4 One Interaction Region
O Two Interaction Regions

12114 20 26/80

1.6 ——

14

o/ 00

1.2

F | 4 i .~ P )
0.8 0.855 0.86 0.865 0.87 0875
Arc Tune = Phase Advance Between IR's/2n

Figure 10: RMS beam size in DCI normalized to the nominal size for operating point 1: Q ~
0.865,§ =0.0218. Even order resonances up to 30th order are plotted with widths from eq. (21).

13

Comparison of Measured and Simulated Widths of Stable

Operating Regions
Region I I1 411 IV
Q 0.865 0.884 0.894 0.907
E 0.022 0.018 0.014 0.011
Measured Width| 0.0020 0.0027 0.0027 0.0034
Simulated Width{ 0.011 0.009 0.009 0.013
Bounding 12/14,7/8)7/8, 16/18 | 16/18, 9/10,
Resonances 9/10 11/12
Overlapped 19722, 23/26 25/28 20/22
Resonances 26/30
(up to 30th .
order)

by two for comparison with simulations of ONE.

Measured widths are from LeDuff ef al.8 The table entries are the
stable operating regions from Figure 3 of that reference divided




SUMMARY AND CONCLUSIONS

» The simulation results are in excellent agreement with the
qualitative features of Derbenev's theory:
i) absence of odd order resonances for round beams
ii) tune dependence of the stability of the ¢* and - modes
iii) phase space structure of the unstable modes.
iv) The widths and growth rates are comparable to those
calculated, and the dependence on resonance order is in good

agreement with that expected.

» The simulation agrees with the locations of stable operating
points in DCI, but predicts operating regions three to five times
wider than those measured. There are a number of possible
explanations, but they are difficult to explore because DCI is no
longer available for colliding beam experiments.

* High order coherent beam-beam instabilities (14th, 18th, 20th
order) have been observed with modest beam-beam strength
parameter, & ~ 0.02 - 0.04 The appearance of these high order
resonances is in contrast to the two-beam situation where
resonances higher than eighth order were never observed in
simulation. The absence of Landau damping makes the
coherent beam-beam interaction the important, limiting
phenomena for space charge compensated colliding beams.
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Oo.:%m,:mmﬁos Proposals for SSC and LHC

Alexandre Zincheunko
_ Joinut Institute for Nuclear Rogearch, Dubua, Russia
Mini-Workshop on Beamm-Boam Compensation
Ferwilab .
Fobyruary 12-13, 1998

1) The ideal compeusation of the beam-beam offect would be an
instantaneons collision of a “weak” bunch with a counterrotating
beam of particles with a charge opposite ¢o that of the “strong”
bunch aud the same transverse distribution. In this case the angn-
lar kick delivered to a primary proton by the space charge of the
counterroiating proton bunch would be exactly canceled by the
kick slelivered by the space rharge of the compensating beam.

2) In practice, the compensating collision point can placed in a
muore accessible location where the transverse beam distribution is
the same as at the interaction point (but scaled). This could relax
the requirement to form a beam of a very small size.

Deviation of the intensity of the individual proton bunches from
the average value, if large, could be compensated by strobing the
electron beam in time. :

3) Stabilization of the electron beam:
o ditforent electron energies,

« angular spread.

e magnetic mm_.n_.

§SC parameters: 7, = 7, = 100 ym, a. = 50 mm, Enam =
20 TeV. Np,., = 10"

LHC parameters: o, = 7, = 160 gy 7. = 77 mm,
7 TeV. Nu... = 10'.

4) Design of a possible deviee for hoam-heam oTect compensa-
tion.

5) Conclusions:

“We helieve that in this way it is possible to reduce the head-on
beam-beam effect in practice...”.

“The presented results show that for reasonable telerances of
the electron heaw paramcters it is pessible to achieve 2 good beam-
beam eflect compensation with the resulting redunction of the beam
tune spread by a factor of up. to 100 and significantly improve the
Ligh-luminosity performance of future hadron colliders™.
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Trajectory of an electron with an impact parameter of 100 um
colliding with a proton bunch, Z-Y view. The proton bunch is mov-
ing to the right, and the electron is moving to the left. Plus/minus
30 of the proton bunch charge distribution in Z-direction is treated
by the tracing code. (top left) electron energy 10 keV; (top right)
electron energy 1 MeV; (bottom) 10 keV electron with § = 1°.
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image detector bending magnets

compensating
solenoid
ALY . -
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solenoidal magnetic field

Schematics of a beam-beam compensating device. A low-energy
electron beam collides with a bunch of protons. Electrons are kept
stable in space by a solenoidal magnetic field. After collision with
the proton bunch, an electron beam is deflected to the image detec-
tor, which is used to steer the electron beam relative to the proton
bunch.
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RMS tune spread
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0 02 04 06 08 1 12 14 16
Bunch displacement, sigma

RMS tune spread of the vnogl beam particles versus the elec-
tron beam displacement. The rightmost point corresponds to the
case without compensation. The curve is drawn to guide the eye.
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RMS tune spread
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RMS tune spread of the beam particles: (left) versus the ratio of
the electron to proton bunch charges. Displacement of the electron
bunch is 0.1 0. The leftmost point corresponds to the case without
compensation. (right) the ratio of the rms size of the electron to
proton bunch (white circles). Black circle presents the result for a
cylindrical electron bunch (with radius re=1.30, and Q.=0.6Q,).
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The trajectory of a 10 keV electron with an impact parameter
of 160 um inside a proton bunch when a solenoidal magnetic field
of 2 T is applied: (left) X-Y view, (right) Z-R view (R is a distance
of an electron from the center of a proton bunch).
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WHAT COULD WE GAIN WITH BEAM NEUTRALIZATION

INLHC?
Contents
Hans Riege
CERN LHC-Division, CH-1211 Geneva 23, Switzerland 1. Background

2. Principle of LHC Bunch Space-Charge
Neutralization

3. Practical and Design Considerations
4. Advantages for LHC Collider and @.62.:.5:3

5. Conclusions

Talk held at the Mini-Workshop on Beam-Beam Compensation,
Fermilab, February 12-13, 1998



1. Background

Only few practical attempts have been made to neutralize space-
charge and current in high energy particle accelerators: for example

- DCLI/Orsay, (not successful)
- ATA/LLNL (successfull)

However, there are well-known examples in the fields of:
- Power generation technology: neutral beams for

MCF tokomaks,

- Space technology: neutralized ion beam propulsion
systems for space-craft and satellites,

- Integrated circuit techn.. space-charge compensated
ion sources for ion implantation.

Due to the rules of 1.852& the first two examples do not work at
all without beam neutralization, the third case is an enhancement of
emitted ion current compared with a Langmuir-Child limited source.

e Proposals for (heavy) ion ICF drivers:
- HIGHBALL/ GS1

- ICF - Driver proposed by C. Rubbia/CERN,
GSI and European Community Study Group

do ONLY work, if the beams approaching the fusion target are
FULLY NEUTRALIZED.

The question is:

why are neutralization techniques, which are strongly supported
by nature and which are successfully applied in various fields of
technology, so rarely considered in accelerator technology?

My own interest in this field is based on previous practical
activities on similar topics, such as:

- neutralized, high-density electron beams from pseudospark plasma
sources, A

- current carrying plasma lenses,

- heavy ion source enhancement by neutralization with intense low-
energy pulsed electron beams from ferroelectric cathodes.

- LHC beam space-charge reduction by screening or compensation
(outside magnetic dipoles and quads) in order to minimize power
losses via (photo-)electron clouds.

- In context with the latter problem I started to consider the potential
advantages of neutralizing locally the space-charge of the LHC
beams with low-energy electron beams near and at the LHC
interaction points (IP).

Mostly special technologies are required when using the strong
forces and materials of nature: ferromagnetics, ferroelectrics, super
conductors, etc.



2. Principle of LHC Bunch Space-Charge Neutralization

The condition for complete space-charge neutralization of an ion
beam of density n; with electrons of density n, is

n.=7Zn; . M

If both types of charged particles are moving (beams) the
condition holds

. .

Je = JuacX Ve/C . ANV

Hence, it is favourable to neutralize a relativistic ion beam
with low-energy electrons (e.g. the peak LHC bunch current of 60
A can be neutralized with 0.5 A electrons provided both currents
occupy the same cross section).

The radial electric .mn_m.mn_m
—w_. A-.v = Jue " Auv

2ce,

and the azimuthal magnetic self-field

we A-lv " t.~‘\~M«ﬁ L . A“v

of the ion beam of radius o and current density jiuc cancel each
other in the relativistic limit and forr < o,

When E, is neutralized, very strong forces are exerted on the beam
by the remaining magnetic field of the ion beam (more than 0.5x10°
T/m near the LHC IP’s), as long as the electrons move slowly. The
neutralization scheme proposed here aims to use these strong forces
intelligently for improving the performance of the accelerator at the
loction of the high energy physics experiments.

For a distance along x from IP greater than a few times the final
focus radius oy at IP, the beam envelope can be approximated by the
equation for the ‘outer’ trajectory

o 40 & 2 Ty (5)
de? 2mym,c

Equation (5) leads to the tangent 6’= do/dx of the ‘beam »:ﬁ.cun..

. 4o B ams (6)

dx

and has the solution

Llhl )
3 VB -24n(e)

with 4= .NLM..NE, B = integration constant, Z = ion charge state,
: mym,c

m; = ion mass; I yc = peak LHC bunch current.

Figure 1a and 1b show schematically the focusing of the LHC
beams near the IP without and with neutralization:

Figure 1a: the beam envelope is a cone converging almost
linearly towards IP.

Figure 2a: no neutralization up to a distance L from the IP and full
neutralization is assumed between x =0 and x =L. The envelope is
not anymore a linearly shrinking cone but shows ‘progressive’
focusing. In order to maintain the previous luminosity and crossing at
the original IP position the focusing effect of the neutralizing section
must be counter-acted by a different setting of the low beta
insertion elements.



In order to compensate the self-focusing in reality, a lower focusing

power and, hence, shorter B* values are adequately applicable in i igi .
e o e, e, sl quately app Figure 2a shows that the original LHC beam radius at IP of

or= 16 pm is reached already after 2 m of neutralization, if full
neutralization starts 3 m in front of IP.

N BI ~ BI pm Since the original angle (do/dx), = o,’ of the envelope is

- increased from 32 prad to 54 prad, a smaller final radius o=
8.5 pm and a larger final angle o’ = 59 prad can be reached after a
neutralization length of 2.25 m (Fig. 2b).

These values would correspond to an increase of luminosity by a
1 factor of about 3.5. This example show-the order of magnitude by
which the standard focusing parameters can be changed.

Fig. 1a: Schematic IP crossing without neutralization.
BI = low beta insertion. Minimum or=16 pm at LHC.

[}

el (77/ Negativey chureng

i , Negatively charged S

/" neutralizing section AZQ\ .
‘. ’ 4 ’ .

B

Bunch radius

0. 90})’02 0.00004 0.00006 0.00008 m

l . * / m L \ / W v Longitudinal coordinate X

o:
_\IIP ; \ \ \ / _ from n.nn.u.:on ...;. NC ¢
e 0 2 v
o Am -=n==._-__v..u&v (non-neutralized)
Fig. 1b: Schematic IP crossing with neutralization starting at Fig 2a: Progressive focusing with full neutralization of LHC

L=3 m from IP and causing progressive focusing, beam and BI with standard parameters down to 16 um.
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4. Practical and Design Considerations (Fig. 3)

Annular electron guns EG1,2 are placed near to each side of the
central solenoid magnet S belonging to the corresponding
experiment. They generate two counter-moving hollow D.C. electron
beams which are focused and channeled by the solenoidal end and
main fields towards the axis and down to IP.

The slow parts of the two e” beams are blowing up there due to
their own space-charge and return on larger diameters to the solenoid
ends. Another part of the electron beam is axially accelerated by the
space-charge field of the non-neutralized LHC bunches entering the
electron beam. The farther an LHC bunch proceeds the more ¢ are
‘collected’ and its space-charge is more and more neutralized. The
process is equivalent to the dynamics of the beam and plasma charges

(o :_C“:..

mNe < A%Qwa&
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in a passive plasma lens. Therefore the system may be called an
Electron Beam Plasma Lens (EBPL).

