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The first results from an experiment to deflect a beam of fully stripped, ultrarelativisti¢ Rims
of 400 GeV/c per unit of charge, equivalent &8 TeV/c, by means of a bent crystal are reported.
Deflection efficiencies are as high as 14%, in agreement with theoretical estimates. In a second experi-
ment a bent crystal was used to extragd GeV/c-per-charge PB* (22 TeV/c¢) ions from a coasting
beam in the CERN-SPS, and a high extraction efficiency of up to 10% was found. These represent
the first measurements to demonstrate applications of bent crystals in high energy heavy ion beams.
[S0031-9007(97)04627-9]

PACS numbers: 29.27.Ac

During the past ten years, the deflection of high energy With the availability of the ultrarelativistic Pb ion beam
proton beams by planar channeling in bent silicon crystalat the CERN-SPS [9], it was of particular interest to
has been intensively studied, and this technique is nowest the principles of channeling and deflection with this
being applied routinely at accelerator laboratories arounglery high energy beam. This was done in two stages.
the world [1-4]. Planar channeling, the steering ofln an external beam line, the availab’ TeV/c Pb
particles by the collective fields of crystalline planes,ions (corresponding td00 GeV/c per unit charge, the
takes place when particles enter the crystal within a smaitandard momentum for an extracted Pb ion beam at
angle (the so-called critical angle) to these planes. Fothe SPS) were deflected in a bent crystal under well-
small bending angles, channeling can persist throughowontrolled beam conditions. In the second experiment,
the full length of the bent crystal. Recent reviews of22 TeV/c Pb ions (corresponding 70 GeV/c per unit
the physics of beam deflection with bent crystals and it€harge, the maximum momentum for a stored beam in
applications at accelerators can be found in Refs. [3,5]. the SPS) were slowly extracted by means of a bent

