Asymmetric Hopf bifurcation for proton beams with electron cooling*
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Abstract n of the Cooler Ring was about0.86. The beam was typically

L - o ... asingle bunch of about % 10° protons with a typical length of
We observed maintained longitudinal limiting cycle oscnlatlonséibout 100 ns FWHM at a rf peak voltage of about 41 V., For ex-

which grew rapidly once a critical threshold in the relative Ve'erimental results reported in this paper, the rf voltages were set
locity between the proton beam and the cooling electrons Wi P paper, 9

exceeded. The threshold for the bifurcation of a fixed point info 85 v and_ 128 v resp_ecnvely. Since measurements of longi-
udinal motion were being made, the phase lock feedback loop

a limit cycle, also known as a Hopf bifurcation, was found to bf%r the rf. which is normallv on. was switched off. Damping of
asymmetric with respect to the relative velocity. This asymme- ' yon, ' ping

try of Hopf bifurcation was found to be related to the elec,[m?%/nchrotron oscillations while operating under these conditions

. : occurred entirely due to the electron cooling.
beam alignment with respect to the stored proton beam. The difference equations describing the longitudinal motion

_ are
l. Introduction o2
JTV . .
Recently, we have reported an experimental observation of Snyr = On— hns (singn — sings) — f(3n) (1)
the Hopf bifurcation in the synchrotron phase space when the
P y P P Ont1 = én+ 2mhndny, (2

relative velocity between the proton beam and the cooling elec-

trons is greater than a threshold value[1], [2]. We have fougherey, is the phase slip factags is the phase of the synchronous
that the threshold of bifurcation is related to the “temperatur%’értide,h is the harmonic number (8) is the damping force,
of the cooling electrons, or equivalently the rms velocity Spre%‘i‘ovided in our case by electron coolingjs the small amplitude

of cooling electrons seen by the proton beams. In these obse&(@chrotron tune at a zero synchronous phase, and the subscripts
tions, we were puzzled by the asymmetry of the bifurcation withafer to the revolution number.

respect to the relative velocities (See Fig. 1 of Ref. [1] and Figs.
4 and 5 of Ref. [2]). A. The damping force

This paper reports results of experimental studies on beam MOtHe damping forcef (5) produced by the electron cooling

tri]ord\_/vher;]thelenergy of the synchronous groton_ is var\]riedl, WhiLethe result of a statistical exchange of energy in Coulombic

0 mg_t €e ectron_ energy constant an varying the e eCt_r85'IIisions between the protons and relatively cold electrons as

beam direction relative to the proton b_eam. In particular, we 'ﬂiey travel together at the same velocity in the accelerator. In

v?stlga}t%_tfhe effgct of ec:ecr:]tronhbeam ?Ilrg]]nmenl'Fon ;he a‘;’ymmgg}ictice, electron cooling in synchrotrons is normally done in

0 Hop' ! urc;atlon an the shape o t'e cooling drag force latively short straight sections due to cost and space limitations.

Hopf b'flﬂfca“on amplitude. Ol,” expenmgntal results are COMt IUCF the electron beam is mixed with the proton beam for

pared with results from numerical simulations, where the ONSfLtance of only 2.2 m or about 2.5% of the circumference of the

of the limit cycle instability is related to the temperature of thﬁng The electron beam radius is about 1.27 cm and the cathode

electron beam. temperature is about 13 or kT = 0.11 eV, wherek is the

Il. Experimental Methods and Results ioltzmann constant. The maximum electron beam current is 4
The IUCF Cooler Ring is a hexagonal shaped storage ringAssuming an electron beam with an isotropic phase space

with a circumference of 86.8 m. The experiment was done withaxwellian velocity distribution, the damping force in the non-

a 45 MeV proton beam injected and then stored in a 10 s cyetmgnetized binary collision theory is given by

time. After 5 s from the start of the cycle, the 6-D phase space

coordinates were digitized at 10-revolution intervals for 16384 f(8) = drale 9(0), 3)