EG2

: 5
- LAY 10 Lg,
R
A .4.. )

Fig. 3: Principle of EBPL neutralization system EGI1,2 =electron
guns; S=solenoid; LB; ,=in- and outgoing LHC bunches

Not only the solenoidal field, also the average increase of

electron velocity favours electron concentration near the LHC beam
axis.

The LHC bunches, which have crossed with minimum beam-
beam interaction at IP, are largely neutralized and do not exert sp-ch
forces on the incoming electron beams.

The neutralizing electrons will be removed from the bunch either

by dedicated deflectors or at last, when approaching the strong main
dipole fields.

The strong focusing effect of the EBPL system must be
continuously compensated by modifying the settings of the low beta
insertions on either side of IP. Since B* must be lowered, the
control of the low beta insertion elements becomes more practical.

Both arms must provide equal focusing strength.

A tight feedback between the momentary parameters of EBPL and
Bl is needed based on the continuous measurement of luminosity
as a criterion.

Then operation at a desired value of luminosity can be
envisaged.

¥ ok ok ok ok ok k%

I

R

e
FEA- g
dy ?

Fig. 4: Principal layout of an electron gun EG for an EBPL;
FEA = field array emitter cathode; V. = extraction
potential; V. + V¢, = acceleration potential; I = insulator
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The production of low-energy D.C. electron beams of a few
amperes and energies of at most a few keV are in the reach of
‘standard’ technology.

Electron guns with cold cathodes are proposed (Fig. 4).

Field Emitter Arrays (FEA) seem most suitable for EBPL’s
with the given specifications. They are compact (only a small
amount of matter) and reliable for emitted current densities below
1 Alem?. -

- Electron beam generation (for example, with 100 V extraction
voltage) and acceleration (e.g. 0.5 to several kV) can be separated

_(Fig. 4) rendering the control of electron beam current and energy
rather simple. .

The diameter of the annular electron gun can be adapted to the
LHC experiment conditions valid at a given IP. If one is forced to
approach closely the LHC beam axis, Roman-Pot type arrangements
could be considered.

Power considerations:

Overall LHC beam power at 7 TeV: 3.5 ™W per beam

Overall synchrotron radiation power: 3.6 kW 5.2. beam

¢ beam generation for EBPL (2 arms): 1 to 10 kW, but local

e- beam power gain from LHC beam: 40 to 80 kW, local

This power gain results from the characteristics of the
neutralization process:

* partially the LHC bunch is neutralized by quasi-stationary
electrons and

* partially by electrons, which are attracted, accelerated and then
carried along with the bunch. These electrons form a current of less
than 0.5 A (= average LHC beam current). Assuming an average f
of 0.6 (100 keV) a power gain of 65 kW per arm is obtained. The
elimination of the energetic part of the electron beams has to be
considered as the major problem of the EBPL system in the
complex environment of detector and cryogenic equipment. Most
probably the energetic electrons have to be magnetically deflected
onto a cooled external dump, where the energy can be dissipated
without risk.

* The ratio of slow / fast neutralizing electrons depends in a

complex way on the parameters of the electron beam, and on the

geometry and magnetic field of the central solenoid. The ratio has an

influence on the focusing strength of the EBPL. If it is small, we also

have current neutralization.



4. Advantages for LHC Collider and Experiments

The EBPL allows an experiment to take data during an LHC fill
at constant luminosity (Fig. 5). Gradual beam losses are
~compensated by- increasing focusing strength of the EBPL. The
displacement of focus must be compensated by matching gradually
the low beta insertion parameters.

Mode 104 x .e...q lonsunch
Mods 2 « 83 x 107 lons/bunch

Lrw=an

Fig. 5: Luminosity versus for 2 cases of half-life (6.7 and 10h)

If desired, a higher luminosity can be obtained (less than one’

order of magnitude). Then high-density quasi-stationary electrons
are needed.

At very high LHC proton beam intensities the tune spread due to
bunch crossing becomes an important limiting factor of the beam
life-time. With charge (and current) neutralization the increase of
tune spread can be totally suppressed. This goal can be better

reached with a high portion of fast electrons obtained from low-
density electron beams.

5. CONCLUSIONS

With modest low-energy electron currents focusing is achieved
within short distances, which is much stronger than that of
conventional or superconducting magnets and which does not
require bulky equipment around the IP.

Contrary to the apparent difficulties for mankind to produce GeV
and TeV charged particle beams, nature helps greatly to neutralize
such beams. The neutralizing action on a high energy proton/ion
beam is simple to describe and has been demonstrated in many
experiments.

The neutralization process and its consequences resemble the
phenomena and the action of passive plasma lenses. The complex
details (say, the electron trajectories) of neutralization occuring in an
EBPL have not been dealt with here. They should be studied for an
EBPL application to a specific goal (e.g. operation of an LHC
experiment at constant luminosity) in a real intersection region and
with optimized electron gun characteristics.

The EBPL system is technically feasible and not too expensive.
D.C. electron guns with the required performance are not at all
beyond the state of the art. The most expensive parts of the EBPL
system are the electron beam dump equipment for the elimination
of the energetic part of the electron beam and the continuous
feedback system coupling EBPL and BI, which enables to run the
collider at a specific (constant) luminosity.

Nevertheless E__owowenzaga have to be carried through before
the specific design of an EBPL for an LHC experiment can be started.
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Plasma Suppression of Beam-Beam
Interaction in Circular Colliders

G. Stupakov and P. Chen
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Beam-Beam Compensation Mini-Workshop,
February 12-13, 1998

Beam Plasma Interaction

If relativistic beam passes through plasma:

® 1, > np — underdense regime. Electrons
are expelled out of the plasma — focusing
(plasma lens).

e n, K np — overdense regime. If electric
field is canceled, the beam is focussed by
its magnetic field. Full cancellation of the
beam fields can also be achieved — plasma
suppression of disruption and beamsstruh-
lung in linear colliders. Suppression of beam-
beam interaction.

Adding plasma at the interaction point causes
degradation of the lifetime.



BEAM FIELD NEVTRALIZATION IN PLASM A
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PLASMA

Original motivation for this work — suppression
of beam-beam interaction in muon collider.

Beam-beam tune shift parameter

§ = Nrc/ (4men)

N — number of particles in the bunch

rc — classical radius of the particles

en — the normalized emittance of the beam.

Electromagnetic Field of Beam in Plasma

7 (r,t) — beam current

B(r,t) = A \ kxJ vaEVmI&EI.s.wﬂ&ww&E.

c wwlﬁmmﬁw

E (r,t) = 4mix

|&En+&~a.~a&w\_ﬂ&€.

€

\ wip (kyw) Gy (k,w)
c2k? — w2e (W) we(w)

e(w) =1-— Em\em is the dielectric function of
the cold plasma .

wp is the plasma frequency, wg = Aazﬁmm\,ﬁm_
np is the plasma density

me iS the electron mass

-

.l. H . .,|.. .
7 (k,w) = NIMIQU.M\‘Q (r,t) m,:& kT 3314t



Wavenumber k; is associated with the plasma

frequency
kp = wp/c = \/4mngre

For a round beam moving along the z-axis,
= AO. O,Q.Nv_

Jz (r,t) = NecA(z —ct) p(r),

N is the number of particles in the bunch
A (z) — longitudinal
p(r) radial distribution function
~We assume a long-thin bunch, o, > oy

= (k, w) = NecX (kz) p (kL) 6 (w— kzc) .,
where k| = Qﬂe,\é,ov and k; = |k |,
\bAﬁv mlsma.._;e‘.&M

s [ A ehetae.

p(kL) = Awﬁ.vm

A(kz) = @

k. is of the order of o7, also kpor > 1. We
have kpo, > 1, and e(ck,) = 1 — wm\ww ~

2 /1.2
—k2 /K2,

. k1o (kL) ik rp2

B, = —4miNeA lﬁ\liskﬁ;.

0 wiNel (z — ct) ww.lTwmm .
For a Gaussian beam,

p (k) = (2m) 2 exp (—k3o? /4)

and

k2 dk |
L=l 5ok
—=——5J1 (kL)
kT + k3

X exp Alwwqm\hv .

By (r,2,t) = 2NeX (z — Q&\



Electric field,

k2p (k)X (K kk\ .
E = I.bﬁ.&.)\m\ P AM._IV V,MA =) A\m + 5 v mswﬂ.&wwv

, P
By order of magnitude,

2
Ex~TBy, By~ Aqlv By,

Tz (o .
Electric field generated is. always small com-
pared to the magnetic one.

; Beam Magnetic Field in Plasma
o T T T T ]

r/o,

k,0,=0, 0.5, 1, 2



The solution for two beams colliding in the
plasma is a superposition of the single-bunch
solution.

Beam-beam interaction parameter &

¢ \1 = 8By (r, 2, t) /]|, g dt

¢3d¢ 2
\ nm + wmqﬂ exp AIA \bv
£o — the beam-beam interaction parameter in
the vacuum.

We neglected the magnetic field on the plasma
electrons: N < o;/re, Where re is the classical
electron radius.

Round beam

0.4

02 -

k a



Deleterious effects of plasma

1. Emittance growth of the beam due to small-
angle elastic scattering on nuclei.

(= MﬂﬁQOijﬁq>T

€n

f — the revolution frequency
A1 = In(Ap/AB) — a logarithmic factor
A\p = ?H\ﬁ:ﬁ%vim — the Debye length (T
is the plasma temperature)
Ag = 137rc/~ — the de Broglie wavelength for
the beam particles. |

__Lm_\_@..m angle collisions are relatively small.

2. Bremsstrahlung on nuclei.

Bremsstrahlung on nuclei of the plasma causes
the energy losses of the beam particle due to
radiation in collisions with the nuclei. If the
relative energy loss §E/E exceeds the RF ac-
ceptance, egp, the particle gets lost. .

Hmammm> A 1 5
= 2

o = — n— -—1,
brem 3 137 ERF 8/

A2 =1In(2Ap/A¢) — a logarithmic factor
Ac = 137rc — the Compton wavelength for the
beam particles. |



3. Elastic scattering on electrons.

The incident particle collides with the plasma
electrons and transfers to them part of its en-
ergy. The losses occur if the transfer is larger
than ERF.

27rerc
Oscat—e — —

YERF
4. Inelastic pp Scattering .

At 1-20 TeV

Oinelastic—pp ~ 30 mb

Lifetimes for the beam associated with each
loss channel, Tyem, Tscat—e, and Tinelastic—pp
-1
Ti = (nposlf)

[ — the length of the plasma layer
f — the repetition rate (revolution period).

For the emittance growth we define the emit-
tance growth time

Tscat—i — m:\m:

T0 — the design luminosity lifetime.

We assume kpor = 4, this gives about six-fold
decrease in the parameter £. Hydrogen plasma
— Z = 1. The length of the plasma |l = qu_.
The plasma temperature is assumed 2 eV. For
the RF exceptance, egp = 0.001.

10



Beam-plasma parameters and lifetimes

.szsm&nlg T). ou _‘_

Accelerator u-collider LHC Tevatron33
Beam
Particle species u p p
E [TeV] 2 7 1
v 1.9x10* 7.5x 103 1x 103
o, [em] 0.3 7.5 40
or [pem] 2.7 15 30
f [Hz] 2.3 x 10* 1.1 x 10* 4.8 x 104
N 2 x 1012 1011 2.7 x 10!
€n, [m rad] 5x 10-3 3.75x107% 3x10°°
&o 0.05 0.003 0.012
Plasma -
o 1 M\m w\m
1/6
. mmenB-w_ m.\m x 1019 2 x 108 5 x 10%7
I [cm] 0.6 15 80
.. Lifetimes '
o [hour] 1x 107> 10 3
 Tscat—i [hoOUT] 4.1 x10% 13 0.4
" Threm [HOUT] 50 _ 8 x 103 - 1.3x 10°
Tecat—e [NOUF] 2.5 23 0.6
2x1072 5x10-3

11

Conclusions

Plasma suppression of beam-beam inter-
action looks promising for muon collider.
Required plasma density is 6 x 1019 cm—3,

For proton machines, plasma causes strong
deterioration of the beam lifetime.

Suppression of the beam electric field only
requires much smaller plasma density. Al-
though this does not change &, the beam
dynamics will be different (less destructive?).

12



Q’S:

Meshkov:

Stupakov:

Shiltsev:

Stupakov:

Meshkov:

. Stupakov:

What kind of plasma is preferable for the compensation —
under-dense or over-dense.