Apart from the attractiveness of using a bent siliconcrystal from the halo of a stored beam in the accelerator.
crystal as a cheap and easy way to extract and split posi-he measurements and results of both experiments are
tively charged particle beams, it has been astonishing tdescribed in this paper.
see how well the channeling models, originally developed The main difference between b ions and protons
for MeV particles, still apply at the highest energiesis the high mass and charge state. Both have an impact
available at proton accelerators today, i.e., up to 900 Ge¥n the interaction of the ions with the crystal and
[2]. Recently, the validity of the models for planar the surrounding material (bending device, mechanical
deflection were also tested in a different material, i.e., aupport). The three important parameters for channeling
germanium crystal, and, again, very good agreement waand deflection, i.e., the critical angg,, the dechanneling
found [6]. lons, on the other hand, have hardly been usetkngth, and the multiple scattering, are expected to depend
in connection with bent crystals at accelerators, the onlyipon Z and p only through the ratio of momentum
exception being an early test wiff3 GeV/c C" nuclei and charge,p/Z. Therefore, the deflection of highly
at Dubna [7], where the deflection efficiency could notcharged ions behaves like the deflection of protons of
be measured. Model calculations for bent crystal assistetthe equivalent momentum per charge. For example,
beam extraction from the heavy ion accelerators in Dubnghe critical angle for planar channeling in the (110)
and Brookhaven have been made [8]. plane in silicon is abou$.5 urad for both,270 GeV/c
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protons and22 TeV/c¢ fully stripped Pb ions. The berof channeledions., is given basically by the incident
multiple scattering in amorphous material (and in abeam divergence and the dechanneling processes, just as in
nonaligned crystal) is of particular importance in theproton deflection [5].
extraction experiments [4,10]: Particles or ions in a Once an ion is channeled, nuclear interactions play only
circular accelerator, which are not channeled and undergaminor role in its fate. The predictions shown in Fig. 1 are
small angle scattering in the first pass through the crystagkncouraging: Over 800 ions out of 5000 are expected to be
may stay within the acceptance of the accelerator and hithanneled through the full length of the bent crystal, corre-
the crystal again at a later turn. Once they happen to bgponding to a deflection efficiency of 16.8% (cf. Table I).
within the critical angle for channeling, such particles mayThe model contains a (relative) error of about 15%, stem-
be extracted at a later turn. This effect has been found tming from uncertainties in the channeling potential and
be of importance for proton extraction [10] and is referredelectron density distributions in the crystal.
to as multipass extraction. The Pb ion deflection experiments were carried out in
Protons with a momentum up 870 GeV/c have been a beam line in the north area of the CERN SPS. The
extracted from the SPS [11], while proton deflection inbeam was designed to be as parallel as possible in the
an external beam is routinely performed 40 GeV/c  vertical plane, in which the deflection by the bent crystal
[1]. The corresponding experiments with fully stripped takes place. Two experiments with the same beam optics
Pb ions thus seem feasible. but different collimator settings were performed, resulting
However, due to the dependence of the nuclear cross a slightly different ion beam divergence (cf. Table I).
section on the atomic mass, the losses due to inelastithe experimental arrangement is schematically shown in
collisions are strongly increased for ions incident on amor¥ig. 2.
phous material. Worse, the electromagnetic (Weizséacker- The P§>* ions were steered onto the entrance face of
Williams) break-up cross section is very large for suchthe 1.5 mm thick crystal by aiming at a small scintillator
highly charged, fast ions. Nevertheless, channeling helpé&SC1) installed just upstream of it. The crystal, 60 mm
to suppress this effect: Channeled positive ions are steerdgng in beam direction and 18 mm wide, was bent over
away from the nuclei and regions of high electron densi50 mm of its length in a new version of the now
ties in the crystal, and the interaction rate for channeledclassical”’ three-point bending device, which is described
ions is expected to be strongly decreased [5] with respedh [6]. The resulting deflection angle for this experiment
to nonchanneled ions. This is apparent in computer simuwvas 4 mrad. The crucial movement of the goniometer
lations [12] (cf. Fig. 1) of the33 TeV/c Pb ion deflection for the present experiment, i.e., the vertical rotation used
experiment described below. The number of nuclear into align the (110) planes of the crystal with the beam,
teractionsAN,,. along the crystal is due mainly to non- has a step size &f5 urad, somewhat large compared to
channeled ions. While in amorphous silicon, this wouldthe critical angle for channeling, but similar to the Pb ion
be determined by the interaction length of about 1 cm antbeam divergence. This goniometer was used to prealign
result in an exponential behavior; the number of interacthe crystal with respect to the ion beam.
tions is slightly modified in the present case due to ions The deflected Pb ions were detected in a set of
which are dechanneling along the bent crystal. The numthree scintillators (forming a “hodoscope”: H1, H2, H3),
installed on a motorized support. The divergence of
the incident Pb ions was determined by measuring the
2000 intensity of the deflected Pb ion beam for varying incident
beam angles, using a combination of two vertical steering
elements. This method allows step sizes as small as
1 wrad, thus giving the accurate crystal alignment needed
for the deflection experiment.
\\ The undeflected and deflected Pb ions downstream of
1000 "'*«M.NJ.“_ the crystal can be detected in a hodoscope scintillator
%, ® by scanning the hodoscope vertically through the beams
\ (cf. Fig. 2). The best position resolution (about 2 mm) in
' such a scan is obtained when the coincidence between two
‘og, AN,
m‘?ﬂ‘?"?o Pooonana TABLE |I. Measured deflection efficiencies for thé TeV/c

20 40 60 Pb ions, compared to theoretical predictions. Statistical errors
are negligible; systematic errors are given.

Number of Pb ions

S [mm]

FIG. 1. Computer prediction of the Pb beam deflection ex- _ defl. efficiency defl. efficiency
periment: 5000 Pb ions passing through a 60 mm long silicon Pb beam Divergence  experiment theory
crystal along the (110) planes, bent to 4 mrad., denotes the  «wjde” peam 50 urad 8 +2)% (105 =+ 1.6)%
number_of char_meled ions anklV,,. denotes the number of “narrow” beam 35 wrad (14 + 2)% (16.8 + 2.5)%
nuclear interactions along the crystal.
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FIG. 2. Schematic side view of the deflection experiment. Pb

ions are deflected 4 mrad vertically by the bent silicon crystal.

