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Abstract

GSI has considered deep-inelastic electron-nucleon and
electron-nucleus scattering at /s = 10to 30 GeV/u as one
of the options for the future development of the Laboratory.
Therefore, a feasibility study was started for an electron-
nucleus collider designed for high luminosity operation at
L=1-108%cm 257! (e-p)andat L = 4-10%° cm—2s~!
(e-U). In addition, longitudinal polarization of the collid-
ing bunches was included. High luminosity operation in
this intermediate energy range makes application of strong
cooling for both the electron and the ton bunches absolutely
necessary. We report on the main results of this feasibility
study for such a collider, which was performed at BINP
and GSI. As a consequence of the feasibility study, DESY,
GSI, and the BINP have started further studies in the field
of high energy electron cooling.

1 INTRODUCTION

The physical motivations for high luminosity electron-
nucleon colliders which could operate in the range of /5 =
10 to 30 GeV/u are significant and prominent {1] (see, as
an example, Fig. 1).
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Figure 1: The kinematic range of the ENC in compari-
son to the HERA- and ELFE- energy regimes, respectively.
Q? = z -y - 5 is the square of the momentum transfer to
a parton; z is the fraction of the momentum carried by the
parton; y = 1(0) corresponds to completely inelastic (elas-
tic) scattering. The dashed box indicates the (z, Q?)-range
of particular importance for studying the transition from
the perturbative to the non-perturbative QCD-regime.

A reasonable luminosity for such a collider should reach
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L =1-10% cm~2s~! per nucleon. The colliding bunches
may have longitudinal polarization at the interaction points.

The preliminary study, which was performed at GSI and
BINP during 1996-1998, has indicated that a construction
of such a collider is quite feasible [2]. The currently envi-
sioned operational modes should enable the collisions of
electron against bare ion bunches from protons to 238U.
Two interaction points are foreseen.

The main interaction region (IR) will contain the de-
tector solenoid ([ Bdl = 5 Tm) and two (up-stream
and down-stream) spectrometer dipoles (DS; [ Bdl =
1.7 Tm). The optical scheme of the main interaction re-
gion provides detailed observations of both large angle
(6 > 10°) and small angle (8§ < 3°) reaction products.
For that reason, the optical elements in the main IR should
be placed within the angular cone 3° < § < 10°.

2 DESIGN CONCEPTS

The luminosity performance of the ENC is limited by the
beam-beam instabilities. We assume that their strengths
will be smaller if the lengths of colliding bunches will be
close to the values of the B-functions at the interaction
point (IP), while colliding bunches will have round cross
sections at the IP, i.e. all 4 B—functions are the same. The
luminosity of electron-nucleon collisions is then given by

NN,
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Here, subscripts 7 and e mark the values related to ion and
electron bunches, N; . are the numbers of particles in the
bunches, €; . are their emittances, 3 denotes the value of the
B-function at the interaction point, A is the atomic number
of the ion, and f, the collision frequency of the bunches.

No unusual limitations on the ENC luminosity perfor-
mance were detected due to collective interactions of the
beams with their surrounding electrodes.

The strengths of the beam-beam instabilities are speci-
fied by two beam-beam parameters (. , = €2 /m. ,c2):
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The threshold values for £, and £; determine the maximum
value of L. From the electron bunch side, the ENC does
not present any special limitations, so that a ring average
value of £, =~ 0.05 can be chosen as a threshold. The high
threshold value for &, is primarily due to synchrotron radi-
ation damping pushing electrons towards the bunch core.



Relevant blow-up of the ion bunches should be sup-
pressed by electron cooling. That and the desired values of
the luminosity result in strong instabilities from the space
charge fields of the bunches [2]. Those facts yield unique
features of the beam—-beam interactions which are specific
for the ENC.

2.1 Beam—beam instability

Inspection of the betatron tune shifts in a space charge
dominated ion beam indicated that better tune distributions
are achieved, if the radii of the electron and ion bunches are
set equal [2].

Threshold values of & were evaluated using multi-
particle tracking simulations of the beam-beam interac-
tions. Both cases (weak~strong and strong—strong beams)
were studied. From the ion side, the typical turn-by-turn 6-
dimensional transformation (map) included the following
section maps:

e from the center of the first IP to the beginning of the
cooling section;

through the cooling section [3];

from the cooling section to the second IP;

through the second 1P,

to the center of the first IP;

through the first 1P.