points. The nominal rf cavity frequency was 1.03168 MHz with o

the harmonic numbdr = 1. At this energy, the phase slip faCto'With a kinematic factor given by
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- 10 S can easily be explained by different velocity spreads seen by the
£ C o O ] proton beam having different momentum closed orbit. Since
é 0.8 I~ i electrons having identical speed as that of protons have a much
2 - O O : smaller momentum rigidity, the electron beam alignment can
° 06 — @) @) O O ] easily be adjusted by superimposing a horizontal or a vertical
é ') ] dipole field to the solenoidal field. A method to obtain optimal
w 04 [ O O alignment is described as follows.
g - | | | | O | O When the rf frequency is shifted, the beam, which is originally
0.250' L '100' L ;50' ' 'éoo' ' 'éso' ' Iéoolm' 550 at the center of the rf bupket (i.¢8,= _0 and¢ = 0), will be
H,., (DAC) dragged away from the origin and begin to undergo a synchrotron
20 Is‘l’ N oscillation. If the damping force were linear over the entire range
= C ! | ! ! ] of v, the proton beam would damp to a new fixed point attractor
5 s C ] oFp, i.€. the synchronous phase angle, where
~N 7L |:| R
z - = ] Prp A 20 hn8e’ (6)
$ 10 | — wovs Vs
é C 0 0 O ] wherede is the fractional momentum spread of the proton trav-
W g5 [ 00 ] eling at the velocity of cooling electrons with respect to the syn-
& R D IZ chronous particle of the rf cavity. This would correspond to the
300 -250 -200 -150 —100  -50 situation where the proton beam was continually losing energy
V., (DAC) due to the damping force, but with it continually being made

) ] back by the rf cavity, or vice versa. Becausex wqvs, the re-
Figure. 1. The drag force measured with respect to eIectrgﬁ]ting(pr, which is equivalent to the synchronous phase angle

beam alignment by using the horizontal and vertical dipolgs H¢S of the beam, is very small.

and Vso. In order to increase the sensitivity of measuring the syn-
chronous phase angep shown in Eq. 6, we choose the rf volt-
age withVis = 10V, where The corresponding synchrotron tune
is 1.25x 10~*ath = 1. The rf synchronous phase angle is mea-
sured by stepping away from the reference frequency by 200 Hz.

whereAg) = 0e/BC, { = (8 — 8e)/Ag), « is the Ye damping
rate for small relative velocities with unitss From our previous

measurements [1], [2], we havey ~ 3 x 10~ for the IUCF e
electron cooling system at 45 MeV of proton kinetic energy. Flgure 1 shows 'the dr.ag force, whichai; singep, vs the hor-
izontal and vertical alignment, where the lower plot shows the

The effective tempgrature of the electron beam is related Pag force vs the vertical alignment withi= 160 dac. We ob-
the rms electron velocity spread by

tained a maximum drag force at about 1.8 eV/turn. From Eq. 6,
1 1 we obtaine = 45 s, which agrees well with the value of 40
KTjeft = Emeaez = émeﬁZCZAé (5) s 1obtained from an earlier measurement by using the harmonic
modulation to the HVPS (see Sec. Il A of Ref. [2]).
Because of the adiabatic acceleration, the longitudinal effective ) ) ) ) ) _
electron temperature is much smaller than that of the cathode tém-Hopf Bifurcation amplitude with a Nonlinear Damping Force
perature. Since there is no adiabatic damping in the transversgo investigate Hopf bifurcation due to the nonlinear damping
phase space, the effective transverse temperature remains fbice, the electron velocity was displaced from the proton ve-
eV. The equivalent momentum deviationAs, = 2.1 x 1073 |ocity to produce a nonzero relative velocity. This was done by
For comparison, the bucket height of the synchrotron phase spais&nging the rf cavity frequency, where a step of 1 Hz resulted
at a rf voltage of 128 V is aboutQ x 10~3. The cooling drag in changing the fractional proton velocity by abouk1L.0-8. If
force for relative velocities between protons and cooling elegre electron velocity is equal to the proton velocity when the rf
trons lying between the longitudinal and transverse rms valugsyity frequency isfo, then the fractional momentum deviation
is of particularly interest. of the electron beam from the proton beag at the new rf fre-
In machines where the electron beam is magnetically confinggencyf is given by
by a solenoidal field, as it is in the IUCF Cooler Ring, the damp-
ing force can be enhanced by an effect called magnetized cool- S = (f — fo)
e=——. (7
ing. Magnetized cooling can be substantial for small relative ve- nfo

