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Abstract
Fast-cycling proton synchrotron U-1.5, also known as

the IHEP booster, since 1985 serves as an injector to the
IHEP proton synchrotron U-70 and accelerates the beam
of protons from 30 MeV to 1.32 GeV. The booster oper-
ates in batch of pulses mode with pulses repetition fre-
quency 16,6 Hz within batch and batch repetition fre-
quency ∼ 0,1 Hz. Number of pulses per a batch can be
varied but can not exceed 32. Intensity in the pulse may
be varied from 2⋅1011 to 1⋅1012 particles depending on the
experimental demand. The characteristics of the booster
are presented in [1].

BEAM ACCELERATION
A septum-magnet and 3 fast bump-magnets accom-

plish the injection into the accelerator. One-turn beam
rotation period is 1.34 µsec. The current impulse from the
linear accelerator LU-30 has a length of 10 µsec and can
be varied in amplitude in the limits of 20-80 mA. Emit-
tances of the beam as it enters the accelerator are ap-
proximately equal each other and do not exceed EX ≈ EZ ≈
40.π mm.mrad. At a 4-turn injection the effective hori-
zontal emittance of the stored beam raises up to 400.π
mm.mrad. The geometrical acceptances are equal to AX =
650.π mm.mrad, AZ = 160.π mm.mrad. The real accep-
tances are dependent on many operational parameters of
the accelerator and are estimated to be AX = 450÷500.π
mm.mrad and  AZ = 90÷100.π mm.mrad at the injection.

The booster uses the method of quasi-adiabatic beam
capture into acceleration. At the current level of 40 mA
the momentum spread of particles within the injected
beam is ∆ð/ð = ± 3,0.10−3. During the process of beam
capture the initial spread ∆ð/ð increases and reaches its
maximum level of ± 8.5.10−3 at 3 ms after injection. Since
booster does not have a capability of chromaticity ξΧ,Z
compensation, the bunch formation is accompanied by the
increase of betatron frequency  spreads within the beam
δQΧ,Ζ = (ξQ)Χ,Ζ ⋅∆p/p up to the levels of δQΧ = ±0.04, δQΖ

= ± 0.05. The displacement of the individual orbits ∆Õ =
DX ⋅∆ð/ð (DX being a dispersion function) reaches the
values of ± 9,6 mm while the free space in the vacuum
chamber at injection does not exceed ±45 mm.

With increasing of the linac current from 40 to 80 mA
the initial spread ∆ð/ð reaches ± 5,0.10−3, which leads to
the additional particle losses during acceleration. Typical
pattern of this dependence is shown in Fig.1.

 For a few years now the intensity in the booster was
limited to the maximum of ∼9.1011 protons/pulse,

achieved at the current of 55÷60 mA. The efficiency of 4-
turn injection, as well as the efficiency of the beam accel-
eration, was equal to 70-75%. Reduction of the beam
losses was the main goal of the machine studies.
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Figure 1: Dependence of beam intensity (in units of 1011

particles) on the linac current (mA): 1-stored intensity
(t=1 ms), 2-intensity before the ejection (t=26 ms).

Beam dynamics features in the booster strongly re-
strict the position of the working point QÕ,Z at injection
and  the widths of near betatron resonances.

Optimal beam accumulation occurs at betatron fre-
quencies QΧ0 ≈ 3.93, QΖ0 ≈3.72.  Our understanding is
that at such frequencies the compact effective emittance is
formed in the horizontal direction. The control system
provides independent tuning of frequencies with the dis-
creteness of ∆QΧ,Ζ = 0.002 during the entire cycle of ac-
celeration. The operation of the booster at betatron fre-
quency near the resonance QΧ =4 requires stable position
of the beam orbit and accurate correction of 4th harmonic
of its horizontal distortions.

The accelerator has a system of correction of betatron
resonances up to 4th order. During the years of operation
were studied most of potentially dangerous resonances
caused by the normal and skew field errors: quadrupole,
sextupole and octupole. It was found out that the correc-
tion of resonances of 3rd and 4th orders does not lead to
reduction in beam losses. Correction of half-integer reso-
nance 2QΖ  = 7 also doesn't have any affect on the beam,
which is in agreement with the estimates: at the level of
intensity of 1.1012, incoherent Coulomb tune shifts (ac-
cording to the model of parabolic distribution) are equal
to ∆QΧ = -0.04, ∆QZ = -0.16.