Overdense plasma allows both charge and current
compesation, while underdense -~ only charge
compensation. '

Is it dificult to obtain plasma density of 1e+18 or 1e+19
1/cm**3?

1e+18 — is what people get with powerful laser puising
into hidrogen gas. ‘

Such a plasma must be unstable by itself.

Yes, but for plasma compensation, the plasma is
necessary only for a short time when beams are colliding.

Meshkov: 1 believe, this is very undesirable solution when a source of an
additional background is placed at a collision point (inside a
detector!). Therefore the idea to use a dense plasma or slow
electrons placed at the interaction area for neutralisation of beam-
beam interaction will meet definitely a rejection from detector

physicists.

~
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Q‘s:

Stupakov:
Syphers:

Danilov:

Shiltsev:

Non-polarized electron can also be used for polarimetry —
and their sources are much more intensive.

Yes, but the resulting asymmetry is much smaller, and it
may be a reason for polarized e-beam.

TMCI may occur in the ions beam. You will need several
tesla solenoid field to keep it stable — compare to the
Tevatron with electron compressor.

May be a scheme where spin interacts with Larmour
circle magnetic moment will work? To increase the
interaction time, the electrons and ions would better have
same velocities. It may also require a gradient in electron
density...
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T. Mark;em‘cz

SLD Measured Luminosity from Zs & Bhabhas /
Luminosity Calculated without Disruption
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1.00

0.50

1997 Run binned in average Z/hr

000 50.00 100.00 150.00

Zs per Howr

250.00

1/29/98

T. Markiewicz

(SLD Z+B (offline)) / Z_slc

1 Z sicuses SIG_x.SIG vy,

200 :
disruption enhancement, jitler

correction, and is gated by SLC’s
BSM counter .

1.50

0% {— 1997 Run binned in average Z/hr for periods of <30 min

0.00 + +
0.00 100.00 150.00

5000 .
Zs per Hour Z={(Z+8)_obs}norm; Hr=#BsamX w/ SLD_BSM OK & SLD Live

200.00 250.00

1/29/98

T. Markiewice
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AcTivitTy Report

Date/Time
Local 1D
Local Name
Company Logo

!

10-1868—-00;11:42
168308406654
NFORMAT | ON RESOURCE

*% Send * Kk

No Doc |Remocte Station Start Time Duration]|Pages Mode Comments |Results
1 8—-25-00;1585:28 =
2102595620190 8—28-00;5;14:586 527 3/ 32 EC CP 14400
31068418770 8—-29—00;17:25 3’7 16” 5/ 5] EC CP 14400
4 8—-30-003;17:08 Pi
5/002(918472291200 17:10 o~ -/ 4 ™
B|004 (918474850985 17212 47213” 4.7 4 &3 CRP 14400
7 8-31-00; 8:18 P
8 @— 5-00; 8:27 =
91047 |91290823198390 18:02 48~ 17 1 G3 CcP 9800

100863 | 99804242 e—- B8-00;15:11 1739”7 3/ 3 EC CP 8800
1107495771989 g— 7—-00;12:48 (R -/ 2 o569

12 16:13 (=4

13 28— 8-—-00; 7:586 P

14 2—-11-00; 8:15 P

15 9-13—-0C0;10:00 P

16 10:45 P

17 11:52 P

18| 078({918474463523 9-15—-00;12:28 46”7 2/ 2 EC CP 14400
19 9-18-00;14:09 P
20028 (918474650985 16:38 3707”7 3/ 3 3 CP 14400
2103194430795 18:47 1715” 3/ 3 EC CP 14400
22 9—22-003;15:38 =l
23107 912082772763 9—-28-00;10:13 1728”7 1/ 1 &3 CP 9800
24109 (9120682772783 10:15 567 1/ 1 G3 CP 8800
25114 | 20827727863 10:18 o~ -/ 2 T™
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27145 (9183057282687 10— 2—-00;13:386 437 1/ 1 EC CP 14400
28147 (9168305728287 13:39 437 1/ 1 EC CP 14400
29 10-18-00; 9:12 =

30 11321 Pi

31 113140 P

Total 29
**x Receive *%

No. |DocjRemote Station Start Time Duration|Pages Mode Comments |Results
11038 830 5682 01290 8~-28—00;18:18 367~ 2 EC CP 14400
21141 2178325533 9— 1-00;12:28 17087 2 EC CP 9800
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= | 085 EC 15:24 457 2 EC CP 1440Q0
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13045 EC 99— 8-00;17:05 358” 2 EC CP 14400
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151117 EC 12:32 1701” 3 =C CP 14400

1868|054 85313444745 9—-21-00; 8:48 238”7 11 EC CP 14400
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Total 54

** Notes *x*x
EC: Ertror Correct RE: Resend PD: Pol led by Remote MB: Recelive to Mailbox
BC: Broadcast Send MP: Multi—-Poll PG: Polling a Remote Pl : Power Interruption
CcP: Completed RM: Receive to Memory DR: Document Removed TM: Terminated by user
LS: Local Scan LP: Leocal Print FO: Forced Cutput WT: Waiting Transfer
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Apparatus .
Previous reports describe the SLC south final focus bunch length monitor (BLM) assembly
and BLM signal analysis.' The setup for beam timing monitor (BTM) is illustrated in Fig. 1.

11.4 GHz Laser Shack|
Py P
BLM <-| x|| O % &g
Lo Delay l
WR90 ‘ 10%2 GADC/ Scope
..ﬁ,‘_Ag._:.p_;'..ar?i;gp;;.‘m,,;'z
ot @—— —+ ~— ®o- |
1P oo 'NTS
F.IGUFIE 1. Schematic for BTM signal processing.
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DRAFT - 9/28/96 (. Yoeky D Aeloruick
M, Ladel, T. Lmmerman
¢ WR90-3dB LP 12GHz WR90->N
. SI [ o)
?w signal-> | WRS0 - 3dB l T e Ch.1
N I, oz
< ] T, %% Bk, %,
< WR28 %, 5, P8, %
s Tl e,
WR90-WR28 . T Y e
: y; WR28-WR10 *
: WR10 Crystal Mount
., WR28 /
_{§Z" == _+~Ch.3
a8 / Ch4
WAR28 Crystal Mount
Comments o

(1)Use symmetric splitters/tees where possible, for 3dB couplers.
(2)1 N-crystal, 1-sma crystal, 1 ea for WR28, WR10 mount

DRAFT - 9/28/96
Signal Processing for SFF-BLM
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in 1997 abandoned beam-beam deflections
new IP optlrmzatlon feedback:
‘scans ‘waists, dispersions, coupling on
_beamstrahlung monitor;

 automatic and scheduled;

much improved resolution

mall spot:size! |

-eedback maintains optimal conditions; -
rapid recovery trrom interruptions - . -
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TP and beam.—_beam parawo,hrS’

SLC  NLe-T  NLC-R

parameter SLC 1997 NLC-I (0.5 TeV) NLC-1I (1 TeV) comments
L 10 cm™ 7] 2 5800 10200 luminosity w pinch
N, [10'7] 4 0.65 0.95 particles per bunch
e 1 90 90 i}bunches per train

120 180 120 # bunch trains per s
os [nm] 1600 264 231 hor. spot size
oy [nm] 850 5.07 4.35 vert. spot size
B3 [mm] 2.4 8 10 hor. IP beta function
By [mm] 1.5 0.125 0.125 vert. IP beta function
~€x(1072 m rad] 4800 400 400 norm. hor. emittance
~6,{107% m rad] 900 7 9 norm. vert. emittance
oy [prad] 470 32 20 hor. IP divergence
ay [prad) 250 34 27 vert. IP divergence
o, [mm] 1 0.1 0.125 bunch length
0. [mrad] 0 20 20 crossing angle
Hp 1.5 1.41 1.33 enhancement factor
Da,y 0.6, 1.2 0.09, 5.7 0.132, 8.3 disruption parameter
T 0.001 0.1 0.3 field-strength parameter
Ny 0.7 0.98 1.67 no. of beamstrahlung photons
) per electron

65 [%) 0.04 3 10 average relative energy loss

LC beam-beam interaction

minus:

> rdepolanzatlon'
>aidin mamtalmng collisions
-> pinch enhancement

-> lummosuy constramts

' i
: '?an‘ﬁ
Lt ST o

-> use as a diagnostic tool




- signal cdherent bremsstrahlung, or deﬂectlons
X cr‘ | __smg angle + crab crossing |

. control of longltudmal distribution & timing

¢ traveling focus, use of rf quadrupoles?

¢ neutral-beam collisions
¢ plasma lens for focusing or charge compensation

PHYSICAL REVIEW LETTERS ' 10 FEBRUARYE{

'OLUME 68, NUMBER 6

Coherent Bremsstrahlung at pp or pp Colliders

L. F. Ginzburg, " G. L. Kotkin, ¥ S. 1. Polityko, ) and V. G. Serbo‘?
W nstitute of Mathemotics, 630090 Novosibirsk. U.S.S.R.
D Novosibirsk State Universiry, 630090 Novosibirsk, U.S.S.R.
Srkutsk State University, 664003 Irkuisk, U.S.S.R.
{Received 20 May 1991)

We coasider radiation caused by the collective clectromaganctic ficld of one beam dcﬂccling'puniclcs
of the other. We find thc number of photons for a single collision is dV, == NodE,/E, in the energy
range £, < E.=4hcy¥/l, where { is the fength of the bunch. At the Superconducting Super Collider, for
cxample, No=50 and E. =6 keV. Specific features of this radiation can be used for a fast control over
collisions and for measuring beam paramelers. A background due to synchrotron rudmuon in the mag-

nelic Gield of a collider is estimated.

PACS numbers: 41.70.+1, 41.80.Gg

Parameter SSC LHC _SﬁpS
Ep (TeV) 20 8 0.45
oy (um) 4.8 10 70
/ (cm) 6 7.5 20
E. (eV) 6000 770 0.9
No 50 2x10*? 770

No (10%s™Y) 2.6 10° 0.2
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“This year SLC is breaking
new territory and nearing design
- luminosity.

[essons learnt from the SLC

‘Q;operatlon are invaluable for

understandmg the issues and

chniques required for a future
linear. colhder

Nan Phinney




G‘s .

Tollestrup: Why the SLC luminosity is still below design value while
the beam sizes you just shown are well below design

ones?

Zimmerman: Design luminosity relied on higher repetition rate
and higher bunch intensities then what is achieved
to now.

Shiltsev. How different will be beam-beam effects in e-e- linear

collider?

Zimmerman: There is no more attraction between the two beams

and, therefore, no luminosity enhancement —in
opposite, only decrease. The effect is especially
significant in round beams, while not so important
for flat beams collisions. The major benefit in e-e-
scheme is that one needs no complicated injection
complex for positrons (target, collection, damping
ring, bunch compressor) — electrons can be taken
directly from RF gun injector.

Meshkov: What is the source of long-term vanatlon of the SLC

correction?
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Distribution of macroparticles in

Distribution of macroparticles in
synchrotron plane with y=-0.5

synchrotron plane with y=1.5
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Meshkov: May a feedback to counteract the TMCI?

Shiltsev:  In practice — no: it is a head-tail effect and the necessary
frequency band is huge, several GHz, besides a lot of
power to correct 1 TeV pbars.

Meshkov: | mean feedback for positioning of e-beam?

Shiltsev:  Good idea! Electrons can be well affected by
comparatively smali fields.

Meshkov: How strong is coupling due to your solenoids?

Shiltsev: Two 4T 2m long solenoids result in about 0.001 difference
resonance strength. It is only few times less the natural
Tevatron coupling.

Meshkov: A scheme with two antiparallel solenoids and two beams
may solve you wake and coupling problems.
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1 Electron Current Fluctuation

Fluctuations of the electron current from turn to turn cause time vari-
able quadrupole kicks which lead to a transverse emittance growth
of the antiproton bunches. In “the electron lens” [1, 2] the current
has to be modulated rather fast although periodically, and thus, the
issue of how stable is the current at one-tum scale may @o of a great
importance.

Emittance growth rate due to fluctuations of a gradient G of a
lens with length [ is given by [3]:

TR £ Solplw-n), O
where fj is the revolution frequency, 3 is beta function at the lens
location, Pc is the antiproton kinetic energy, v is the machine tune,
and Ss¢( f) is the power spectral density (PSD) of the gradient fluc-
tuations. The PSD we use is defined for positive frequencies f. One
can see that only some particular frequencies contribute into the emit-

tance growth, the lowest of them is twice the betatron frequency 2Av f;.

