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Abstract. The antiproton beam in the 1.5-15 GeV storage ring HESR, in part designed at Jiilich for the FAIR complex at GSI,
will contain a section with electron cooling. The electron beam in this section generates a radial electric field that produces a
marked defocusing of the antiprotons in both transverse planes. This note presents a model of the cooling beam and describes

the corresponding perturbation of the optics.
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FIGURE 1. HESR. Bare lattice beam envelope (Y.Senitchev)

Main parameters of the game are: electron beam cur-
rent I, = 0.1 to 1 4, anti proton beam energy y=0.4 to
14.5. The unperturbed lattice of HESR [1] is in Fig. 1

Electron cooling is done in a 30 m long straight sec-
tion. The (round) beam envelope function in this section
varies from = 150 m at both ends to =~ 148 m in its center.
The electron beam shape should match the gaussian pro-
file of the beam, with an r.m.s cross section (o = Raleigh

length) .
0. (z) = o7(0) [1 + (z/aL)Z]

. Assume that the ¢ beam has a transverse Gaussian den-
sity. The ap-beam is initially larger than the e-beam. Its
transverse size decreases during cooling, to ideally be-
come equal to the e-beam size. :
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Procedures we followed for this problem (1) Integrate
the eq. of motion of many ap’s through the e-cooling
section, in order to calculate the transformation map of
the section; (2) insert the map in the MAD [2] description
of the lattice; (3) run MAD to find the perturbation to the
lattice; (4) correct the lattice with available quadrupoles.

RELATIVISTIC EQS OF MOTION

The profile of the static electric potential of the e- beam
is (foc/2m = 60[V /4])

x?
(I)(x7yvz) = %’cﬁ[ €Xp ('_7—":%2—)

The e-beam elecric field is E = —Ad®.
Using z as indep. coordinate, let’s integrate numeri-
cally five 1.st order diff. egs. for x, B, y, By, B-

dxfdz = Px/B:

de/ dz =4 [(1 - ﬁxz )E\' - ﬂxﬁv y B-\‘BZE:]
dy/dz = B,/B-

dﬁy/ dz =4 [_ﬁyBxEx + (1 - ﬁ\% )Ey - B.VBzEz]

dB./dz =AY [~B:PEx— B:-ByEy + (1— BP)E:)

2_p2 2 2 — 1 1
ﬁ "“ﬁx +ﬁy+ﬁz’ A—m:czﬁz—l’-)—’z_

1/7* for partial balance of electric and magnetic forces.
for a small beam near the axis, transform maps for an
insertion can be found as the Jacobian of the transforma-
tion. Define a phase space vector (v) = (x,x',,)'), with
values v at the end and ¥ at the start of integration, re-
spectively. To obtain the first order R, track a reference
particle (1) and four more, each with only one compo-
nent of the phase space changed by a small amount 6,
in turn. Evaluate first derivatives with two point. The 1.st
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FIGURE 2. HESR modified by the e-cool. Bare: dotted line
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For the second order T, one needs the function calcu-
lated in three points. We will use 1+8 particles and the
expression of one of the second derivatives is

P v,(m)—ZV,(l)—I-v‘")

L= 3505 ——, mn=1{2..8}

In a first study, transport maps were calculated for a
thin beam as a Jacobian. For an electron current I, = 0.27
and a beam energy 7 = 16, obtain a matrix

1.01016 30.49740 0.01667 0.15831
R — ( 0.00668 L01024 0.00111 0.01682 )
- 0.01667 0.15832 Lo1627 30.55544 k)
0.00111 0.01682 0.00108 1.01640 /

and a second order map.

With the map R shown above, as element type MA—
TRIX’, MAD gives the following results, first line w/o
e-cool, second line with e-cool

Vi v v v Bemax  Browx  Dxypms  Dyrms
81899 8.1367 03578 -0,0357 229.65 448,02 1.9844 0.0000
81820 8.1234 0.6479 0.6753 217.12 399.49 19845 0.0006

‘We could exactly match the e-cool section by fine tuning
(with additional trim coils) the existing quadrupole
doublets existing across the e-cool section.