The transformations were implemented using a linear map
with the betatron phase advances corrected by the tune
shifts due to the ion bunch space charge:
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These expressions are quite realistic if the bunch cross sec-
tion does not differ significantly from round (that fact is
confirmed by simulations). Here, Ay, is the Laslett tune
shift, g is the nominal bunch emittance, €, , are the emit-
tances calculated each turn using the ion coordinates at the
IP, and J. . are the action variables for betatron oscilla-
tions. The beam-beam kick was chosen to simulate expres-
sions (for more detail see [2])
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In our simulation we assumed round cross sections and
envelopes of bunches, zero dispersion function and zero
crossing angles at IP. The equilibrium ion bunch sizes with-
out beam-beam interactions were set using their monochro-
matic instability (for more detail see [2}, [4]). In the case of
colliding bunches, in order to avoid the flip-flop blow-up of
electron bunches, the required average velocity deviations
of the cooling electron beam were set from the equilibrium
bunch sizes corresponding to the threshold values of &,.
A usual slicing procedure was employed to simulate the
bunch lengths. We took as an example the electron-U32,
ENC operating mode, with /s = 20 GeV/u.
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As a main result of these simulations, we may conclude
that due to the collective interaction of the bunches the ion
space charge results in a strong separation of the electron
and ion bunch emittances if Avy ~ npé&/2 [5] (nip is
the number of interaction points; see Fig. 2). This instabil-
ity is not exactly the flip-flop phenomenon since the sim-
ulation has never shown the exchanges between the elec-
tron and ion bunch sizes. The bunch blow-ups were seen,
when § > 0.03.
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Figure 2: Dependence of the asymmetry in ion and elec-
tron bunch emittances on the ion bunch Laslett tune shift.
Shown for one IP; € = 0.05,v, = v, = 7.1, v, = 0.003.

2.2 Optimum luminosity

The high luminosity regimes in the ENC (with exception
may be the high energy e-p mode) occur if the ion beam
space charge fields dominate. Taking as a possible thresh-
old value Avy ~ & (two IP), we find that for a given
V'3 the specific luminosity of the ENC reaches a maximum
value
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Here, 7, = /3/myc?, B = 0,v/2n/11, where I1 is the
closed orbit path length. If either ion or electron energies
deviate from the optimum value, the specific luminosity de-
creases according to
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2.3 Parameter sets

Described facts and equations were used for the calcu-
lations of the parameter sets enabling the luminosity of
electron—nucleon collisions L = 1033 cm~2s~! in the en-
ergy range /s = 10 to 30 GeV/u. In our estimations
we considered as limiting cases the e-p and e-U opera-
tional modes of the ENC. General parameters of the ion

and electron rings of the ENC for these estimations are



listed in Table 1. For particles with the optimum energies,

the magnetic rigidity of the electron ring does not exceed

30 Tm, while that of the ion ring should be in the range
(BR); < 100 Tm for the e-p mode of the ENC and in the

range (BR); = 100 to 200 Tm for the e-ion mode.

Table 1: General parameters for the ion and electron rings

of the ENC.

Closed orbit perimeter, km 1.4
Collision frequency, MHz 60
X =€ /€ 1
Curvature radius in bending magnets, m 60
B—functions at IP, cm 10
Rms bunch length, cm 10
Average 3—functions in the arc, m 12
Average dispersion function Dy in
m 1.6

the arc,
Momentum compaction factor 0.006
B—function in the cooling section, m | 200
Length of the cooling region, m 50
Transverse cooling electron temper-

eV | 0.1
ature (cathode temp.), )
Longitudinal magnetic field in the T1 05
cooling region, '
e =& 0.05

Table 2: Parameter sets for the e-p and e-U colliders, cal-
culated assuming a luminosity 103 cm~2s~! per nucleon,
(Avp)n = & (two IP), and &; = & = 0.05, 50 kV RF-

voltage in the ion ring.

Mode e-p e-U (bare)

GeV/w 10 | 201301} 10 ] 20 | 30

Vs,

Specific L/10%, 1/cm?d 2.3 {6.5| 12 7.6 {21.4]/39.4
Parameters Ion Ring

Bunch intensity, 109 36 [ 26|21 [[.075{.053].043

Beam current, mA| 350 {250(200)166.5| 47 |38.4

Energy, Gev/u 17.224.329.813.5719.1923.51
Emittance, nm{57.3|114.364| 86 | 2.1} 1

(Z/n)en, Ohm| 1.8 |3.314.5|11.5] 23 | 33
IBS growth time, §65(1.9] 1| .064.014] .07
Cooling time, mg 700 [170| 76 {22.45/ 5.5 | 2.6
Radiative recom- 87 |61{50[0.21{0.15{0.12
bination lifetime,

Parameters Electron Ring
Bunch intensity, 1079 43.[15.[8.3][13.2] 4.7 | 2.5

Beam current, Al 4.2 1.510.8(1.2710.45{0.24
Energy, GeV{1.45[4.17.55] 1.8 |52 ] 9.6
Emittance, nm{57.3{14.36.4118.56(2.1410.95
Energy loss/turn, MeV0.0070.434.9((0.02| 1.1 [12.6
RE-Power, MW 0.03|0.6] 4 {|0.02| 05| 3.0
(Z/n)en. Ohm{0.03{1.0{8.5/[0.16] 6 | 51
Bremsstrahlung W 50 {22]15]| 0.5 02 |0.14
lifetime,

In Table 2 one can see the very short lifetimes of the
bunches for e-U mode. For that reason it is necessary to
reinject frequently. Analysis shows this can be done [2].