If one assumes that the current ripple is a “white noise” with a con-
stant PSD Sj¢, then, the rms value of the ripple G relates to the
PSD as

= (1/2) foSsc,
and therefore, taking into account that there are two electron beams!
on the pbar orbit, one gets:

0Je\o

bv , (2

.?Hm?ﬁv A v Xllvm = 2r foe(DVE + AvE)(—=

:55 presumably uncorrelated current fluctuations

where Fj ; is focal lengths of two electron beam, §J,/J, is the rms
value of relative current fluctuation, Av, ; is the value of tune shift
produced by electron lenses 1 and 2 respectively (proportional to the
current) and we used relation of Av = (1/4x)G,/ F.

From mn (2) one immediately gets the emittance evolution equa-
tion:

£(t) = egexp (t/7e), (3)
where characteristic growth time is equal to
1
dm? fo( Bun® + Anp?)(B)?
The growth time is different for different a:.ao,:om. e.g. T, is smaller
for the bunches which experience larger currents J, and, therefore,
tune shifts Av. These bunches (named PACMAN bunches) are usu-
ally located near the gaps @on bunches 33, 53, 86, 106 in Fig.). Let

us take for example bunch :cacan 33 2:_. Dt - 0.01 and DS
0.002, then, requirement of

C))

Te =

a_ > 10 ,sa

concludes in Qh < 0.53- Ho& If one assumes nosmSE aaﬁc:co:

function of Ea :E&n 2, then the value above: non.omvo:% to womw-
to-peak current fluctuations of

A,

i :

‘For non-PACMAN bunches anwaa the batch) similar 8@583._@5 .

*for such distibution the s value is 1/v/12 of the peak-to peak value

~18:0% )




mr ._tos)ns nﬁoc.i.‘

dMe To C Cﬂﬂnﬂ—ﬁm FLUCTUATION For the bunches in the middle of the bunch train, the requirement
# . is about 0.24 pm. Lorpiv
Geadiy The obtained values are several orders of BmmEEa&YAEE. vi-
§ 7 TeRReR brations of the Tevatron quadrupoles at high frequencies, €.g. ac-
V\ Vi ; o xku YA cordingly to {6], mms amplitude of the Tevatron quadrupole magnet
i g — at frequency of 450 Hz is about 2 nm=0.002 pm, and the amplitude
rapidly goes down with increase of frequency.

If the electron beam and the antiproton beam are not properly aligned
with respect to each other and they collide off-center with displace-

Y
vo smatel, ment equal to AX, then the electron current ripple at betatron fre-
b€ quencies causes dipole kicks on antiprotons and can also lead to the
ConERENCE transverse emittance growth. The tolerance can be easy estimated
- ¢ \sw ey from Eq.(10) as:
WWNMDN ~0X. , (11
[ .

: Making estimate for AX = 0.2505 = 0.15 mm, oné gets the rms

= LARGER \ / . current ripple tolerance for the PACMAN ci—,ovo.m

eMiTrAR(E \\\h B 41.10%

‘N, >x/g R
vy or about 0.37% peak-to-peak, and about 1.6 - 1073 (0.52 % peak-

to-peak) for non-PACMAN buriches. These requirements are some-
. what loose in comparison with the quadrupole kicks effect (see above
. this Section), although depend on the straightness of the electron
beam in the interaction region which is determined by the solenoid
field quality. _ _ o .




is somewhat less stringent
AJ,
Je

Let us estimate the amplitude of the current fluctuations. A theory

predicts that the rms Schottky noise of current J in a fre
_ ue
of Af is equal to - quency band

<3.2-107%

8J2=2-¢.J.Af,
thus

Ammv _|2eAf
J Schottky — J A@v

._rﬁ_.m take J M2A and Af =~ f = 1 /Trevatron = 47.7 kHz, that
yields: ,
- 8J

Tklvm%a;e ~ 1077,

~.~: is ans less than our requirements. Therefore, as we expect to
ave no valuable intrinsic source of the current noise, the current sta-

E:.Q will require stable voltage U of the (modulated) power supply
which controls the electron gun current®:

oU, 2,48J

37 <107 | %

Mtaking into account Child's law J = P . U3/3

2 Transverse e-beam motion

Transverse motion of the electron beam may also cause direct an-
tiproton emittance growth. Indeed, if the electron beam displace-
ment is equal to §.X, then the dipole kick experienced by antipro-
tons is 00 = 8 X/F, where F is the focal length of the defocusing
electron lens. Coherent p betatron oscillations occur and after some
decoherence time they conclude in the antiproton emittance growth.
The emittance grows linearly in time and its growth rate is equal to

(4):

2 o0

LB s 5 E S ®

Note, that now the frequencies of interest folv —n| starts from the
betatron frequency of the Tevatron Av fo = 20 kHz.

Using the same transformations as above, one gets for two elec-

tron lenses:

&ﬂ - m.:. .\.oﬁmx A \Qu. Qn v, A@V
where § X now stands for the rms electron beam vibration ampli-
tude. .
Let us apply constrain on the emittance growth rate to be less than
£/10 hours, € = 3.3 mm-mrad/y;=3.3 - 10~°m. Then, for the PAC-
MAN bunches we get requirement on the rms electron beam turn-

to-turn position stability

§X < 0.16 pm. (10)



3 Solenoid Field Quality

Strong solenoid magnetic field B of the “electron lens” - of the order
of several Tesla — concludes that the electrons perform very small
but fast transverse oscillations (Larmour motion) around the mag-
netic field lines. Therefore, deviation of B from a straight line will
cause off-center collisions of the pbar and electron beams. In the
regime of “electron compressor” [1] - essentially non-linear elec-
tron lens - that may cause uncontrolled non-linear components of
the forces. To avoid the effect, one needs the field lines not to devi-
ate from (straight) pbar orbit more than some part of the transverse
_ pbar beam size o;. The rms pbar size depends on the beta-function
value at the electron beam section, which is typically of the order of

-8 = 100 m, that yields 05 ~ 0.8 mm. If one requires the solenoid

- - field straightness of about 25%, than it is equivalent to AX = 0.2
mm, or the transverse field component of the order of

AB;, AX o.mSSlHoL
B. L om ’

This is comparable with the field quality in numerous electron cool-
ing devices.
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3 Solenoid Field Quality

Strong solenoid magnetic field B of the “electron lens” — of the order
of several Tesla — concludes that the electrons perform very small
but fast transverse oscillations (Larmour motion) around the mag-
netic field lines. Therefore, deviation of B from a straight line will
cause off-center collisions of the pbar and electron beams. In the
regime of “electron compressor” [1] - essentially non-linear elec-
tron lens - that may cause uncontrolled non-linear components of
the forces. To avoid the effect, one needs the field lines not to devi-
ate from (straight) pbar orbit more than some part of the transverse
pbar beam size 0. The rms pbar size depends on the beta-function
value at the electron beam section, which is typically of the order of
B = 100 m, that yields 05 =~ 0.8 mm. If one requires the solenoid
field straightness of about 25%, than it is equivalent to AX = 0.2
mm, or the transverse field component of the order of

AB; AX 02mm
B. L 2m

This is comparable with the field quality in numerous electron cool-
ing devices.

=10"*%

4 Electroa current modulation

Now we consider the time structure of the quadrupole kick produced
by electron beam. The operation of the electron lens look very sim-
ilar to a traveling wave kicker [5].

Now we consider the time structure of the defocusing kick (or
the tune shift) produced by the traveling wave kicker. Em;_aaaoa-
strates the effect of a step-like current modulation with the pulse du-
ration of ¢, (presented at the upper plot) on the antiproton bunches.
Let us denote ¢ = 0 the moment when the front of the electron pulse
enters the interaction section. As the antiproton beam passes through
the oncoming electron current pulse, the maximum deflection will
be seen by test particles whichat t = 0 are distanced by 2(1+8.)l/ Be
from the input end of the device. We will call the corresponding
time value of 7, = 2(1 + )l/cBe as "kick growth time”. The max-
imum kick lasts over time interval of t; = t, — 7, Which is sup-
posed to be synchronized with the bunch arrival (see lower diagram
in Fig.1). Behind that bunch, the kick amplitude vanishes over the
growth time. Analytical expression for the tune shift is as follows:

Av(t) x W\NH JA)dt', t,=—t+2 meﬁo.nlﬁ+mnz\amb“ (12)

Let the required flat top of the pbar kick be about ¢y =5 ns, and
the required “no-impact time” to be the same ¢, = 5 ns; then, sum-
marizing all times in Fig.1, the condition of 264ns > tr+2L(1 +
B.)/cBe + t, must be satisfied in order to have no impact on preced-

ing and following bunches. That gives 3. > o.,om, or kinetic energy
of the electrons U > 1.6kV. Le., if one needs to modulate the elec-
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2x132 ns=264 ns
Figure 1: Electron current modulation scheme.

tron current in order a_nn:mmnn the bunch-by-bunch tune shift, then
the electrons have to be fast enough to provide different quadrupole
kicks on different bunches. We choose . of the order of 0.2 that is
far beyond the requirement.

.One can make two remarks: firstly, if the current pulse duration is
less than the growth time £, < 7, = 2(1+,)l /8., then the electron
beam does not work in full strength; secondly, if the bunch spacing

_in the ring is equal to T, then the electron current pulse duration must
be less than t, < 2r — 2(1 + )l /cB, otherwise neighbor bunches
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~ will be defocused too. As the result, one can conclude, that the rect-
angular pulse duration of t, = 74 corresponds to the maximum de-
vice’s strength. The length of the electron beam has to be less than
L < ¢B.r/2(1 + [3.) because the current pulse shape can not be ex-
actly rectangular, besides that, as we mentioned above, some flat top
of the kick is required. . S
Making numerical example for the TEV33 with 7 = 132 ns and
Be = 0.2, we choose L = 2 m (that satisfies condition of 7, =
2(1 + B.)L/cB. = 80 ns < T) and the requirements on the pulse
length is ¢, < 264 — 80 = 184 ns. In fact, as the pulse shape of
the current modulation can not be exactly rectangular, than the one

should require the pulse FWHA to be somewhat smaller (but still
longer than 7), e.g. 100-120 ns. .
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Electron Beam Distortions due to Interaction
with Antiprotons

Alexandre Zinchenko
Joint Institute for Nuclear Research, Dubna, Russia

Miui-Workshop on Bemu-Beamn Compeunsation
Fermilab

February 12-13. 1998 Aﬁxﬁp&, 13 th)

1) ZBEAM - a charge tracing code.

The motion of charges in the laboratory frame in some external
alectric and magnetic flelds and in the presence of some additional
moving electric charges can be described by the equation

d?y = . . noo_, n -
:—..A.M.am = q~—m_ + TM X m_ + MU-. m.. + M—Tﬂw X .NNLV.
= =

there m,q and ¥ are the particle mass, electric charge and velocity,
E and D are external electric and magnetic flelds, E; and D; are
the electric and magnetic flelds of a bunch “macroparticle™:

. @l(2)F .

1 .
E; = \ B; = —[7 x E;].
2megr? nu? ]

Tracking of a particle is achieved by integrating the equation of
motion over successive small time steps.
2) Parameters of Tevatron:

Antiproton bunch: o, = 0.9 mm, ¢, = 30 cm, Nj.g,, = 6-10'°
Electron beam: r = 0.9 mm, E = 10 keV,I =15 A

. ﬂ\0<$ .3@(*..

3) No external maguetic field.

4) Exrernnl maguetic fleld.

5) Elliptic bunch: »,

0.61 mm, oy, = 9.21 mum.