PHASE SPACE FIGURE MATCHING

For this problem, the Jacobian has a very limited valid-
ity. The ap-beam is initially much larger than the e-beam,
and will shrink to reach the same transverse size. In the
process, an increasing larger fraction of the ap-beam is
subjected to defocusing in both planes, producing distor-
tions of the phase space figure. Also, the process is not
conservative and the emittance of the beam increases.

A complete treatment would involve high order non
symplectic maps. Here, we limited ourselves to first or-
der, and did the following: (1) propagate a number of par-
ticles; (2) match the starting and final phase space with
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FIGURE3. I, =14,y=16,forc,/0.=10,4,2,1. The rms
of the electron beam is also shown

an r.m.s. ellipse; (3) find the linear transformation of the
starting ellipse (rotation and dilation) that brings it to co-
incide with the final ellipse

The rm.s. ellipse representing the phase space distri-
bution in each transverse plane is (in x,x’)

1 +200x + Bx't =g,

with Courant-Snyder parameters ¥, o, 8, that can be
calculated from the covariance dispersion matrix of the
transverse distribution

Be —ew& <y> <x>
—O &y Y&  <xXy> <xy >
<yx> <w'> Bg -
<Yx> <y¥> —-a5  pe

High Energy

At the highest end of the ap-beam energy in the HESR,
for hig electron current, variable defocusing during e~
cool is illustrated by a series of images created by track-
ing 1000 Gaussian random particles through the e-beam.

The defocusing lens (in both planes) equivalent to
the e-beam is increasingly stronger as the beam shrinks
(Fig. 3). The effect is small at high particle energy, due
to the factor-1/7° in the equation of motion.

The lens can be represented by the coefficients of a
simple rotation that brings the starting uprigth ellipse to
coincide with the final rotated ellipse.

£ = (cos0)x + (sin0)x’
x' = (—sin@)x+ (cos 6)x’

An example of initial to final x-ellipse matching is
shown in Fig. 4. Matrices for three cases (0,/0, =
1.6,1.2,0.8, respectively) are

1 =0.0011 1 =0.6012 i —0.0014
0.0011 1 0.0012 1 0.0014 1
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FIGURE 4. Starting and final phase space x-ellipse. Dots
represent the dashed start ellipe after rotation
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FIGURE S5, [, =14,7=4.0./0,=10,4,2,1

MAD results with these maps in the HESR lattice are
compared with a case with no e-cooling

6,/0.= mnofecool 1.6 1.2 0.8
Ve = 8.1878 8.159 8.157 8.155
V= 8.1346 8.106 8.104 8.101

Low Energy, High e-Current

Tracking at low energy and high electron current is
shown in Fig. 5. At this beam energy the HESR lattice
had to be deeply retuned, because the defocusing in both
plane brought the tune close to an integer (8), where the
lattice was unstable.

Resulting tunes from MAD for four cases of low en-
ergy, high I, were

0./0. nf 10 4 2 1
v,  7.869 7.805 7.797 7.780 7.707
v, 8.178 8215 8207 8.185 8.070

Tracking points on ellipses yield the phase space of
Fig. 6

Low Energy, Low e-Current

For low energy, decreasing the e-beam current, we
obtain the results of Figs. 7 and 8
Resulting tunes from MAD for the four cases were

o,/0. inf 10 4 2 1
Vx 7.869 7.805 7.797 17.780 7.707
W 8.178 8.215 8.207 8.185 8.070

0.00062
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FIGURE 6. Labels mean ratio a-beam/e-beam width

FIGURE7. I, =500md, y=4.0,/0.=10,5,2,1

CONCLUSIONS

Preliminary results show that the effects of the e-cooling
on the HESR lattice appear large at electron currents
exceeding 1 A or at anti proton energies below, say,
¥ = 10. To achieve a fast cooling at low energies may
prove difficult
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FIGURE 8. Ellipse match. same case of Fig. 7.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor any of their employees, nor any of their contractors,
subcontractors or their employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or any third party’s use or the results of such use of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name, trademark, manufactarer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.



