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Abstract

Presently the Fermilab Booster can accommodate about
half the maximum proton beam intensity which the Linac
can deliver. One of the limitations is related to large vertical
tuneshift produced by space-charge forces at injection en-
ergy. In the present report we study the nonlinear beam dy-
namics in the presence of space charge and magnet imper-
fections and analyze the possibility of space charge com-
pensation with electron lenses.

INTRODUCTION

To achieve the Fermilab Accelerator Division Proton
Plan goal [1] the number of protons from the Booster
should reach 5.25 × 1012 per batch of 81 bunches - al-
most twice the present number. One of the major obsta-
cles on the road to this goal is the transverse space charge
effect at injection leading to fast emittance blowup dur-
ing bunching. The bunching takes about 200 turns caus-
ing fast build-up of the transverse space charge tuneshift
which is difficult to compensate with conventional mag-
nets, therefore it was proposed to use electron lenses for
this purpose [2]. The objective of this report is to study
the feasibility of space charge compensation with electron
lenses and fast quadrupoles. There is a number of programs
for the space charge simulations; however, for the initial
evaluation we decided to use MAD [3] since it has vari-
ous tools for nonlinear dynamic analysis. Though limited
to 2D space charge simulation, MAD allows study of its
joint effect with magnet nonlinearities and optics perturba-
tions. It will be shown that with a small number of elec-
tron lenses (1-2) which can be installed in the Booster the
space charge compensation produces an adverse effect on
particle dynamics. Another possibility considered in this
report is shifting the horizontal tune with the help of fast γ-
transition quadrupoles so as to avoid crossing half-integer
stopband during bunching. This attempt gave promising
yet inconclusive results.

BOOSTER LATTICE

Fig. 1 shows optics functions in the Booster lattice. The
lattice consists of 24 FOFDOOD cells with combined func-
tion magnets. During injection the orbit is displaced onto
the stripping foil with fast orbit bump magnets which have
strong nonlinear field components and adversely affect par-
ticle dynamics. In simulations we use measured multipoles
up to the 14th-pole. We assume the orbit bump magnets
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current to be linearly switched off in 30 turns after injec-
tion.
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Figure 1: Booster lattice.

After completion of the multi-turn injection the RF volt-
age is turned on capturing the protons into 84 bunches of
which 3 bunches are kicked out to create a gap for extrac-
tion. The charge density increase during the bunching is
shown in Fig. 2.

Figure 2: Bunching factor.

The Booster bare lattice tunes are close to Qx ≈6.75,
Qy ≈6.85. In the ideal lattice the space charge gradient of
a matched beam has the same 24-fold periodicity so it prac-
tically can not excite resonances of order lower than 7. The
real situation is quite different due to random optics pertur-
bations. They were simulated by gradient errors with r.m.s.
spread σK1/K1 = 5×10−4 distributed in accordance with
the Gauss law. The phase advance errors corresponding to a
particular seed of distribution used in simulations is shown
in Fig. 3.
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Figure 3: Horizontal (red) and vertical (dashed blue) ran-
dom phase advance errors used in simulations vs distance
from HP24S monitor.

We also take into account the nonlinearities in regular
magnets but their effect is small compared to the effect of
the space charge and the orbit bump magnets nonlinearities.
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SPACE CHARGE SIMULATIONS WITH
MAD

Though there is no special option in MAD for the space
charge calculation, it can be modeled with a number (up to
200 in MAD8) of BEAMBEAM elements with Gaussian
transverse profile. In order to represent the space charge
kick accumulated over distance Lk the number of particles
Nk in a fictitious colliding beam must be set as:

Nk = Bf
N · Lk

C · (γ2 − 1)
(1)

where Bf > 1 is the bunching factor (see Fig. 2), N is
the total number of particles in the beam, C=474.2 m is
the machine circumference, γ is the relativistic mass fac-
tor (γ ≈ 1.43 at injection). Also, the beam sizes should
be specified for the BEAMBEAM elements which are not
known in advance exactly since the space charge modifies
optics functions. They can be found by iterative procedure,
we use Mathematica to run MAD and recompute the beam
sizes at each iteration. Fig. 4 shows tunes found with this
method as functions of the space charge parameter

ξSC =
Bf · rp · N

4π · ε⊥ · β2 · γ3
(2)

where rp = 1.5×10−18m is the proton classical radius, ε⊥
is the r.m.s. transverse emittance. Eq.(2) gives the tuneshift
in a round beam with no momentum spread. For calcula-
tions shown in Fig. 4 the relative momentum spread was
set at σp = 0.001 which is the final value after bunching.
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Figure 4: Horizontal (red) and vertical (dashed blue) tunes
vs space charge parameter.