Zinchenko: I'd like also to attract your attention, that in our SSC
compensation proposal, we considered two solenoids
anticollinear fields — it gave us automatic coupling
compensation.
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Beam-Beam Compensation Workshop
Fermilab, Feb. 12-13, 1998

Viadimir SHILTSEV
Simple Model of Electron Beam
Distortion due to Pbar Space Charge
Content:
1. Model and assumptions

2. Basic formulas m:n,_ estimates

3. Numerical simulations
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Non-disturbed e-beam charge ditribution

R £l v\ _\.;

304 ——

25
2.0+
1.5
1.0

0.5{

-2.51

-3

i

1
r

lros

I A

6, of P

X

30 25 20 15 -1.0 05 00 0.5 1.0 1.5 20 2.5 3.0

Charge density in pbar beam _\55

3.04 - -

2.54
2.4
1.5
1.0

0.5

lu- n L

aspect ratio = 2

.3.0 -25 -20 -15 1.0 0.5 0.0 0.5 1.0 1.5 20 25 3.0

X

1.0
—{0.90
—080
—o70
1060
050
—{0.40
= 1030
—{0.20

——0.10

_| 0.00




Electron beam charge distribution

Distortion of electron beam current distribution after passage of elliptical pbar beam
due to elliptical pbar beam

pbar aspect ratio(sigmaX/sigmaY)=2, Npbar=6e+10, solenoid field B=4 k
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Distortion strength, a.u.
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Skew coefficient S(x.y) due to distorted Non-disturbed e-beam charge ditribution
electron charge distribution

e-beam size=Sigx e-beam size=2.5* SigmaX
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Distortion of electron beam current distribution
due to elliptical pbar beam
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Skew coefficient S(x,y) due to distorted
electron charge distribution

e-beam size=2.5"SigX
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ELECTRON BEAM STABILITY WITH
RESIDUAL IONS

This report is based mainly on experience obtained in investi-

gations on the installations of electron no.,o:ﬁm EPOKHA

Mini-Workshop and MOSOL performed in the 20<Om~_uz.mw Institute of
Nuclear Physics. i

Andrey SERY

on Beam-Beam Compensation in Tevatron

February 12- 13, 1998, Fermilab The persons involved in gm meca_mm émwm
, G. Budker, A. Burov, N. U:Sbvaa < N:am_mﬁnmb,
Abstract V. Lebedev, I. gmmrwof V. Parkhomchuk, U Hummﬂ._wof
Stability of the electron beam is essential to provide A. Sery, A. Sharapa, A. Shemiakin, V. Shiltsey,

reliable operation of the “electron compressor”. Resid-
ual jons produced in ionization of residual gas by electron
beam may cause beam distortion via so called drift in- . Some Om these UmOmLm are here now and 1 SO_.—HQ. —;Am ﬂO m.nu
stability. Therefore the residual ion density should be knowledge many useful discussions. si.& them.

controlled in order to maintain safe operational condi-

A. Skrinsky, B. Sukhina, ... and many other

Well known, not new Emoﬁdma_os for most of you. H_w,m.vc.?
pose is to recall the problem and m?m numeric <w_=mm in our
parameters.

tion. The mechanism of the drift instability is discussed

and estimations of the acceptable ion density are given.

The layout of cleaning electrodes that can sufficiently de-
crease the ion density is discussed.



A. Sery

Talk’s milestones

e Where the ions come from

— Ionization of residual gas

e Why the ions can become locked in the electron beam
— Potential well of the electron beam

- When ions are useful

e Why ions can be a problem
- Drift instability
- _w.mmwo_,mnewﬁoum., of ion and electron beam drift motion

- ,.>Bv:m8§0~.~ coefficient of beam motion amplitude down
along the beam

— Absolute stability of the system

Parasitic beam end — beam head feedback as the reason
- for instability

— Estimations of acceptable ion density Estimations of ac-
ceptable vacuum

e How ions can be removed from the beam
— Problem of residual electrons

— Cleaning electrode’s layout

¢ Conclusion

A. Sery

Where the ions come from -

Ionization of residual gas by electrons produce ions with _Em
following rate: | o
&3;“
dt . R
where ojopnj, ionization cross section, 7. electron beam den-.
sity, ve = cfe electron velocity, no residual gas density.

= CionizMeVell0

For Be = 0.2 (10 kV) total cross section (including initial, second, etc. ion-
ization) is Cioniz = 2- 1077 cm?.
At room temperature ng = 3.2+ 1038 P(Torr) cm™3.

Useful quantity is the “time of compensation” -

1
Te =
TionizVeT0

Approximately 7, =~ 2.5 - 10719/ P(Torr) s.

For example if P = 10~1° Torr then 7. = 2.5 s.



AL dery

Why the ions can become locked in the electron beam

Potential well of the electron beam pre-
vents ions to get out of beam in transverse
direction.

Potential at the axis U, = ma%en.(1 + 2Inb/a) where a, b ~
radius of electron beam (step like density profile) and vacuum
chamber, n, - electron beam density.

Approximately U = 30J.[A]/Be(1 + 2In (b/a))[V] For example if J. = 2 A,
Be =0.2,a = 0.1 cm, b =3 cm then U, ~ 2300 V.

When the ions may be useful

This space charge of electron beam result in
difference of electron velocities in the beam
cross section. For electron cooling this may
result in decreasing of cooling decrements.
Electron beam space charge change dynamics of particles be-
ing colled. Compensation of the electron beam space charge
by use of residual ions will help here. Special &mnﬁOmgﬂo

electrodes can be used to store the ions.
+U +U

e f———-
- -

ion density

Electrodes of a special construction should be used in order to avoid storing
of m.mnonmm:Q électrons. See below.

A. Sery

Why ions can be a problem

“Drift Emgdm:@:. is the main reason that can limit the beam

current in presence of ions.

Basic equations of ion and electron beam drift motion
! " Motion of the charge density centers of the ion

and electron beams in dipole approximation.

This may give only a rough estimation if n; # n. since

the electric field is far from uniform in this case.

(& .
It is convenient to use §; = x; + 1y; and & = . + iy.. Then

& = —i& - qm.s. +w? Am«.d &)

£+ u = ,meﬁ@ -6
Here the ion motion is ‘characterized _u% Ss = eZ;H \ (M;c) —
Larmor ion frequency and w? = 2wn.e?Z; \E w__m.m.Em ion
frequency, while the mﬁmoﬂ&bm assumed to be E_m_mw_mﬁsmms
i.e. they make only drift transverse EoSo: with v L=cE/H
or with drift frequency Q4 = w?/Q; = ma:mmn\m
7 - dissipation.
0 = 0.96-10TH(kG)Z; [Ai s™, wim o.qm;_ow\ﬁsi
Qg = 0.59 - 10°J.(A)/H(kG)/Be /a® (mm) s~* _ o
For example, if H = 3kG, J. = 24, B = 0.2, a = lmm, Z;/A; = 1/10

0, 2.9:.10%", w;x=0.75-10%", Q4=~19.10%? ,
i.e. Larmor motion of ions can be neglected up to H ~ a few Tesla.

/ Je(A)/Be Nﬂ.\&.—.
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Amplification coefficient

If € x etk2~%¢ then

The system is absolutely stable if there is nonzero dissipa-
tion. There is no instability, just amplification down along
the beam. Amplification coefficient K = exp (L Im(k)), max-
imum at resonance frequency wy = §2;/2 - /\wﬁw ‘

Q4L n; w? v

Ve Te YWL

.W‘Bmx = exp A|

In practice a feedback from the beam end to the beam be-
ginning can exist. If the feedback coefficient 7 is big enough,
the system may become unstable. The system is stable if

| Qalm w? 1

T Ve MNe Q_E._._ Hﬁﬁ.\dv

Kinaxn <1 or

- The feedback can be produced for example by electrons reflected from the
collector or by ionization electrons. For the reflected electrons simply n =
3...@,2.\3&

A. Sery

Landau damping on ions

Hrm stability threshold mmvmsam on mmﬁ?zm Q_E ._._\EN (that
~ v/w; when w; > ;).

Damping due to ion-ion ooEmmoz. o.ocE,mo. mwmim&sa, if the

ion temperature would be very low (a few K°). |

The ov.a.ﬁmwmanomﬁ source of amﬁwwnm is Landau damping.

Landau damping exists if there is particles with the same

frequency as the wave. The wave frequency and the ion fre- .
quency are equal in our case so damping will work.

Simple estimation gives v/w; = 1 in our case.

Estimation of Landau decrement. Suppose we have a wave i::mm_m Ey so
that ions have amplitude aq, i.e. E,, = aEoni/n.. Single ion get the energy
AW/At = eE,aw;. Total energy of the wave'is W = m._nznu. Thus the
decrement is v = a®*n; AW/AL/W ~ 1.
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Estimations of acceptable ion density

Finally, the stability condition is

bah.@. ! <1 or i s <
ve Meln(1/n) e

where j. is the electron current density. The feedback is hard

vZH In (1/n)
2w Lc

to measure or predict, but it gives very slow dependence.
Possible range In(1/7) ~ 2 + 8.

Practically achieved at EPOKHA (at 35 kV) and MOSOL
(at 450 V) installations at Novosibirsk INP values are

viH
2Lc

vZH
3.8Lc

Thus, the theory and practice very well correspond to each
other. .

Je <

Taking a conservative case we estimate the acceptable ion
density for the “electron compressor”
n; v2H

.:.Im < hhn.w.m =~ 0.8

H(kG) B2 a®(mm)
L(m)IL.(A)

If3.,=02 H=3kG,a=1mm, I. =2 A, L =3 m then

Moc16-1072
Ne

So the ions mrocEAUo cleaned out from the electron beam.

A. Sery

Estimations of acceptable vacuum

If the ions are created by ionization of the residual gas and
can exit only at edges where perfect cleaning electrodes are
located, the ion density n;(z) is:

b

M:kavl.w AM, H\u\
ne 1. \2Zely

0

N

n, Approximate shape of the resid-
ual ion density looks like
. ni(z) = no(l — (2¢/L)?)'/?

-2 L] w2

m,\w,
L
Seﬁ_p,\:&__%\%\wv -

Estimation for 7. = 2's, w; = 0.75 .,.Ho,m ,_.mlf, a = 1 mm,

where ng = ne A

b =15 mm, L = 3 m gives ng/ne R_,o.m 1073, Even too
good. o .

If we want ng/n. < 1.6 1072 /m Aér,m.nm s _muﬁaw factor)
then we should have 7. > 0.08 s, i.e. ~vacuum better than
P < 3-107? Torr. _ S o

Ionization electrons will not store in the potential well created by ions if
their temperature is high or the heating rate by the main beam is sufficient:
1/Theat ~ d(W/U,)/dt = 4Lccre/(Bea®(1 + 21n (b/a))) ~ 20 s™*. We need
Theat > Te. In the considered case this non.&ﬁ,ou is fulfilled. . ) :
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A. Sery 12
How ions can be removed from the beam
+U vacuum chamber Cleaning electrodes
@ I *Tshould change
-U M__nnwmw.% S the potential well

so that ions can
escape.

Thus U, = 2naben, = ngmaﬁﬁm_ where U, is the depth
of the potential well.

IfJe.=2A,8.=02,a=0.1cm,b=3cm then Ug = 2.3kV
and U, = 17.7 kV.

The voltage U. is enough to clean out only very slow ions.
In practice one should apply U, + AU(2b/L.) where L, is
the length of electrodes and AU is the energy that ions may
have.

If the ions was created in the place where the electron Umm.ya radius & was
bigger than nominal @ then AU = U, In(a/a). We may have AU ~ 6 kV.

So, the &moﬁoamm with L. = 20 cm and voltage +20 kV SE,
give sufficient cleaning of ions.

The electrons ,_.mmmnnnm from collector at full energy will shift by 0.6 cm by
this field, thus they cannot be removed by these electrodes for one pass.