At the routine run we use the harmonic correction sys-
tems of horizontal and vertical orbit distortions (caused
by the resonances QΧ,Ζ  = 4), and the system of correction
of coupling resonance QΧ−QΖ = 0. Shutting off the cou-
pling resonance correction, the intensity of the beam is
reduced by ~10%.
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During the last years the work was led in two different
directions in order to increase the efficiency of the accel-
erator: suppression of non-uniform azimuthal ripples of
the guide field and bump-correction of the horizontal or-
bit. Both works were pointed in the same direction - en-
hancement of the effective acceptance, i.e. free space in
the vacuum chamber available to the accelerated beam.

The existence of ripples in the field was detected by
measurement of orbit dynamics in the initial part of accel-
erating cycle within ~1-5 ms of the beam injection. Rip-
ples caused the 2nd harmonic of distortions of the hori-
zontal orbit with the amplitude 4 mm and frequency about
700 Hz. In the similar way but with the amplitude smaller
by a factor of two, the oscillations occurred in the mean
radius of the orbit <R> . The behaviour of the ripples re-
peated from run to run. The ripples led to ~10% loss in
half-aperture, and, correspondingly, to ~20% loss in the
horizontal acceptance. Also, the oscillations in the radius
caused changes of the betatron frequency ∆QΧ ≈ ± 0.01.

  It was established that the origin of ripples was related
to the power supply scheme of the ring magnet. The high
level of the ripples was due to unsatisfactory operation of
the stabilisation system. Later on the work was carried out
to decrease mean radius oscillation to ±0.3 mm and am-
plitude of 2nd harmonic to ∼1.5 mm [2].

Correction of the 4th harmonic of orbit distortions,
caused by the near resonance QΧ = 4, together with a
weakly affecting correction of the 3rd harmonic (QΧ  = 3),
allows for the reduction in orbit distortions from ±18 mm
to ±8 mm. At that acceptance available for storing the
beam during injection is estimated to be 450÷500.π
mm.mrad.

The bump correction of the horizontal orbit was intro-
duced as a natural method of increasing the acceptance.
In total there are 13 correctors in the bump correction
system, creating 13 consecutive half-wave bumps, encir-
cling the entire accelerator orbit. Each one of the correc-
tors participates in the creation of 3 bumps. All the bumps
are controlled independently. The introduction of the
bump correction allows for reduction in the orbit distor-
tions down to ±3.5 mm.

The application of two bumps had a clear goal. The
bump around the injection septum-magnet was used to
form the minimal effective beam emittance at the multi-
turn injection. The calculations show that the equilibrium
orbit has to have a positive co-ordinate of 5÷10 mm at the
azimuth of septum-magnet. Another bump was used to
shift the wide beam away from the current conductor of
ejection septum-magnet in an initial stage of acceleration.

In the experiments with bump correction an unexpected
result was achieved. After the reduction in orbit distortion
down to ±3,5 mm, the search for narrow places within the
vacuum chamber was conducted. In order to do this the
bumps were successively increased in the direction of
positive and negative co-ordinates. It turned out that a
shift in the orbit by +12 mm in the 7th period leads to the
increase in intensity by ~10%. Such bump is introduced
into the booster operation since fall 2002. External ex-

amination of the hardware around the narrow spot did not
reveal any deviations from the requirements of the geo-
desic installation. Vacuum chamber till now was not
opened.

The best efficiency of the booster operation was ob-
tained in spring 2004. The beam transport channel from
the linear accelerator into the booster was carefully tuned.
The losses of the beam from linac were ∼7÷8% by the end
of the 1st ms, and about ∼20% from 1 ms to the end of the
acceleration (see Fig. 2).

Figure 2: Beam intensity at acceleration (sweep rate – 5
ms/division)

At the current level of 40 mA the accelerator was
working steadily with average intensity in batch 10.2⋅1011

protons/pulse. It failed to increase linac current over 40
mA. Nevertheless the character of the dependencies
shown in Fig. 3 indicates that the achieved intensity is not
at the limit.
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Figure3: Beam intensity dependence on linac current un-
der optimal tune. The notation is identical to that in Fig. 1

By means of precise dynamical tuning of betatron fre-
quencies we were able to reduce by 2-3% steady beam
losses existent during the entire acceleration cycle. The
gap between the betatron frequencies was increased to its
maximum value, so that the relationship QX -QZ ≈ 0.2
held starting at ∼100 MeV energy level and until the end
of the acceleration cycle. This increase in the frequency
gap affected the emittance values of the beam. The meas-
urement established that EX ≈ (40±4).π mm.mrad, EZ ≈
(7.6±1.3).π mm.mrad. In the experiments performed ear-
lier [3] these values were EX = 25.π mm.mrad, EZ = 14.π
mm.mrad. Most likely the frequency gap reduced the in-
fluence of the coupling resonance at the high levels of
magnetic field, where the low-power correction of this
resonance can not provide a complete compensation

To accelerate the beam nine RF stations may be used,
each of which could develop the voltage of up to 10 kV.
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Ordinarily 7 stations are in run. After the beam capture is
complete, the feedback chains are activated for stabilisa-
tion of the radius and phase of the bunch. The results of
the research and the improvement of functionality of the
feedback chains are presented in [4].