Table 1: Initial beam parameters.
Number of protons 5 × 1012

Kinetic energy, MeV 400
R.m.s. emittance, mm·mrad 1.28

Momentum spread,% 0.0275

The equilibrium solution does not exist at some beam
intensities: there is a wide gap corresponding to the stop-
band of the half-integer resonance. For initial beam pa-
rameters shown Table 1 the final value is ξSC = 0.8. The
question arises what will happen with the beam when ξSC

crosses the half-integer stopband during bunching. To an-
swer this question we performed tracking simulations us-
ing the following simplified scheme using Mathematica
and MAD in the master-slave mode: - find stationary self-
consistent solution for optics with initial ξSC , store these

optics functions for emittance and beam size calculations
during tracking (there is no stable optics when ξSC crosses
the stopband); - after each turn calculate of the action vari-
ables from particle positions and momenta at the observa-
tion point (end of the lattice) using the initial optics func-
tions; - find transverse emittances by fitting the obtained
distribution in the action variables with Gaussian distribu-
tion (exponential in the action variables); - calculate the
beam sizes from thus found emittances and initial optics
functions; - track particles next turn with the BEAMBEAM
element sizes found from the previous turn and the inten-
sity corresponding to current value of the bunching factor.
Fig. 5. shows emittance growth with initial beam param-
eters from Table 1 with and without random optics pertur-
bations discussed in the previous section. One can see that
even moderate perturbations cause fast emittance blowup.
It should be noted that at twice smaller N (present Booster
operation) there is no appreciable emittance growth even in
presence of perturbations.
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Figure 5: Horizontal and vertical emittance vs. turn num-
ber at nominal beam intensity with (red and blue) and with-
out (magenta and cyan) random optics errors.

MITIGATION OF THE SPACE CHARGE
EFFECT

Space Charge Compensation with Electron
Lenses

There are several reasons making the electron lenses ex-
tremely attractive, among them: - electron current can be
varied fast to follow the bunch peak current during bunch-
ing - electron lenses with sufficiently small beam size re-
duce not only the tuneshift but tunespread as well. Un-
fortunately there is few free regions in the Booster where
the electron lenses can be installed. At all these locations
the horizontal beta-function is much smaller than the ver-
tical one (βx ≈ 6m, βy ≈ 21m) so that only the vertical
tuneshift can be effectively compensated. To avoid strong
horizontal emittance blowup seen in Fig. 5 the lattice tunes
can be flipped so that the horizontal tune reach the half-
integer later. The first attempt was to use just one electron
lense with the current repeating the bunching factor time
dependence (Fig. 2) and providing 50% tuneshift compen-
sation. The electron beam size of 7mm was chosen to be
sufficiently close to the initial vertical beam size of 5mm
in order to provide the footprint compression as well. This
attempt resulted in almost total loss of the beam (see Fig.
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6), supposedly due to strong beta-beat excited by the lens.
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Figure 6: Intensity vs. turn number without SC compen-
sation (blue), with one (red) and two (magenta) electron
lenses.

It is possible to reduce the beta-beat by using two elec-
tron lenses π/2 apart in the betatron phase. Two lenses were
installed 238.6m apart (which is close to C/2=237.1m): one
4.3m upstream the HP06L monitor and the other 2.85m up-
stream the HP18L monitor. In bare lattice the vertical phase
advance between these points is 3.4×2π, however, with ac-
count of the space charge it will be close to 3.25 × 2π by
the time the tune reaches the half-integer. The current in
the lenses was reduced by half compared to the single lens
case so as to provide the same 50% tuneshift compensation.
Fig. 7 shows some reduction in the emittance growth but
at the price of quite high losses (Fig. 6).
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Figure 7: Horizontal and vertical emittance vs. turn num-
ber with 2 electron lenses (red and blue) and without lenses
(magenta and cyan).

It is obvious that if successful space charge compensa-
tion is possible it requires many more electron lenses than
the present Booster can accommodate.

Tuneshift Stabilization with γ-Transition
Quadrupoles

During bunching the half-integer stopband is crossed
in unfavorable direction: the emittance growth locks the
tune onto the resonance value increasing the harmful effect.
This suggests the idea of shifting the tune in advance below
half-integer with the help of fast quadrupoles and reducing
their current in the course of bunching so as to keep the total
tune in the safe range 6 < Q < 6.5. There are two fam-
ilies of fast γ-transition quadrupoles in the Booster which
primary goal was to create α-jump at critical energy transi-
tion. When powered with the same polarity these families
consisting of 6 quadrupoles each can produce large hori-
zontal tuneshift, ΔQx ≈ 2.7 × 10−3IQGT [A] at injection
energy, so that less than 150A is necessary to push the hor-
izontal tune below half-integer. The results of simulations

for the initial current IQGT = −135A decaying exponen-
tially with time constant of 100turns are shown in Fig. 8
and Fig. 9. There is no horizontal emittance growth at
all while the vertical emittance behaves the same way as
in absence of any compensation (compare with Fig. 5).
However, after ∼ 60 turns there is an onset of losses which
can be probably fixed with a more sophisticated time de-
pendence of currents in fast quadrupoles.
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Figure 8: Horizontal and vertical emittance vs. turn num-
ber with (red and blue) and without (magenta and cyan)
tuneshift stabilization.
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Figure 9: Intensity vs. turn number with (red) and without
(blue) tuneshift stabilization.

SUMMARY

- MAD program can be successfully used for prelimi-
nary analysis of the transverse space charge effect and its
compensation. - In absence of random optics perturbations
space charge tuneshifts as high as 0.7 are possible. - Space
charge compensation with electron lenses requires a large
number of lenses to be distributed around the ring; simu-
lations with fast quadrupoles suggest that 12 lenses would
be barely enough. - Attempt to stabilize the horizontal tune
with fast γ-transition quadrupoles gave encouraging results
eliminating fast initial emittance blowup, however, there
are high losses at a later stage.
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