A. Sery

Problem of residual electrons

In such configuration
with split cleaning
electrodes the ioniza-
that
cannot leave beam
since they are highly magnetized, will also escape from the
beam drifting along equipotential lines..

tion electrons,

However these electrons may become
trapped and store in vicinity of
the electrodes ,muﬁm:gmmu_ charge will
change mwm.amom.uax_ the distribution of

potentials. ,
To avoid this problem one
can use insertions made from
low conductive material (for
example semiconductor glass
or ceramics covered by a con-

—Low conductive insertion Low conductive insertion

ductive layer).
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Experience with Electron
Guns for Medium Energy
Electron cooling
S. Nagaitsev
FNAL
 February 13, 1998

E-Cool éxperience relevant to

- electron beam compressor

* Generation of electron beam with a
given current and transverse size

-- segmented cathode

-- negatively-biased control electrode -
e Operation of electron gun and collector

-- current recuperation

-- stability
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Specific features of e-cool
____oun

e Good current density unifbrmity .
» Extremely low losses (< 10)

e Well “behaved” beam for all beam
currents (0- 0.5 A)

e Absence of longitudinal magnetic field |
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Gun SimulLaTION
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CATHODE

o=h
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Electron gun with negatively-
biased control electrode

e

————

rre———

e Provides constant density beam with
variable size

e Suppresses emission from the cathode s
side surface |
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_ CHOILE OF CATHODE S/2E
Perveance and current dewsity o

are affected Nv\ ! (among othes Uings)

2)
3

& XZP -5 ~ 3000 r-h

‘

hﬂ)% Cerm: (1080~ /00 Duxrn\

/» CATHODE TEemMPCRATURE
(THRU TwERMAL FOTI04)

o Emission current density (A/cm
-h

2. TIME K o? 10 108 " 108
\ ralu b“ \hm 7/ O\ﬁ\ O CATHO DE POLES v Lite (hours)
” A Figure 5.27 Operating Current Densitics that Can be Expected asa Functios
, of Desired Cathode Life
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Figure 5.28 Miram Plot for Standard Cathode

(From M.C. Green, Technical Report RADC-TR-81-211, July 1981.)
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Shiltsev:

Nagaitsev:
Shiltsev:

Nagaitsev:

Is possible to compress electron beam significantly before
the anode hole? E.g. with means of special electrodes.
In principle, yes.

How far we can go with lowering magnetic field at the
cathode? Say, will be 300 G field enough for e-gun
operation? It may allow higher adiabatic compression
degree. .

Minimum cathode field depends on the e-current and
energy. For your parameters an ideal field is somewhere
between 500 and 1000 G. 300 G is near margin and
needs special consideration.




Workshop on Beam-Beam Effect Compensation
Fermilab, February 12-13, 1998

‘“Generation of Intense Stationary Electron
Beam with Controlled Parameters”’

LMeshkov, A.Sidorin, E.Syresin
JINR, Dubna, Russia
1. General schematics of the “compensator”
2. The electric field of n.- imtense electron beam
3. Electron gun immersed in longitudinal magnetic field
4. Gun optics control

5. Electron energy recuperation

6. How to maintain one component electron beam

7. Beam shape transformation

meshlkov @ xt.k;.xn r

1967-1970  The elaboration of the first electroa cooling
m—nq—oonugunrb - Russian abbreviation from Electren Beam
or Cooling of Antiprotons (LMeshkov, R.Selmo:

A.Skrinsky) ' o

umoro!-n_on%.wn diagram of the EPOKHA setup:

- gua, 2 - stvaight selenoids, 3 - anodes of electron
n-u.;..o._ttiu.g__nn-o&g.a..ﬁﬁs
E.Beoq.q-lilr'lgoaon.a.gnﬂvnl?o.
dipoles, correcting the pretea trajectory (pp*), H* - yleld of
hydrogen atoms v | o

The main features of the clectroa cooling dovice: .
- an intense electron besm immersed in longitudinal
maguetic ficld (a successful solutien!), @ - Lo .
~ = aspecial electron gun optics - se called resonant
optics, o
- the electron energy recuperation,




The electric fleld of an intense electron beam

1. Uniform density of the electron beam

The beam potential:
n
1 ~+N_I.v|l, y0<r<a
- a’
. N—Iﬂ. asr<h
The beam electric fleld

The beam magnetic field: B, = BE,

a, b - the radii of the beam and of the chamber

~2eU
Yy = m__ - the electron velocity

U<0 - the gun cathod potential [ =

Notice: the potential difference between the beam axis and its

boundary is equal to
: 1

An example: U=10 kV, I=3A, AU=450 V

Coaxigd Seowe

2. The second order approximation

DSHIB\N\U.

p(r) 39'(n)
Ty
= ".\ U 4 U
PRV TN 2eW =00 T v, value E\

e>o- -absolute olection cherge

It gives: art)s
r <
_+N_=N|T+|c+N___l%_nml“w +C,0<r<a
I a
eAllu—W a b b , asrs<b
, ¢ Lwﬁ.?”ﬁﬂ.f&—ll —I-.-

I ‘i -2
_ = J— P u—.m.u. h\
Qleoq -2 S

1 r b |r
—Hﬂ.TQA‘I.I'I...——-ﬂw ﬁ

2 4d?

An example: U=10 kV, I=1.5A = EF_ 5 E<<S
Ervsteen | 57. 10°

Ey
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An e \%\nn .m. 0 non-coaxiea \\.D\

the K..h\uNn ced

e-Beam

The k..h\u n\ann..,\ O\nnx.\;cs %n»»: can be
%Rwh@r*?\ as .superposition e\ 3 beams:
B a

electron Beem

and coaxial
positran deam

AtL '3 Beams have
cdensity I
X B (F)+ () r £ =

_:9 \\?:Nn\.n .\ﬂ

->

- >

I‘ ”‘ |0
M..n.\m.w.%h.b. +Wo Nﬁ\

Thus, we have .wc._\.,&.w.\mn%.cx of the .ideal’
n\\.ﬂNe.\ st\ an ..2.3\.\9;3 ..m.»\,e\.....\\.n Na\.

-3 AR E6)

The e loctron lens” works| —> Howerer, | |

e-Beom rotates araund the chamber axis.

(V.Eudelaiuon, LMNaskiov, R.Salimev, Sov. Jouwrn.of Tack Phye, v41 (19Mip.23%4)

The ides - s multianode gun with quasilinear distribution of
F(s):

Cathode

o ﬁ

The distribution of the electric field force

1 - area of space charge
3 dominated field

-» -
F=a-eE

2 - anode area
- drift area

=
2\ [
the beam space tharge field level

mﬂbv) Ccurrent :‘.Qn\r. Nn. *..Qv,v s Wg*ﬂ.‘.ﬁ\,ﬂ«\.\

R.= B~ 02/

Beern  Jun




The \u&e:sir of ties cond Nm,.o?n

F-,.SEBEB-;EE-E&SQ#E?-
axially symmetric opties) the elsctroa gets transverse

momentum
-

=2 5 la). o0
4p, = — .b.h.«: > "’
B 227
os)="= w2

me v(s) p,(s)

When E,(s) ~ Const , the ?R.n..-:- (2.27) is close to zero, if
the anodes area length

T
or, more precisely,

EEl

The function v(s) is slow fanction of the cosrdinate s and .
integral in (2.29) can be brought closs te zere by variation of
the gun parameters and magnetic field magnitade,

~ The practical realization of resomsat optics scheme was

performed in NAP-M electron cooling device ZPOKHA
, LEAR

Egﬂarﬁrf and
AEHI.EE;~§QFI5’§.. the

second generation.

The adiakgilc oplcs
If the distributien of radial electric fleld in the anode ares is
2 smooth function of 5, the integral in the equation 227)is
close to zeve, evea when a resonant condition is not
respected. Such a case takes place, when

(2.30)

md - gun sbectiodes epet
2.31)

(YaDerbenev, LMashkev, CERN 77-08 (1977).

?EEFQHF!E‘-E%:&

(Sas LiMaskiov at ol, NIM A311 (1993 p.463)

~_ 16t Anode 2-d Anede

OO

The distribution of the electric fleld force F = —¢ &

. 1- area of space charge
1 2 3 dominated field

m. , ~ 2-anode area

N

the beam space charge field level

=




arpodb

o - Cathode-Conlrol

The variable current gun for the LEAR electrea cooler (4954 \

a__ﬁtm.EE ) 208)
12 3 |

The electron gun of the LEAR glectron cooler
1-focusing electrode, 2- steering electrode ("grid™),
3 — amode, 4 - high voltage isolator, 5 — cathode,

6 — NEG - pump.

The electren gun parameters
Electron emergy, keV| 23 7 » »
Beam current, A o8 9 | 18 35 |
Beam perveance, s s 19 s |
pA/V" . .
Beam djameter, mm 50 50 50 S0
%Nw_oaﬂeao

+1.7

otential, kV +8.1 +25.6 +11.5
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The dependence of beam current (3) and the gun g
5 perveance (b) on the steering electrode voltage: .,
b " 1-U=2,8 KV (1); 4 kV (2); 6 kV(3).
. H _ The beam cance P;=6.5 >\.<$%o_om»..o-o-o..@_on
e | _ , N - N 2,5keV (beam current 830 mA).

Bl !



The apdical analysis of the electron beam a.a:.é«.i« -
temperature - - :

(See V. Goluber, LMaskkov, V.Pollakov et al, Proc. of the Workshop on Besns .
Coeling and Related Topics, Montreux, 1993, p.159) S

The method is based on the measurement of the transverse
size of the thin beam cut from an intense electron beam with
a pin hole diaphragm and Propagating in a longitudinal
magnetic field ,

The beam cut by diaphragm

and the pogsible trajectories luminescent screen
of electrons of the cut beam 4p=2nn
” ..,..Mr. hes ». Fo,oung— analyser ¢/case, when coherent velocity J present
. ! 'The scheme of { A
_-n....89&1u_._jiﬂaru.sgﬁg;.gnau.:gu.

= \

The beam cpt by diaphragm The image on the
and the e trajectories luminescent screen
of electrons of the cut beam dp=(2n+1)x
One can measure the coherent velocity of the cut electron
beam

Voosarens = €Bp gy, / yme 237)
and the electron velocity spread .

dv=eBAp, /yme . (2.38)



B ! . ‘ *i ~§
“The dependence of the electron transverse energy on radial
coordinate of electron for two different guns

_ (see detalls in the referred report)

1,2 - “the LEAR gup™ :
E, =57 keV,B=600G,I,,.=1A(1)and 1.5 A(2)

34 - “the CAPT gun™
E,=6.9keV,B=450G,1,,.,.=03A(3)and 0.5 A(4)

The Bm.nrea ..8&.&2. is limited by the resolution of the
measurement of the cut beam image size §,_: :

P ~34p, 26, . - (2.39)
The electron beam angular spread corresponding to §,,, is
. &.Qngnuwhhhnnmn . (2.40)
P pc  p
oT, nh.wm.kua&i\-& /3, @.41)
(8T, )y =0255°y" (56 )y
A numerical example:
E, =272 keV
B=1kG For 5,,~0.02 mm
£:=1976 cm one has 6@ = 1 mrad

oT, =034 ¢V

The measurements of the electren transverse energy

&, = uoaua.. ),
€ ¢ - the kinetic energy of electrons,
Ac, =€, (R)-¢,(0),
R-the beam radius,
8,0)=05-1 ev

seov

0.2 ;
0.20 ;
0.15 ;
0.10 ;
0.06
ool a7
0.0 o8 . 10 s 20 28
. . LA ,

TN

The dependence of thie transverse energy difference for »u.»—f
nl- ve....a».d electrons on the beam curreat

Experiment:1-8g =5.7 _GS 2-
g = 5.7 kevV.




section

T dieetren eallactor design & deflined by the apectlly

daraster of the emergy spectrum of secondary electrenp
I{-nﬁosgnm-m?oa. N

dN

dE

| | LR
1 y | ‘

1 - the reafly secondary electrons, or the slow ones,

u.'gno_sgl.e-.ﬁngena.

Vo dow dasivens meryy s of erder of
.A.' A&g.‘

and for the Gt enee
L SEpySEcy>

where K., = o(Upy -Ucrp.i) - the kinetic emergy of the
primary electrons, resching the collector surface, U, - the
collector potential. The slow electrons deminate in the
secondary electrom flux - their part is of erder of

h' lg
The part of fast electrons is of order of

B‘lﬂ#
The secondary emission coefficient. varies siguificantly with
primary electroa emergy and depeads on collector material
and the material surface purification. When the primary
electron energy lays in the range 1-5 keV, the integral
coefficient is about 0.5 for copper and 0.3 for titanium,
However, in real conditions of “technical® vacuum, whea

cleaning is limited, the influence of adsorbed carbon oxides
is large and real o..._a_e- Soan... Is ‘Iﬁl. of10-158.

The collection efficlency £
Ho%glﬁgzgﬂeﬁgs

......

use special desigy gigﬁo collector
olﬁiloo.!o

n-. g t 'l&l-.__q 1:-
additions! divetrode 9..-!..-..!.. mo Sglow), .i

potential is lower than the o0




The barrier works effectively for electrons, whose energy at
the collector surface do not exceed

where U,,, is the minimal value of the potential inside the -

collector:
U sppressor <Upin <Uppy -

Usually all three magnitudes are negative and U, | > |U,,|.
(see plot U(s) below).