The efficiency of the capture was projected to be 100%
but was never achieved in the practice. At one-turn injec-
tion with sufficient freedom in acceptance, the efficiency
of the capture is 90%. It can be assumed that the compli-
cated synchro-betatron movement causes the multiple
crossing of thin resonances, which leads to the beam par-
ticle losses. Thus, the 80% efficiency of multi-turn injec-
tion is close to the limiting value.

It follows from the measurements of the bunch length
that the adiabatic conditions take place starting at 5 ms
after the beginning of the cycle and until the end of the
acceleration. By changing the accelerating voltage at the
end of the cycle it is possible to change the length of the
ejected bunch within the limits of 80÷300 ns without any
particle losses. Longitudinal emittance before the beam
extraction does not exceed the value of EL= 0.20.π eVs.

It is worth pointing out that at the existing level of in-
tensity of up to 1012 protons/pulse, no beam instability is
observed in the booster.

STATE OF EQUIPMENT
Over the recent years there was a growing interest in

using the booster beam for materials radiating. This inter-
est dictated the need for low energy beam extraction.
Power supply systems of the three extraction bump-
magnets were upgraded in order to widen the regulated
dynamic range of the magnet currents. The controls of the
extraction kick-magnet were modifying as well.

New extraction regimes were studied and optimised at
the intermediate energies in the range of 200÷1300 MeV.
In order to use the beam efficiently in applied research,
also the new regime of pulse-to-pulse modulation was
created. This regime is used when the U-70 does not de-
mand for the top intensity and accepts only a few pulses
of a batch. In this case, the unused beam pulses are di-
rected towards the experimental set-up. The number of
pulses as well as their intensity, energy and bunch-length
can be programmed. During the last years seven research
programs were carried out at lower energies at the booster
experimental zone.

In order to maintain the performance properties of the
machine and the reliability of its operation, several tech-
nological systems are being upgraded. Power teristor
switches responsible for the magnetic cycle formation
were replaced in the power supply system of the ring
magnet. The stability of the operation of impulse power
supplies of the injection magnets was enhanced. Forming
and transmitting cables with improved performance
(maximum 60 kV instead of 40 kV) were installed for the
kick-magnet excitation generators. New extraction sep-
tum-magnet was manufactured and installed. Practically
in all technological systems low-powered electronics
were replaced. The unique modules are being fabricated

for the replacement purposes in case of failure. Typical
accelerator downtime during physical studies is 5±2%.

DEVELOPMENT PROSPECTS
The work on the creation of the regime of charge ex-

change injection is being conducted with the aim of sig-
nificant increase in intensity of the accelerated beam. The
beam of negatively charged ions H− with the current 20
mA and the duration up to 30 µs accelerated by LU-30,
will be injected into the booster and exchange charge on a
thin aluminium film target. It is expected that the beam
intensity will reach the projected value of 1,7⋅1012 pro-
tons/pulse. New hardware will be installed in place of
entrance septum-magnet, including: 3 magnets for creat-
ing a local bump in the orbit, the device for moving the
target, and the diagnostic devices for injecting and circu-
lating beams. At this time all the necessary equipment,
including the new vacuum chamber for the injection
point, is manufactured. The magnetic measurements are
accomplished and the characteristics necessary for work
with the beam are obtained. Magnet power supplies are
prepared and the cables are being laid. Tests of the new
vacuum chamber with installation of target device and
diagnostic hardware are performed. Aluminium targets of
thickness 220 µg/cm2 are manufactured. During the year
of 2005 preparation of the hardware for installation will
be completed.

At the same time the work is being continued on the
acceleration of light nuclei. Linear accelerator I-100 will
serve as an injector to the booster. The injection energy to
the booster will be 16,7 MeV/nucleon, and the extraction
energy will be 420 MeV/nucleon. The injection field will
increase to 2060 Gs and the frequency of circulation will
be 562 kHz. The beam will be injected into the straight
section of the 9th period. The injection scheme can be
found in [5]. At this time the new septum-magnet and the
new kicker magnet are manufactured. These two magnets
are the components of the designed injection scheme. The
work is started on the new master generator that will form
the frequency of accelerating voltage in the proton accel-
eration regime as well as in the regime of light nuclei ac-
celeration. The experiments on the power supply system
of the booster ring magnet are completed, and the neces-
sary form of the magnetic cycle with increased level of
the injection field is obtained. In 2006 the work will start
on the acceleration of a deuteron beam in the booster.
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