3 ELECTRON COOLING DEVICE

The main goal for the cooling system of the ENC is the
suppression of bunch blow-ups due to the beam-beam and
space charge instabilities. As is seen from Table 2, for the
ion bunches the desired cooling rates exceed about 10 times
the emittance growth rates due to intrabeam scattering. In
practice, such short cooling times can be achieved only in
the case where magnetized cooling predominates. The re-
quired parameters of the electron beam to ensure such cool-
ing times are listed in Table 3. Up to now, most studies

Table 3: Parameter set requirements for the electron cool-
ing device.

Ions Protons Bare U
Vs, GeV/W 10(20)30( 10 |20130
Cooling time, my700{170] 76 |R2.455.5|2.6
Beam density/10°, t/em3| 4 [ 1121 {[.056].16] .3
Beam current, A114 99| 8 |{ .03 1.02/017
Rms beam radius,  ¢m{0.3 .17p.n 0.130.060.04
Current density, Alem?19.4] 55 |101{[0.270.76 1.4
B, /B, urad 17 18.4|5.6(| 6.5 |3.2|2.2
T, = e*(n, [v:)'/2, 1 {1.2{1.4]0.24|0.3 .34

focused on employing a DC-acceleration facility as a cool-
ing device. The schematic layout and general parameters
of such a cooling device are shown in Fig. 3.

P t 1r- Energy MeV 5 7 10| 15
Vessel Heighl.m || a3

Column Diameter Dl.m 09loelogjoe

Maz Diameter of Yesselm|25(25| 3 | 4

Vessel Weight T 8 |?5 17|38
Solencids Weight, T 5 7 |10]125
H Vessel Volumemd 50|65 [125] 310
SFg Weight T 4 |52{1W0}25
H Power consumption kW 65| 90 {130| 200
Accelerator
>, |
Coltng seclioa

Figure 3: General layout of a DC-cooling facility. Electron
beam parameters correspond to the \/s—value in Table 2.

An additional possibility is to generate the cooling beam
using a linac. Preliminary estimations [2] have shown that
this is feasible for the ENC energy range.

4 LATTICE DESIGN
The lattice design includes the following features:

low emittance arc lattices;

main interaction region;

cooling region straight section;

synchronization of ion and electron revolution fre-
quencies;

chromatic corrections and dynamic aperture;
polarization control;

s injection chain,
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The results obtained for some of these problems are pre-
sented below.

4.1 Interaction region

The lattice of the main interaction region (IR; see Fig. 4
and Table 4) provides the following options:
¢ head-on collisions;
e equal and small S—functions (= 10 c¢m) at the inter-
action point (IP);
e electron—ion beam separation at the first parasitic IP
(not less than (5 to T)o L );
» longitudinal polarization of the bunches at IP;
e the required optical elements inside the detector
should be placed within the cone 3° < o < 10°.
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Figure 4: Layout of the interaction region around the IP for
both rings.

Table 4: Parameters of the elements around IP for the ENC
with 3* = 10 cm (a — combined magnet, b ~ shifted lens,
¢ — dipole magnet of the spectrometer).

element ml m2 ql | DS
inside detector a a b c
dist. from IP, cm [48.92] 119.43 |198.99] 250
L, cm |56.72| 46.02 |20.78 | 100
o (fore™), mrad {23.82) 18.50 | 87.60] 68
B, T {1.0499 1.0049 | 1.035| 17
G, T/em [0.275| 0.109 |-.2360 -
beam separation data
place after detector | after DS
Bz m 19.85 25.10
oz, cm | 3.01-107%2 | 3.40-1072
beam separation cm 5.16 11.96
beam separation, O 170 3500

The chosen scheme for the IR eliminates the parasitic IP
for colliding bunches (immediately outside the detector).

4.2 Adjustment system

Colliding electron and ion bunches must have identical rev-
olution frequencies. Since electrons are ultra-relativistic,

their revolution frequency is practically constant. On the
contrary, the ions in the ENC are only weakly relativistic.
For that reason, in the energy range of the ENC the ion
revolution frequency and hence the circumference of the
ion orbit may vary significantly (Fig. 5). Adjustment of
the closed ion orbit circumference with increasing ion en-
ergy can be achieved using special orbit bumps (Fig. 6).
Each bump provides the same bending angle as the re-
placed cells. Table 5 and Fig. 7 show that the scheme with
8 orbit bumps enables the lowest required radial displace-
ment of the ion orbit. In this case the ENC operation in the
energy range from 25 GeV to 30 GeV can be carried out
using magnets with large radial apertures.

o.12

18 18 20 22 24 20 28 3o
snergy, GeV
Figure 5: Dependence of the required relative adjustment
of the ion closed orbit circumference on the ion energy. In
this figure the reference energy is E..y = 16 GeV.

ln T, 1

Figure 6: The principle scheme of the orbit bump element
adjustment system.