U(s)
N

U

Ucesoic
The potential distribution in an electron cooler with electron
energy recuperation

In presence of the electron beam space charge the
electric field distribution is even more complicated -the area

of closed potential shell appears (see computer simulations
result below).

The magnetic trap is formed if an efficient shielding of
the collector is provided and the magnetic field vanishes
abruptly at the collector entrance.

The magnetic trap stops secondary electron, like in any
magnetic mirror, at the point, where electron longitudinal
velocity drops to zero according two equations - the energy
and the adiabatic invariant conservation:

3 2
m(vy +v;)

N ".muai +ﬁ'ﬂ\-\qg|Q‘\ ]

3
my - Inv.
B

Introducing the angle
O =arctg(v, / Ve »
which characterizes the direction of secondary electron
relatively the magnetic field at the collector surface, one
obtains the criterion of the secondary electron trapping:
Be , Ucot ~Unn |
B(min) Ucy = Ucepose
Bea
A Bre
where B,,, B(min) and B, are the magnetic field values at
the collector surface, at the point of U, and at the point,
where B(s) reaches its maximum (some additional coils can
be used to enlarge it).
The magnetic trap is necessary to stop fast electrons.
The slow ones are reflected usually by n_an:.eu.una v-:._o..
(trap) with very high efficiency. ,

sin" @2 m
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Ust®-20kV  B__=2.0kG
Ugy=-19kV B(min)=0.4 kG

Usppeesser™-198kV  B,= 1.0 LG
Upe =-195kV Boy=60G
For such values O, = min{0.075,0.03} . therefore, the

magnetic trap works here due to existence of the significant
value of B, and the part of fast electrons escaping the
collector is of order of
5~(40)y/28~6"/2x
In our example it gives S~ 7-107. , and full contribution of
the fast electron in the flux of electroas escaping the collector
(the current losses) is about
= 8-dg, ~10°.

Therefore, the main contribution in the current losses is due
to slow electrons (amd alse because of their prevailing
amount). In practice some esseatial problems are met when

beam intensity is high: space charge regime with a chance of
virtual cathode forming. The collection efficiency achieved in
best conditions with intense beams is of order of

n~10"+ 107

The electron energy recuperation
The second problem of electron beam collection is collector
potential. Its reducing leads sooner or later to the forming of
the virtual cathode preventing electrons to emter the
collector. One can characterize the minimal collector
potential with the collector perveance:
Do =Py (AU ), AUy =Upy ~Uprgus, -
it ]
Mostly the collectors of the Faradey cup type are used in
electron coolers (like presented here). They have relatively

low perveance:
Prg ~12p4/V",

which permits to collect a beam of the current of 4A at the
collector potential AU, =4.8AV. This is rather high
value, however such a collector has simple design and very
high electron collection efficiency, which makes it a
convenient tool. ‘

Few sophisticated schemes proposed for more efficient
recuperation of electron energy were tested successfully in
test bench experiments, however they are not used yet in
electron coolers.

The problem of low collector perveance relates
probably namely to the necessity of high collection
efficiency: whem ome meeds to provide very low current
losses, ¢évem small fraction of reflected electrons is
intolerable, Such & fraction can consist of electrons, whose
longitudinal velocity (relatively to the collector decelerating

- field) is decreased due to some optics aberrations, which

redistribute electron energy between the transverse and
longitudinal velocity components. Then the decrease of the
potential inside the collector can lead to the reflection of
such electrons even before the virtual cathode is formed. As
result, it limits the reducing of the collector potential.
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Recuperation of intense electron beams
. a2l .
1 2 2 4« Sses r

Scheme of the LEAR collector

MaEn.. setting respectively a 1 kV ap anweﬂ.n collector and . -1 -solenoid; 2 - vacium valve; 3 — collector coil; 4 — magnetic
! uME energy is 20 kev and the mg m V. The electron shielding; 5 - vacuum chamber; 6 - suppressor (repeller)
I8 00 G. L=4L5A gnetic field Strength A electrode; 7 - insulator; 8 - collector; 9 — vacuum insulator; 10 -
. y . e . . : | : water cooling system; 11 —compensating coltector coil.

1.00E03 |

1,00E-04

1.00E-05

1,00€-08 -

] 10 20 30 40

Uo.kv

, The collection efficiency:the dependence of the beam current
. : losses on the cathode voltage,
xnnn:w\u\mnnv mke.m.lnnqN\unx\\; wa:..E::..sﬁui\xsEum__mn.w..su:.%9

o s 1) P=5x10" + 6.7x10” Torr. ; 2) P=1.5x10° Torr.



10 cm

—

The collector scheme for the LEAR electron cooler (CAP7 o

1 - solenoid, 2 - vacuum valve, 3 - compensation coil, Budker IVP
4 - magnetic shiclding, A _————————, S, 1592
7 - supporting insulator, NS, i
10 - feed through, 11 - water cooling tubes.

)

Clearing of ions with the shaker

(PAC-95, Dallas, 1995
NIM A, 391, v.1, p.110, 1997)
b Rotating ¥ (ofipole field

-

Dm

RN

+Us +le

The shaker scheme
E, =E, sino,t - transverse harmonic electric field;

O ter = O, = 2% % (200 - 400 kHz) ~ ion incoherent

oscillation frequency . -

a) Dipole R..nmh\ £ casat

Diffusion Ion hesting

mZe.,.u H ~ (ZeE ) Tt=

2 T,

a-beam radius, 7Tiew -ionisation time, T, - time of ion
longitudinal oscillations.

2 172
U unmvaze. ab( t,
s ] ? ﬂm..

b — shaker electrode radius.
U,~2 — 20V at pressure 10"'-10” Torr



Clearing of electrons.

Stabilisation of the neutralised electron beam

with the shaker (NIM A, 391, v.1, p.110, 1997
LEAR experiment
\ g
/
S 1O L
1 2 3 4 Sclieme of clearing electrodes: A
1-clearing electrodes, 2 - “conductive” glass, 3 - coils of
TQF-signal (LEAR).

tramsverse magnetic field
1-traps and shaker —off, 2-traps-off, shaker on, 3- traps aad o

shaker —om, 4-traps-on, shaker —off B.=cE /¥, ~transverse magnetic field .

A= H... B 1
“\v.B, B, -thedisplasement of an electron inside

clearing electrode during a single pass
“-”-primary beam electrons,
“+”-secondary electrons, reflected from collector.




Trajectories of primary and secondary electrons inside clearing
electrodes. :

.\.Jnmx &h.\\db.w.

Trajectory of primary eclectread inside clearing electrodes during a
single pase through them.

’ Slouw election

Trajectory of secondary clectroas reflected from collector inside
clearing clectrode during one pass trough them.

(/)=

The transformation of the shape
of a magnetized electron beam

1. The goal: controled beam sha

pe enables to compensate
AQ with desirable precision

1a. The method of different P-functions:

Px > p. - focusing by z-direction
- weak focusing by x-direction

Eun.-ﬁ-nuno"_g:-m..aavo._aoan influence
by x- and z- degrees of freedom

S

I



1b. The method of e-beam shape transformation

.w- beam

Electron beam effects like one-dimensional lens (so-calfed
“cylindrical” lens) _

Advantage: effect only on chosen degree em freedom
(z-direction in the present example)

&...mnkﬁ.n:.wowh..&rh. e-feam rotation uVRKon..M\J
2. Solenoid of the variable cross-section Jt abh

solemoid

electron
beam

s B

Disadvantage: fixed beam cross-section sizes

3. Craised longitudinal and quadrupole magnetic fields

Panofsky’s lens

z ¢
Beam shape transformation
.\\\\\‘\Nﬂ\\ :
) 4 2(s) = 2, '"
m\» -3 : _ H@vu.«om@;

>..2—5..»32:5-852:@.3 ...on.._n_no.:_o cmw_vE‘ _m_._-—l ,,
by changiug of G.. . N
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Meshkov: We also can measure current fluctuation spectrum in the
gun comparable with what you need for e-compressor
parameters which is currently under operation in Dubna.
The same for cathode spots — we have everything to
observe them there.




Beam temperature definition:

2
m._vmwm, = Mparticle VPRF

Melectron 1

Mproton ~ 1836

Thermodynamical limit of electron cooling:

\.N..vwn:n_m = Telectron

hence:

.c_u_.ono: 1

Velectron 43
and:

€protons _ 1

Eelectrons 1836

Electron Cooling at Medium Energies

deccelerator or electrostatic
electron dump accelerator
- HV - HV

magnetic
focusing .
e | © straight

B—— dipole woo..o_,_a
~< cooling section 3= ,
. [ .
| - cold electrons

<R . hot protons (ions) K

EXAMPLE: parameters of the ESR - ooo,_mm at mm.
E =50-370MeVlu  E, =27-200keV
Lring =108.36 m L ggol =25'm.
I o =50-500 mA
B =0.07-0.15T
197 _
79 Au Teool ~ 10 ms




Beam Parameters for Cooling in PETRA

Q.=3uC. L,=08A

protons electrons

PETRA PETRA | Injector Injector
20 GeV 15 .GeV 10 MeV 7.5 AleV

%:‘U:m
UPRF.tran

UPRF.long

(m] 4%10°¢ 4x107° 4%107° 4%107°

5x10™ 5107

4107 1510~
V] |367 977 0.582 0.582
V) | 150 130 0.128 0.128

50%107% |58%107% [53+107 |7.1%1073
s [m/s] [11.9%10° 1.6 % 10? 32410 [3.2x10°

m/s] | 1.2%10° 1.2 % 10° 1.5 %10° 1.5 % 10

Cooling Time Estimation in PETRA

_ Rﬁqﬁ.\.&m:w:mwm_o:mw
Jo:m - B crp .NLO D) .\n .Nw

..w.. v 3 J A m_ _.m.:m..w A

— —_—

Treans = -
trans 67 crp hn. n .Nm N~

with:
; me?
Ja =
ecN,
..Nm = -—m

%r...:.u -

Example: protons and heavy ions in PETRA

PETRA | protons [gold, A=197, Z=76
Le 10
" Jeoot 200 m

oe 510~

1 7304

7 18

I o.s\yE.gﬂuvo.nuw:n\Puh
Tirans 20 min. / 12 mip. 41s /2B :
Tloug 15 mid. / 9 _min. 30s / WBs




Electron Cooling in PETRA

)

inoc?
K. Balewski, R. Brinkmann, K. Flttmann, N. Holtkamp, Why Electron Cooling!
M. Schmitz, G.-A. Voss, P, Wesolowski,
DESY
D. Yeremian, . o o J
SLAC Specific luminosity e
Novosibirsk, Darmstadt, Jiilich 1 R
H._mvmn =

2 mw.\.o ,\mux\wvz + Q.mzm,\m,‘vw\.wvw + Qm%w
Why Electron Cooling?

