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Abstract

Extraction of protons from a high energy accelerator by
means of a bent crystal could be an attractive tool to provide
an external beam at hadron colliders. A test experiment at the
CERN-SPS, using a 120 GeV coasting proton beam and a
3 c¢m long bent silicon crystal, has been performed. Diffusion
of protons onto the crystal has been created by exciting an
electrostatic device with bandlimited white noise. First results
showed an extraction efficiency of about 10%. Recent devel-
opments using a new crystal with improved geometrical
properties are discussed, and future experiments outlined.

1. INTRODUCTION

The possible extraction of high energy proton beams from
the future TeV hadron colliders by means of channeling in a
bent crystal has been discussed for several years [2,3]. The
crystals would be placed in the halo of a circulating beam,
and the extraction process be entirely parasitic to collider
operation. The space needed for such an extraction is mini-
mal, and the strong fields in the crystal allow deflection
angles of the order 1 mrad even at multi-TeV proton ener-
gies.

Channeling of high energy protons and beam deflection
in bent silicon crystals have been studied in detail at high
energy beams, and deflection efficiencies of up to 50% have
been found for a parallel beam of 450 GeV protons [4,5].
Extraction experiments using crystals have been successfully
performed at lower energies [6,7]. Here, we report on an
experiment with a 120 GeV coasting proton beam and a bent
silicon crystal at the CERN-SPS. The aim of this experiment
is an understanding of the extraction process, its dependence
on machine parameters and crystal properties and the meas-
urement of the properties of the extracted beam as well as the
extraction efficiency.

2. EXPERIMENT

A schematic view of the experimental arrangement is
shown in Fig. 1. Two bent silicon crystals, which can be used
alternatively, are installed in a vacuum tank on goniometers
allowing the adjustment of the angle of the crystal with the
beam. For a first series of measurements, the crystals (shown
in Fig. 2) were 18 mm high, 1.5 mm thick and 30 mm long
in beam direction, bent on a "Serpukhov-type" bending de-
vice [6]. The bend angles are adjusted with a differential
screw and are set to be 8.5 mrad. The crystals are cut parallel
to the (110) planes with an accuracy better than 200 prad,
then polished and chemically etched to remove the damage
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from the cutting. Finally, the crystals were mechano-chemi-
cally polished (Syton technique) to obtain an optically flat
surface.

The protons are extracted horizontally towards the center
of the SPS and detected 20 m downstream of the crystal (cf.
Fig. 1). A scintillating screen (CsI) equipped with a CCD
camera is used to get a two dimensional view of the extracted
beam on a video screen in the SPS control room. A scintilla-
tor hodoscope with 32 horizontal and 32 vertical strips
(1 mm wide) is used for monitoring of the beam profiles,
while two sets of microstrip gas chambers (MSGC) with a
pitch of 200 pm, placed 1 m apart, are used to measure the
divergence and the profiles of the extracted beam. Three
scintillation counters are used in coincidence as a trigger for
these detectors.

* Hodoscope

FIGURE 1 : Schematic view of the experimental apparatus used in
the SPS extraction experiment with a bent crystal. Cl and C2 are
two crystals mounted on goniometers. The detectors for the extrac-
ted beam are located 22 meters downstream of the crystals. For
details, see text.

For the measurements, a 120 GeV coasting beam with an
intensity of about 5«10'' protons was used. The SPS shows
hardly any non-linear effects at this energy and little natural
diffusion, resulting in a beam lifetime of more than hundred
hours. The normalized beam emittances (20 values) are 6-8
mmsmrad horizontally and vertically for an unperturbed
beam. The crystal was placed at 10 mm from the closed orbit,
corresponding to 6 - 10 times the RMS transverse beam size,
where only a few halo particles are found when no noise is
applied. The beam is excited horizontally with band limited
white noise induced on a pair of condenser plates. Random
kicks producing a typical deflection of about 0.001 prad
(RMS) are applied. The horizontal beam size slowly in-
creases and protons diffuse towards the crystal. The horizon-
tal emittance is typically 60 mms«mrad when the crystal is
reached by the particles with large amplitudes, while the ver-
tical emittance remains unchanged (<10 mmsmrad). The
statistical nature of this process allows reliable calculations
and a simulation of the diffusion process. Mean impact pa-
rameters of the protons on the crystal are estimated to be in
the micrometer range



FIGURE 2 : The silicon crystal bent on the "Serpukhov type" bend-
ing device. The bending is adjusted with a differential screw before
mounting in the vacuum rank

3. INITIAL RESULTS

First measurements were performed with bent crystals of
the type shown in Fig. 2. The results are reported in detail in
ref. [8]. For protons to be channeled and extracted, the crystal
has to be aligned with the beam axis to within + 14 prad [4].
It was therefore a surprise to find some extracted beam over
an angular range of about 200 prad (FWHM). Moreover, as
shown in Fig. 3, the profiles of the extracted beam showed
double peaks, when the crystal angle was set to be away from
the maximum of extracted beam intensity. Both effects can be
qualitatively explained: The mounting of the crystals, as
shown in Fig. 2, produces an unwanted curvature in the ver-
tical plane, i.e. transverse to the plane of beam extraction.
Moreover, the direction of the (110) planes at both ends of
the crystal varies as a function of the vertical position
(anticlastic bending). The observed profiles can also be re-
produced by simulations [8,9].
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FIGURE 3 : Beam profiles of the extracted beam as measured with
the hodoscope of scintillation counters, (a) at the maximum extrac-
tion efficiency and (b) off-maximum,

In order to measure the extraction efficiency for the opti-
mum crystal alignment, the beam has to reach a "steady
state" diffusion mode, i.e. when the extracted beam intensity
does not vary with time. The efficiency is determined as the
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ratio of protons lost from the SPS for a given time interval.
The number of protons in the circulating beam and the pro-
ton flux onto the crystal is obtained form intensity monitors
and beam lifetime measurements. The rate of protons
extracted is determined by integrating the beam profiles
measured by the hodoscope after subtracting the background.
The combined efficiency of hodoscope and trigger is found to
be about 80%.