Table 5: Characteristics of the adjustment systems for
E;ey = 16 GeV and IT = 1400 m.

Eproton, GeV 25 30
Al m 1.4229292 1.7243386
Total Npump 1 1.4 8 1 [ 48
Lpg, m 35
Larigt, m| 3.20 | 3.05{2.02 || 3.25 {3.062| 2.03
Lins, m|(j50.42(49.36(42.18|150.72|49.43(41.24
Bpg,, Tl[2.181].161 ]0.033}(3.129| .420 | .130
Bpga, T|[14.478{2.458/1.935||5.884{3.176/2.493
Total Nyend, mff 8 | 32 | 64 8 | 32| 64
Total Nigns, mff 7 | 28 | 56 8 | 28 | 56
Orbit bump, m||3.592]1.301( .805 [{4.087{1.519] .938
AR for the orbit bumps from 25 GeV tll 30 GeV
Total Nyump 1 4 8
AR, cm 49.5 218 13.3
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Figure 7: Orbit bumps for different energies in a quarter of
the ring (with large magnification).

4.3 Polarization control

For electron-proton (light ion) operational ENC modes, the
radiation polarization time of electrons can be made less
than 30 min using special wiggler magnets [2] (see Ta-
ble 6). Two wigglers provide the required polarization time
for E = 7.5 GeV, three wigglers for E = 4 GeV, and five
wigglers are necessary for E = 3 GeV. For operation

Table 6: Wiggler characteristics.

The basic pole, T-cm 7.097-12
Compensating poles, T-cm | 2 x 1.581-35
Magnet length, cm 82
<|BP>"Y T3 0.0375

§ Blds V) T?.cm 780
§|Bf*ds Y T3-cm 4.5-103
Degree of polarization % 81.2

) If one considers options for a different beam
energy, the wiggler field H does not change.

na ae an 3o sz 3a L]
anrratn, m

Figure 8: Solenoid spin rotator insertion (e-ring).

at an energy of 1.6 GeV and for electron-heavy ion ENC
modes, polarized electrons should be produced u..ing a spe-
cial source. The longitudinal polarization of electrons at
the IP is obtained using two standard spin rotators. Each of
them includes two solenoids, two pairs of skew quadrupole
lenses, and one standard quadrupole lens which is placed
between the solenoids (see Table 7 and Fig. 8). In the cho-
sen scheme, the vertical-horizontal coupling of the particle
oscillations is localized in the rotator.

Both the acceleration of the polarized protons and pro-
duction of the longitudinal polarization at the interaction
point can be performed using “continuous™ Siberian snakes
and rotators, which are manufactured using helical mag-
nets [6]. Although the field integral (f Bds) is higher when
helical magnets are used, the power capacity of such a
snake (~ [ B%dV) is lower due to smaller magnet aper-
tures. The required parameters of the snakes (see Table 8
and Ref. [2]) indicate that their manufacturing and opera-
tion are feasible.

Table 7: Main parameters of the solenoid spin rotator.

element | name [ number | L, m |G, T/cm | sign{ay;)
ql 2 0.2 3423 -+
lenses | q2 2 0.2 | —-.3447 -+
qQ5 1 04 | —-.2972 no
solenoid 2 3.2 B=6.129T

Table 8: Parameters of the snakes for acceleration of polar-
ized protons (accel.) and providing longitudinal polariza-
tion (long.p.) at the IP.

type |number ion orbit deviation (cm)

of of | [Bdl, | different energies (GeV)
snake magnets| Tm 30 25 16
A (accel.) 4 25.5 26 | 3.1 4.8
B (accel.) 4 24.5 20 | 24 38
C (accel.) 4 309 20 | 24 37
C(long.p.)] 4 229 1.7 | 2.0 32
D(long.p.)l 3 19.9 22 27 4.2

5 CONCLUSIONS

This study shows that the construction of an electron-
nucleon collider for the energy range v/s = 10to 30 GeV/u
and with a luminosity of L = 1 x 10%* cm~2s~! per
nucleon is feasible provided that the jon bunches can be
cooled sufficiently fast. The required cooling devices (both
DC and RF) may demand more research and development.

More beam dynamics studies are needed to understand
performance limitations due to ion bunch space charge ef-
fects.

In the course of producing this Design Study, we had nu-
merous valuable comments from the members of Working
Groups I and VII on Long Term GSI Perspectives. These
comments are kindly acknowledged.
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