Scintillators SC1 and H1, H2, H3 are tuned with high thresholdF|G. 4. Schematic top view of the extraction experiment.

to detect only PB™* ions. Two crystals can be used alternatively to extract Pb ions
horizontally to the scintillators S1-S3. The luminescent screen
equipped with a CCD camera is indicated by “TV.”

overlapping scintillation counters, e.g.,1HH2, is used.
The result of such a scan, for the case of the smaller Pb
beam divergence, is shown in Fig. 3. Here, the straights mounted on a goniometer, allowing its alignment with
and deflected Pb ions are clearly visible, and a regioithe incident ions in the horizontal plane. The coincidence
of partially deflected (i.e., initially channeled and thenof three scintillation counters is used to count extracted
lost) ions can also be seen. Analyzing the integrategparticles, and a luminescent screen allows the real-time
count rates in such a scan, the deflection efficiency cagbservation of the extracted beam (see Fig. 4). The
be deduced as the ratio between the deflected and tig&in of these detectors was reduced with respect to the
incident Pb ions. Details of this analysis are given inearlier proton experiments, thus allowing the suppression
[13]. The results are summarized and compared to thef a part of the interaction products stemming from the
theoretical predictions in Table I. Given the uncertaintiescrystal and surrounding material. Angular scans were
both in this first experiment and in the theoretical modeltaken at different times during the experiment to study the
the agreement is very good. reproducibility. An example is shown in Fig. 5. After
The experimental procedure for the Pb ion extractiorthe background in such scans of 20%—-25% is subtracted,
experiment at the SPS is similar to the one used for théhe full width at half-maximum (FWHM) of the scan in
extraction of protons [4,11]. Here, a stored beam dfPb Fig. 5 is about50 urad, significantly narrower than the
ions is used and hence the momenturddsTeV/c. The ones measured for protons between 14 amd GeV/c
beam is artificially blown up by small stochastic kicks in [11]. One may speculate whether these narrower angular
the horizontal plane in which the extraction takes placescans are due to a suppressed contribution of multipass
using a pair of deflector plates. lons diffusing out to theextraction to the total extracted rate. Profiles of the
crystal located in the halo (about 10 mm from the beanextracted beam were measured with the luminescent
center) can channel and thus be deflected and extracteg;reen and a CCD camera, and could be digitized and
provided the impact angle lies within the critical angle.stored. Here, the background of light particles (stemming
In the extraction experiment, a 40 mm long, 1.5 mm thickfrom nuclear interactions) is completely suppressed in the
silicon crystal cut in a particular “U shape,” is bent profiles due to the strongly reduced gain. The results
uniformly to provide a deflection angle of 8.5 mrad for can be seen in Fig. 6. The profiles are similar to the

channeled particles along the (110) planes [4]. The crysta@ines obtained with the scintillator hodoscope for protons
[4,11]. The vertical beam profile is always found to be

wider due to the effects of multiple Coulomb scattering
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the less divergent (“narrow”) Pb ion beam. The undeflected 0 =
beam is shown at-49 mm, 19 mm lower than the Pb ions goniometer angle [ rad |
deflected by the crystal. Some ions, visible between the two

peaks, were initially channeled and later lost in the bent part ofFIG. 5. Angular scan for extracted Pb ions from a stored SPS

the crystal. beam,270 GeV/c per chargg22 TeV/c).
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FIG. 6. Horizontal and vertical profiles of the extracted Pb ion

E?gérg)for optimum alignment of the crystal (i.e., at the peak "deflection experiment, which is a single-pass measure-

ment performed under well-controlled beam conditions,
the efficiencies compare well with theoretical predictions.
®his corroborates further the classical channeling models,
already well proven for protons at all available ener-
ies. The situation in the extraction experiment is more
omplex: the ion beam incident on the crystal cannot be
a)bserved without perturbing it, and, in a circular accelera-
r, ions can be scattered first and chann&etlracted at
ter turns. Such multipass effects, although expected to
e suppressed for ions due to the high interaction proba-
bility, make predictions more difficult. The extraction ef-
Loxir ficiency of up to 10% observed in this first attempt is
Eoxtr = Tiowt 1) therefore an encouraging demonstration of the feasibility
of the crystal technique also for ion extraction. It renders