Principle of Electron Cooling

. 1
Cooling with a Bunched Electron Beam fox W e G 7 2 mE.
moo:am...zam. mw.ﬂ.wam:oz in PETRA 4
Electron xmn:n_c._mwoﬁ for PETRA
First Developments of Electron - Injector Lepec — w Lypec
Tracking Using PARMELA

Summary and Outlook



Electron Cooling at Medium Energies

Beam temperature definition:

deccelerator or electrostatic
electron dump accelerator
- HV -HV
2
Tprr = Mparticle VpRp
Melectron _ 1 _.-._NQ_JO:O
Mproton 1836 aoncm._sm a

straight

[ =————"1"dipole section

~<X- cooling section I
Thermodynamical limit of electron cooling: T ——

cold electrons

- hot protons (ions)

Tpaticte = Totectron EXAMPLE: parameters of the ESR - cooler at GS|
hence: Vproton 1 E = 50 - 370 MeV/u Eg = 27 - 200 keV
Velectron = MM . Fl—.-m =108.36 m L cool = 25m m
and: | g =50-500ma
B =0.07-0.15.T
T A oo “lom §




>

s —
@ 8 =
o M oo
| . ~ N
nﬂ.. S n n
w 8| ~u
- £
2
-
ol
@© —aii>-
o
£ A
o 5
©
e o
o E s
S =1 o
g 3 <
D s - Q
— o 9
L °

< Y

S .

cold electrons

hot protons

Beam Power Estimation

for a continuous dc electron beam:

Pream =U T =10MV * 0.72A = 7.2 MW

for a bunched electron beam (cw - mode):

W_umwa =U @a\ﬂc:anwlvzsn:

for a pulsed injector:

= 10MV *3nC/96ns = 0.31 MW

(10 Hz, 30 us Puls, m:@ cycle =3 Hoiv

Nu_g.mw..: =

100\
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Parameters of the ELSA - FEL RF-gun

1 NC - cell 144 MHz
3 SC - cells 433 MHz

Average gradient = 25 MV / m
Repetition frequency = 10 Hz

Qe =5nC <= I, =1.2 A (if matched to PETRA bun-

ches)
ex < 57 mm mrad
€, ~ 190 keV mm

AE =~ 50 keV

Design Requirements for the Injector

AM@ = 3-5 :n

ey < 57 mm mrad

2.510~¢ m @ 10 MeV
€ ~ 25107 keV mm

1

0. <10

AE =~ 63 keV



Scheme of the Electron Injector
and First Simulation - Results

locuulng coils

cryostat
& E E EI B E =1 2 * CERN - structure
'“:;‘,,':" B L R VE PP iy
thermionlic =352 MHz
gun
D---‘-[}--—-‘f"-” 000 o
120 keV © charge |
buncher ’ ' debuncher
f =83.3 MHz 0.80° 2/2 =340 mm
100 keV 093°*A/2 =400mm| -
peak gradient 5 MV/m 5 MVim
ENRRRRR
developed actually developing
............................ B e et ee e et e et e ettt e s s ae e eatte s ente e e et e e
P - simulation for Q@ = 3nC:
2
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- 200 147
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o i
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Jre Leaar, ¢
What To Do?

i

reduce space charge
at first cavity

Y

longer bunch
at first cavity

N

v - add higher harmonic
lower frequency (160 MHz) Aum 352 MHz ) !

Y Y

. acc. gradient
lower acc. gradient

cos(l) + 0.13*cos(3*t)

time

Summary and Outlook

Cooling times in PETRA:
for protons: 12 / 9 minutes for 5 nC -
for heavy ions: much less than 1 minute

Reduction of electron beam power using of a bunched beam
and further drastic reduction by a recirculator

m:.mﬁmmB:_mzo:moﬁm_mnﬁo:m:_.mn.ho_‘mmswmzHHoa33
mrad o

Electron cooling is interesting for luminosity enhancement
in HERA, even if complex at high energies. Specially attrac-
tive for heavy ions.



Qs -

Shiltsev:  In re-circulation scheme the e-beam lives for some
thousands of turns while having low y while interacting
with protons(ions). It may cause two-beam coherent

_ _instability: Are there any estimaies of the effect?

Wesolowsky: This effect has not been carefully considered yet.

Nagaitsev: Dut to high peak current, the electron beam space charge
tune shift will be probably of the order of 1. Don’t you
think it's dangerous?

Wesolowsky: The ring design value of the self space charge tune

shift is about 0.3, and currently we think it must not
deteriorate its operation.




Beam-Beam Compensation Workshop
Fermilab, Feb. 12-13, 1998

Viadimir SHILTSEV

Particle Loss Diagnostics for
PACMAN-Effect in Tevatron33

Content: -
1. The need of bunch-by-bunch BLM
2. PIN-diode BLMs and the set-up
3. Tevatron (fixed target) losses at time
scale of: 10 min
1 min
1 sec
10 ms
21 us
1us
100 ns
4. The system for TEV'33
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Report on Mini-Workshop on “Beam-Beam
Compensation in the Tevatron”

to appear in The Beam Dynamics Newsletter

Viadimir Shiltsev shiltsev@fnal.gov  FNAL, MS221, PO Box 500
Batavia, IL, 60510, USA

A Mini-Workshop on Beam-Beam Compensation in the Tevatron was held
at Fermilab on February 12-13, 1998. It was the second in a series of the
FNAL Mini-Workshops devoted to advanced accelerator techniques to improve
the Tevatron collider performance; the previous one was “Round Beams and Re-
lated Concepts in Beam Dynamics” (FNAL, December 1996) [1]. The purpose
of the Mini-Workshop was to assay the current understanding of compensa-
tion of the beam-beam effects in Tevatron with use of low-energy, high-current
electron beam, relevant accelerator technology, along with other novel tech-
niques of the compensation and previous attempts. About 30 scientists rep-
resenting seven institutions from four countries (FNAL, SLAC, BNL, Novosi-
birsk, CERN, and Dubna) were in attendance with 21 talks presented. The
event gave firm ground for wider collaboration on experimental test of the com-
pensation at the Tevatron collider. If there are any questions concerning the
Workshop or its Proceedings [2] which are published with limited circulation,
contact V.Shiltsev (shiltsev@fnal.gov), or visit our Web page http://www-
bd.fnal.gov/lug/tev33/ebeam_comp/ebeam_comp.html.

The cited proceedings for the Mini-Workshop are mostly copies of trans-
parencies presented and compressed texts of already printed papers. The par-
ticipants were very responsive and energetic in addressing the issues posed to
them; nearly every concern was considered at some level and several points were
resolved. Questions and answers were an essential part of the meeting and are
placed in the Proceedings after each talk in a brief form.

There were no special working groups, and all talks were plenary, neverthe-
less, the informal format of the presentations and flexible schedule did allow
enough time for discussions.

The meeting started with a welcoming address by John Marriner of the
FNAL Beams Division, followed by talks which were divided in several groups
according to the beam-beam compensation topics chosen by the organizer.



1 Proposals and Physics of Beam-Beam Com-
pensation

The first day of the Workshop was devoted to the theory of the beam-beam
compensation, and previous proposals and attempts. There were nine talks on:

V.Shiltsev FNAL Beam-Beam Compensation

with Electron Beam in Tevatron
V.Danilov INP/FNAL Beam-Beam Tracking for

Tevatron with ” Electron Compressor”
R.Siemann SLAC Beam-Beam Interaction with o

Four Colliding Beams ,
A Zinchenko. Dubna Compensation Proposals for SSC and LHC
H.Riege CERN What Could We Gain with

Beam Neutralization in LHC?
G.Stupakov SLAC Plasma Suppression of Beam-Beam Interaction
M.Syphers BNL Issues of e-p Polarimetry in RHIC
F.Zimmerman SLAC Beam-Beam Effects in Linear Colliders
D.Whittum SLAC Beam-Beam Compensation in Linear Colliders

V.Shiltsev presented an idea of compensation of beam-beam effects in the
Tevatron collider with use of 1-2 Amperes 10-keV electron beam (3, 4]. Modifi-
cations of the proposal are 1) the “electron lens” with modulated current which
is supposed to provide different linear defocusing forces for different antiproton
bunches (spaced by 132 ns in the Tevatron’33 upgrade project) and, therefore,
equalize their betatron frequencies which are not naturally equal due to proton-
antiproton interaction in numerous parasitic crossings along the ring; and 2) the
“electron compressor”, essentially nonlinear but DC electron lens to compensate
(in average) the effect of proton beam on p beam and, thus, to reduce the beam-
beam footprint. The electron beam setup looks much like an electron cooler,
besides electrons collide with antiprotons (proton beam is separated from the
latter two). About 2-m long and 2-mm diameter electron beam to be installed
in a place with large beta-function(~100m), away from the main interaction
points (IPs - B0 and DO0). A strong longitudinal magnetic field of the order of 3
T plays a significant role in maintaining stability of both electron and antipro-
ton beams. The R&D plans of the beam-beam compensation experiment:jin the
Tevatron were also discussed.

Results of 3D beam-beam tracking with nonlinear “electron compressor”
were reported by V.Danilov. One important conclusion was that the electron
beam distribution has to be tuned to the form other than Gaussian in order
to mimic bunch-length effects on beam-beam interaction previously studied by
Krishnagopal and Siemann, Pestrikov, and Hirata.

An excellent historical overview of the four beam compensation e"e~etet
theory and the DCI(Orsay) experiment [5] was given by R.Siemann along with
presentation of his computer simulations with Podobedov [6], which explain



coherent instabilities taking place in the system due to multi-turn memory in
all the beams. Another extreme case (no memory at all) is the interaction at
the IP of future e”et Linear Colliders(LCs). There the beams disruption over
time of interaction will play a major role and corresponding beam-beam limits
are orders of magnitudes higher than in circular colliders. F.Zimmerman and
D.Whittum discussed these effects and possible gain of four-beam compensation
in LCs [10].

A.Zinchenko and H.Riege reported similar beam-beam compensation propos-
als for the SSC and the LHC {7, 8]. G.Stupakov outlined a plasma neutralization
idea of his and P.Chen [9], which looks very promising for muon colliders, while
plasma causes strong deterioration of the beam lifetime in proton machines.
M.Syphers overviewed a new polarimeter technique for RHIC using polarized
electron beam, where coherent stability may be of similar importance to what
is expected for the FNAL “electron lenses”.

2 Coherent and Incoherent Effects due to Elec-
tron Beam

There were seven talks devoted to stability issues:

V.Danilov INP/FNAL TMCI of Tevatron p-bar Beam
Interacting with Electron Current
A.Burov INP/FNAL Impedance of Compensating Electron Beam
V.Shiltsev FNAL Simulations of Head-Tail Instability
in Tevatron with ”Electron Compressor”
V.Shiltsev FNAL Requirements on Electron Beam for
Beam-Beam Compensation in Tevatron
A.Zinchenko Dubna Electron Beam Distortions due to
and V.Shiltsev FNAL Interaction with (Anti)Protons
A.Sery INP/FNAL Stability of Electron Beam with Ions

As mentioned above, the electron beam that interacts in the Fermilab beam-
beam compensation project will go to a beam dump (collector) just after in-
teraction with antiprotons; therefore, no long-term memory will occur in the
two beam system, and the stability issues are somewhere in between the past
(and somewhat discouraging) experience of the DCI and expectations for future
Linear Colliders. Nevertheless, some effects may appear even in the single-pass
system. ‘

V.Danilov, A.Burov and V.Shiltsev pursued semi-analytical, theoretical [11]
and numerical approaches to a “head-tail” instability caused by wide band
impedance due to electron beam. The results were in good agreement to each
other, and concluded in the requirement of some 3-5 T solenoid magnetic field.
the p emittance growth consideration of V.Shiltsev concluded in technically
challenging requirements on the electron current stability and the magnetic



field uniformity. A.Zinchenko and V.Shiltsev reported results of their studies of
the electron charge distribution distortions due to oncoming elliptic antiproton
beam, which were found inversely proportional to the solenoid field and quite

.acceptable with 3 T field. Residual ions can be easily cleared from the electron
beam to the stability safe level, as estimated by A.Sery [12}.

3 Electron Beam Sources, Beams Diagnostics

The last group of presentations was as follow:

S.Nagaitsev FNAL Experience with Electron Guns :
) for Medium Energy Electron Cooling and
Possible e-Source for ”Electron Compressor”

I.Meshkov Dubna Generation of Intense Stationary
Electron Beam with Controlled Parameters
P.Wesolowsky DESY Electron Cooling in PETRA
V.Shiltsev FNAL Particle Loss Diagnostics for
PACMAN-Effect in TEV’33
A .Sery INP/FNAL Particle Losses due to Electron Beam

8.Nagaitsev, 1. Meshkov and P.Wesolowsky presented an overview on pow-
erful electron sources developed for the “electron cooling”. The beam-beam
compensation does not require a very cold electron beam, it makes the task
of an electron gun design easier. Nevertheless, the requirement of the elec-
tron current distribution tuning and/or fast current modulation will require
novel approaches in the design. Vast experience and good understanding of the
space-charge dominated thermionic electron sources was demonstrated (see also
overviews in [13], and several technical solutions were proposed for the required
electron gun. .

V.Shiltsev discussed pbar beam diagnostics necessary for the beam-beam
compensation test, including fast PIN-diode beam loss monitors to distinguish
losses from different bunches in the Tevatron [14]. Finally, A.Sery had shown
that back-scattered electrons with energies up to TeV produced in the “electron
compressor” will not cause any radiation problem due to very small collision
cross section. o

Numerous discussions at the Workshop covered many other issues of the
beam-beam compensation. In addition to reviewing the plausibility of the beam-
beam compensation in the Tevatron, it was the goal of the Workshop to advance
understanding of the general character of the challenges to be met and to make
incremental progress on design issues. In this, the Workshop was very successful.
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