locities, where electrons are trapped in magnetic field lines, %ife maximum synchrotron phase amplitdgand the maximum

effective longitudinal and transverse cooling rates can be grealy tional momentum deviatioh are measuredt& s after the

enhanced. start of an injection cycle to allow the initial transient oscillations

to damp out. As shown in our earlier reports [1], [2], the Hopf

bifurcation amplitudes can also be measured with a BPM sum
Since the threshold of Hopf bifurcation is related to the rnrs@gnal on an oscilloscope.

velocity spread of cooling electrons along the proton trajectory in Choosing the optimal drag force withsgl = 160 dac and

the cooling electron cloud, the asymmetry of the Hopf bifurcatiovis,; = —185 dac, the measured bifurcation amplitude is shown

B. Optimization of electron cooling system



v S O L Using the values of kK = 160 dac and \j, = —135 dac that

00 o
08 [ © o oo ° = do not optimize the drag force, the measured Hopf bifurcation
_i_ 06 [ o <° © °O R 3 curve is shown in Fig. 3b. It is evident that the Hopf bifurca-
I o4b o o o 3 tion amplitude is asymmetric with respect to relative momentum
0z b (09%000000% @ e, 3 deviation. Similarly, We have also observed a close correlation
oo El e b f°°? E between the loss of beam intensity with respect to the Hopf bi-
25 [ L ! o furcation threshold shown in Fig. 3a.
20 _ \ N Veol=-185 dac , _ A strong asymmetry in the Hopf bifurcation threshold may
: o N () s indicate that the off momentum closed orbit of the proton beam

would experience different electron “temperature”, or equiva-
lently different velocity spread of the cooling electron cloud. In
order to increase the momentum aperture of proton beam, align-
ment between the proton and the electron beams is important.

[1l. Conclusion

) In conclusion, we have studied the effect of electron beam
Flgur'e. 2. The stored beam current anq the stable synchrot‘rj1 Bnment on the Hopf bifurcation. When the electron and pro-
amplitudes vs. Note the cIo;e Co"_e'a“on between the Storefly heams were aligned, the Hopf bifurcation amplitudes became
beam current and the Hopf bifurcation threshold. The dashgdy, 1etric with respect to the relative velocity between the cool-
line corresponds to numerical simulations with non-magnetizgtl, ojectrons and the synchronous proton. The non-magnetized
coqllng f_orce while th_e solid I|r_1e is obtained from a parameter&rag force model with the kinematic factor of Eq. (4) fails tofit the
zation with a magnetized cooling force. data of Hopf bifurcation amplitudes. The data may be employed

to determine the slope of drag force in the regi@w, Aey),
which can provide essential characteristics of the magnetized
in Fig. 2b and the corresponding beam intensity is shown @ooling.
Fig. 2a. In particular, Fig. 2b shows a nearly symmetric Hopf
bifurcation amplitude vse. References

More significantly, a close correlation between the storaE] D.D. Caussyret al, Phys. Rev. Lett73, 2696 (1994).
beam current and the Hopf bifurcation threshold indicates tf&] D.D. Caussyret al,, Phys. Rev. 551, (1995).
importance of this phenomena in realistic beam operation. It
is worth pointing out that the dashed line in Fig. 2b shows the
theoretical prediction of Hopf bifurcation amplitude based on the
kinematic factor of Eq. 4 with\g; = 3 x 10~4. Two obvious
disagreements are (1) the experimental threshold is lower than
that predicted by theory and (2) the Hopf bifurcation amplitudes
observed are much lower than those predicted by theory.
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Figure. 3. Similar to that of Fig. 2 except with a non-aligned
electron beam. Note that the asymmetric Hopf bifurcation is
evident.