Typically, for three different crystals of the type shown in
Fig. 2, about 6x10° protons have been extracted per second,
corresponding to an extraction efficiency of about 10%. Fur-
ther details are given in ref. [8].

4. RECENT RESULTS

Following the measurements with the silicon crystals in
the "Serpukhov type' bending devices (Fig. 2), a new crystal
was produced and installed in the SPS vacuum. This so
called "U-shaped" crystal is shown in Fig. 4. It is cut out of a
block of silicon, with "feet" at both ends, allowing to bend the
silicon crystal with two differential screws. The stiff ends
avoid the unwanted curvature at the entrance and exit faces
of the crystal, and careful adjustment of the two screws al-
lows bending to 8.5 mrad without any longitudinal twist. The
crystal surface used for extraction is cut parallel to the (110)
plane within less than 25 prad.
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FIGURE 4 : Schematic drawing of the new "U-shaped" silicon
crystal, cut out of a block of silicon, including the "feet" needed to
bend it. Bending is achieved with two differential screws.

First results with this new crystal are encouraging: the
angular scans have become considerably narrower (FWHM of
70 prad) and the double peaks in the beam profiles have
completely disappeared (Fig. 5). The extraction efficiency
found is again about 10%. Further experiments will be per-
formed in order to fully explore the properties of this new
crystal, and to understand the spurious instabilities in the
behavior of the extracted beam profiles and intensities.

5. FUTURE PLANS

The extraction of a 120 GeV proton beam being achieved
with a good efficiency, and the initial problems of crystal ge-
ometry being solved, it is now essential to address the basic
question of the extraction mechanism leading to the observed
beam profiles and the 10% extraction efficiency. Basically,
two mechanism are being discussed: first-pass extraction and
multi-pass extraction.
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FIGURE 5 : Horizontal and vertical beam profiles measured with
the hodoscope for the "U-shaped" crystal, cf. Fig. 3.

First-pass extraction would correspond to the experimen-
tal situation in an external beam [4], the only difference be-
ing the small impact parameters of the protons onto the
crystal, thus the importance of the surface quality (see
Fig. 6). Note that an efficiency of about 40% would be ex-
pected for pure first-pass extraction and a perfect crystal sur-
face.

Multi-pass extraction is inherent to the situation in a cir-
cular accelerator: protons which are not channeled during the
first passage of the crystal will undergo multiple scattering,
usually with small angles, and will thus have "further
chances" at later turns to be channeled and extracted when
passing the crystal inside the critical angle for channeling.
This extraction mechanism has been predicted and may be
inferred from some of the observations in the present experi-
ment — no direct experimental proof for the existence of
multi-pass extraction has yet been found.
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FIGURE 6 : Importance of the surface quality for first-pass chan-
neling and extraction.

Very recently, another crystal has been installed in the
SPS vacuum tank. It is a crystal bent as shown in Fig. 2,
which had already been successfully used in this experiment
to extract protons. Now, an amorphous silicon oxide layer of
about 30 pm thickness has been evaporated onto the crystal
surface used for extraction. Therefore, given the small impact
parameters of typically 1 pm in our experiment, this crystal

would not be useful for first-pass extraction. Hopefully in the
near future, an experiment with this crystal should show
whether multi-pass extraction exists and what is its relative
contribution to the extraction efficiency of 10% observed ear-
lier.

Apart from the possibly larger extraction efficiency
[10,11], the importance of multi-pass extraction would be
two-fold. First, the size of the impact parameters of the
protons becomes irrelevant: mutiple scattering will occur
whenever the protons reach the crystal. Therefore, for a
prediction of the extraction probability with a bent crystal at
future accelerators, a detailed knowledge of the diffusion
mechanism would no longer be important, and no artificial
control of the diffusion would be needed. Second, the
requirements on the crystal surface quality become less
stringent — the surface is used as a scatterer rather than for
channeling and extraction.

Finally, simulations have shown that the machine optics
can be adapted in order to optimize the multi-pass extraction
efficiency: for a given tune value Q, an optimal 8 can be
found [11]. Clearly, once multi-pass extraction is established,
this would be the next step to pursue experimentally.

6. CONCLUSIONS

The first experiments on proton extraction from the
CERN-SPS with a bent crystal have been successful. An ef-
ficiency of about 10% has been regularly achieved. For a
more detailed understanding and further optimization of the
extraction process, the first hardware changes have been
made: a. crystal with an amorphous layer should allow a
measurement of the contributions from multi-pass extraction.
More experiments and simulations will be needed in order to
study the feasibility of extracting beam with a crystal from
LHC or other high energy accelerators.
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