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Abstract

Using channeling in a 5-mm crystal with a bending angl

of 1.5 mrad, a radical increase in the efficiency of bea
extraction from accelerator was achieved due to an i

creased number of particle encounters with crystal. Tl
measured world-highest efficiency of crystal extractior

over 40%, is in good agreement with theory predictions. g

The extracted beam intensity of 8" ppp was obtained, %
five orders of magnitude higher than previous results. o

CRYSTAL

1 INTRODUCTION

Bent single crystals were successfully applied for bea
extraction from accelerators, including the largest mode
colliderd1, 2, 3. At IHEP the bent crystals are routinely
used for proton extraction to the beamlines originall
designated for negative particlpg 5. The obtained ex-
perimental data and theoretidd@]show that the factor  cucunie A (- see-monessiy wowxros
decising the efficiency of extraction is the multiplicity of _™ a [J- 2w rroraz worons
beam particle encounters with crystal. This originate X o /A SCREENS
from the very low primary impact parameters, fraction @

pum, of particles at crystal on the first turn, while the nea
surface disrupted layer of crystal is sevenal thick [7].  Figure 1. (a) Schematics of the O-shaped crystal bend-
To overcome the layer inefficient for channeling, and ting. (b) Schematics of the experiment; the dimensions are
boost the extraction efficiency one must enhance the miin mm's.

tiplicity of particle encounters with crystal by reducing its, .
length[8, 9. To research this mode of extraction at th g zone of the crystal WQ‘CBXSXS, mnf (thlcknes§,
IHEP 70 GeV proton synchrotron we used a short cryst eight, and length along the beamd|rect|0|j, respectively).
Si(110), 5 mm along the beam direction, with bendinJhe bent part was 3 mm long, and the straight ends were 1

angle of 1.5 mrad mm each. . . i
The schematics of a beam extraction by crystal is shown

2 EXPERIMENT in Fig. 1b. A Qeflection at 1.5 mrad is insufficient for a
direct extraction from the accelerator. Therefore the
Bending a short crystal to be installed in the accelerator ¢gystal served as a primary element in the existing scheme
not easy. Our first test used a short crystal plate of a big slow extraction. Crystal was placed in straight section
height bent with a metal holder. Despite an angular dig9 of the accelerator before the septum-magnet OM-20 of
tortion---a "twist"---in that design, encouraging results onhe slow-extraction system; the OM-20 partition thickness
beam extraction were obtaindd0].Now we used an- is ~8 mm (Fig. 1b). A local distortion of the orbit by
other, more promising technology for a crystal deflectomeans of bump magnets moved the beam toward the
without twist. Unlike the CERN SPS experiment with "U-crystal positioned at 60-65 mm from the equilibrium or-
shaped" crystal§l], our crystal was cut from a mono- bit. The station of crystal septum has gears of horizontal
lithic piece in a shape of "O" at the St.Petersburg Nucleand angular translation with accuracies of 0.1 mm and
Physics Institute. The bend was created by compressing.5 prad, respectively. As both channeling regime and
the crystal in its middle part (Fig. 1a). The size of workthe extracted beam characteristics depend essentially on
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the circulating beam parameters, before experimentil
with a crystal we have measured the accelerator be _ [s-% o max=70%
characteristics. Its horizontal emittance wagt 2 i
mmxmrad, with the beam divergence at the crystal loc
tion of £0.5 mrad.

The beam deflection to the aperture of OM-2( _|™*
and its transmission through the beam line of extractic ., ¢

50 | _min=45%

g

were supervised with a complex system of beam diagnc ,, { _;

tics, including TV system, loss monitors, profilometers | s
intensity monitors. All the diagnostics devices were firstl M : E'*M
tested in the fast extraction mode and calibrated in a wi Angle (mrad)

range of intensity. To obtain a flat rate of the beam Figure 3: Bottom: the extraction efficiency as a function
crystal, a monitor for close loop operation based on of the crystal angle; the measurements (open circles) and
photomultiplier with scintillator was used to automaticallsimulations (dots). Top: the reduction in the beam store as

control the orbit distortion. This feedback monitor waga function of the crystal angle under conditions of a feed-
placed at the orbit level, 10 m downstream of the crystipack system.

The overall band of frequencies of the feedback line w.._ ) .
10 KHz. 70 accelerator magnet cycle is 2 s long while the overall

cycle of the machine is 9.6 s.