The number of extracted ions is determined from g,,qqjpie the parasitic extraction of ion beams at the high
threefold coincidence of scintillation counterd*S2*S3 energy heavy ion accelerators

and the background estimated from the measured angular
scans (cf. Fig. 5) is subtracted. The number of particles
lost from the beam is determined from the beam intensity
measured with a beam-current transformer (BCT) at  «ajso at: Helsinki University of Technology, Finland.
19.2 sintervals. This is equivalent to measuring the beam  fa|so at: ISA, University of Aarhus, Denmark.

lifetime. For the calculation of the efficiency we use [1] N. Doble, P. Grafstréom, and L. Gatignon, Nucl. Instrum.
rather conservative values and estimate a relative error on  Methods Phys. Res., Sect.129 181 (1996).

the efficiencies of approximately 35%—40%. This error [2] T. Murphy et al., Nucl. Instrum. Methods Phys. Res.,
is larger than reported for protons [4] and is governed  Sect. B119 231 (1996).

by uncertainties on the beam lifetime as well as on the[3] V.M. Biryukov et al., Phys.-Usp37, 937 (1994).
background subtraction. The results of our efficiency [4 K- Elseneret al., Nucl. Instrum. Methods Phys. Res.,

: e . e Sect. B119, 215 (1996).
estimates are given in Table Il for four different excitation o .
levels, i.e. dif?‘erent beam lifetimes. For the first four [5] Special issue orChanneling and Other Coherent Effects

: at Relativistic Energiesedited by H.H. Anderseet al.,
measurements in Table Il the standard U-shaped crystal [Nucl. Instrum. Methods Phys. Res., SectlB9, Nos. 1,2

[4] was positioned at a distance of about 10 mm from  (199g).

the closed orbit. For the last measurement an alternativge] C. Biino et al., Phys. Lett. B403 163 (1997).

crystal was used at a larger distance of approximately[7] L.I. Belzeret al., JETP Lett.46, 381 (1988).

20 mm from the orbit. Significant differences were not [8] A.D. Kovalenko, A.M. Taratin, and E.N. Tsyganov,

observed between the two types of crystals. Report No. JINR E1-92-8; A.D. Kovalenket al., JINR
Compared with the measured efficiency from proton  Rapid Commund, 72 (1995).

extraction a70 GeV/c, which was about 18% [11], the [9] X. Altuna, et aI.,Proceedings of the 5th European.ParticIe

efficiencies for lead are about a factor of 2 smaller and trj{ Accelerator Conference, Sitges, 1996 (to be published).

(MCS) and multiple passes through the crystal befor
extraction. The width of the horizontal profile is given
by the critical angle for channeling, while MCS in the
material downstream of the crystal contributes equally t
the width of both profiles. We define the efficiency of the
extraction process as the ratio of the number of extracte
particles I, to the number of particles lost from the la
circulating beamly, i.e., we make the assumption that b
all particles are lost due to the presence of the crystal,

- e . 10] X. Altuna et al., Phys. Lett. B357, 671 (1995).
Sgrses?&eogéhinrggﬁigrgs trifgﬁggﬁs Ics)nslﬁ:tl))éall?‘rﬁiel";tim 11] G. Arduini et al., Proceedings of the Particle Accelerator
P p y Conference, Vancouver, 1997 (to be published).

(i.e., the diffusion speed) cannot be proven nor excluded 12] A. M. Taratin and S. A. Vorobiev, Nucl. Instrum. Methods

In conclusion, the deflection of fully stripped, ultra- Phys. Res., Sect. B7, 247 (1990); A. M. Taratin, Nucl.
relativistic Pb ions aB3 TEV/C as well as the slow ex- Instrum. Methods Phys. Res., Sect1B9, 156 (1996).

traction of22 TeV/c Pb ions by means of a bent silicon [13] C. Biino et al., Proceedings of the Particle Accelerator
crystal have been demonstrated for the first time. In the  Conference, Vancouver, 1997 (to be published).
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