3 RESULTS . . .

) ) ) The main experimental task was to determine the extrac-
The beam store in the accelerator during the experiment;jon efficiency, defined as the ratio of extracted beam to
was from k10" to 3x10” protons per cycle. The fraction yeduction in the beam store. We measured both the effi-
of the beam store incident on the crystal was varied frogqency averaged over a spill, and the efficiency as a func-
16 to 92%. The image of the extracted beam at distanggn of time. Fig. 4b shows the measured efficiency, spill-
10m downstream of the crystal is shown in Fig.2. averaged, for several beam intensities at the crystal, with

= = = = corresponding results from simulation. The highest effi-

: ciency of extraction, 42%, was obtained for a small
fraction, 23%, of the beam store directed onto the crystal.
With increasing the beam store fraction taken from the
accelerator, the averaged-over-spill efficiency decreases,
in agreement with computations, because of a significant
drift (0.3 mrad) of the proton incidence angle at the crys-
tal as the beam moves radially toward the crystal. For the
same reason the extraction efficiency varies in time dur-
ing the spill (Fig. 4a), especially for a large beam fraction

— == used. Notably, the peak extraction efficiency in a spill
Fiqure 2: Beam imae near the first sum mamnet. was the same, 4B%, irrespective of the beam store

. fraction.
The direct proof that the extracted beam was channelecl‘a,1
is the so called angular scan -the dependence of the

tracted beam intensity on orientation of the crystal. Fig. S . !
(bottom) shows the ymeasured scan in comgarison g\]/vi qual to 810", which is 5-6 orders of magnitude higher

; . . L an previous results [1-5]. The crystal worked in hard

simulation results. Fig. 3 (top) shows the reduction in the . P [1-5] Y

. . . regime several days. It had an estimated temperature of

beam store as a function of the crystal orientation, under . .

- . “several hundred degrees C but retained the same high

conditions of the feedback system when the nuclear inter; . e :

. . : channeling efficiency. The extracted beam was delivered

action rate at the crystal remains constant. This also

proves a high efficiency of extraction (the channele Y a magnet beamline to a particle physics experiment

beam does not affect the feedback monitor!). The extraW—Ith the beam spot size on a target sfi4nnf FWHM.

. - : he results, in particular the efficiency figures, were well

tion efficiency can be evaluated also from this plot as . . )
. reproducible throughout the entire experiment.

(-1 I __ and was equal to 36%,well matching the . :

maxmin/T max L . . As the internal targets are widely used at the IHEP accel-

directly measured efficiency of 32\% in this case. The : .

o . érator, one of practical ways to apply crystal is to ensure a

temporal characteristics of extraction process are shown

in Fig.4a (a digitizing oscilloscope recorded the circulall—aro'ton beam extraction simultaneously with the work of

ing beam (1) and extracted beam (2) intensities). The sp(ﬂ ifa?er dtVE%énggaéfti:]geetr?utsuuaﬁhiri‘llzzgnlc?;ec)lf gslr':]e csorg_-
duration of the channeled beam in the feedback reginli)e P sy

was varied from 0.6 to 1.3 s. The plateau of the IHEP d?“?s' and .becau'se of deformation of beam phase portrait
in interaction with the targets. We have performed a

i The highest intensity of the extracted beam, for
.2x10" protons incident at the crystal in a cycle, was
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Ampliudes, el units cies in the three major crystal extraction experiments (at
oo 1 ] CERN's SPS, Fermilab's Tevatron, and IHEP) look now
! : ' JAI:lﬁ“/n ' comparable. However at the SPS the efficiency was

“"-\ ” measured with a beam r.m.s. divergermeat crystal

smaller than Lindhard angR (a critical angle for chan-
: : @) neling), and at the Tevatron one haeB, . In our condi-
extraction iperiod tions, the divergence of the beam circulating in the IHEP
el ' accelerator was20 times greater thaf)) (=20 prad at 70
WJ\W it GeV), so only a few percent of the beam particles satis-
f : - fied the channeling criteria in a single passage. The high

: : overall efficiency of extraction was essentially due to the
(R ) T B high multiplicity of proton encounters with the crystal.

F(%) 4 CONCLUIONS

40F ° 2%, (b) Our first experimental results are in very good agreement
a0k o with theoretical predictions, which foresee an extraction
+ efficiency of 70-90% at high-energy accelerators and
20} colliders with use of short crysta]d?]. Such efficiency
makes the crystal applications very promising for beams
25 50 75 collimation[13] and extraction.

(%)
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<N> of passages through a crystal for particles of the ex-

tracted beam is much greater than 1, about 10, while an

average number of passages before a nuclear interaction

in crystal is about 60. The importance of <N> factor in

our experiment can be explained as follows. The efficien-
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