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1 ABSTRACT whereg is the transverse beta function at the noise source
andv,., the revolution frequency. Furthet, U? > is the

The f'ea5|b|I|ty of extracting particles from the halo of a cir-, plied r.m.s. voltage squared between the plates of length
culating proton beam has been successfully demonstratF ith a distancel between the platesy is the relativistic

In an eﬁ)e.nm(;an; at thet SPS.dAI:hough mos],ct fz]gaéu(? me'?gsctor andE), the proton rest energy. The predicted emit-
were oblained at an intermediate energy o €V, MOf&ce growth was confirmed by measurements and scales
recen.tly we had the opportunity to extract protons.f.rom fith the energy squared. It has been shown in simulation
;:oliastm?c: bbelzam at14 Gev andf f; 0 SS\S/ tPUfhgxplomntg t ] that the average impact parameter scales approximately
u avatl avie energy rar]:gt]ﬁ of the ' rl 'tstrr]ePt?]r w nearly with the applied kick strength, and therefore de-
presenta comparson of the measurements at the tree &Rua oo ith the beam energy. It is difficult to obtain a fast
ergies and a qualitative comparison with the predictions. emittance growth and large impact parameters for the high-

5 INTRODUCTION est energy of 270 GeV.

Beam extraction with a bent crystal depends on paramg-
ters that change with the beam energy. Beam diffusion and
the resulting impact parameters and angles depend on t8¢.1  Critical angle
beam energy and on the excitation that is used to make the
beam particles hit the crystal. When the particles enter thehe critical angle scales ag with the momentunp and
crystal, their interactions are energy dependent. Multiplee find 39.8urad for 14 GeV/c, 13.@rad for 120 GeV/c,
scattering, critical angle of channeling, and dechannelingnd 9.1urad for 270 GeV/c protons in the case of planar
in straight and bent parts of the crystal change as a functiéhanneling in the (110) plane of silicon.
of beam energy. Consequently, the extraction efficiency for
a given extraction set-up depends strongly on the energy §f2
the particles. In the SPS we had the unique opportunity to
extract protons at three beam energies: 14 GeV, 120 GaVhen a proton passes the crystal in the amorphous region
and 270 GeV. For all energies a beam could be extracted is dechanneled, it experiences multiple scattering and is
with a good signal to background ratio and extraction efdeflected by a random anglavith a Gaussian distribution
ficiencies, extracted beam sizes and angular scan widthéth zero mean value and a width:
could be measured. The crystal properties such as length,
thickness and bending radius were designed and originallye _ 13.6MeV  [Lesy (1 40.038 In (M)) @)
optimized for an energy of 120 GeV [1] and significantef- =~  g¢p Xo ) Xo
fects are expected for the large energy range available to
us. wherecp = 120 GeV, 8 ~ 1, and X, is the radiation
3 ENERGY DEPENDENCE length of the crystal{ 9.4 cm for silicon). For a parti-

o cle traversing the full crystal length of 4 cm this angles
3.1 Diffusion process approximatelys6.5 prad at 120 GeV/c but usually the par-
The impact parameter and angle of a particle interceptédigles which undergo multiple scattering do not cross the
by the crystal depend on the emittance growth of the tran&lll crystal length but only a small part of it (i.e.cyy, C.f.
verse betatron motion in the halo of the circulating beant3]). It has been shown [4] that the multi pass extraction
The natural diffusion in the SPS is very slow and an aProcess plays animportantrole for extraction from the SPS,
tificial amplitude growth using transverse noise was ap-€- particles traverse the crystal multiple times before they
plied. In our experiment random, transverse kicks werare eventually channeled. The multiple scattering experi-
provided by voltage noise between two electrostatic platé¥iced in such a passage determines the impact parameters
[2]. When the noise is uncorrelated and not synchronod8r further intercepts on the crystal [3]: strong scattering

with the beam, the average emittance growth per secolRds to large impact parameters. Due to the strong depen-
can be expressed as: dence of the multiple scattering angle on the energy one

9 9 can expect a strongly changed pattern of impact properties
<Ae> = B V’"e;’ ¢ . <2U 2> (1) on later encounters of the proton on the crystal. It is also
sec 2d 7* By expected that the width of the vertical profiles of channeled
* Also: Helsinki Univ. of Technology, Finland particles is increased for lower energies.

2 Channeling properties

.2 Multiple scattering and multipass extraction
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3.2.3 Dechanneling 5.1 Angular scans and profiles

To be successfully extracted a particle must remain chan-

neled, but interactions with electrons inside the crystal or ..os

with the nuclei in the lattice, can lead to dechanneling ofg >t ]
initially channeled particles. This dechanneling processeg o |
can be approximated by an exponential decrease of the o |

a00 | oo’ e

number of channeled particles: = nge~'/ wherely,

200 |

callednormal dechanneling lengtis equal tol0.8 cm for o Egeseresesagecss?® 00 S ———g5——ts
[110] silicon planes and20 GeV/c protons. This parame- goniometer angle [urad |
ter scales as p/with the momentum and becomes a very
important factor at 14 GeV/c, leading to a large dechannel
ing probability B.. The dechanneling length for 14 GeV/c
is only about 1.26 cm, i.e. much smaller than the crys-z
tal length and we have to expect that more than 90% of s o Ho S @ s e 7o
the channeled particles dechannel within the crystal length. gomemae anaie fured ]
The extraction efficiency should therefore be significantly Figure 1: Angular scan and vertical width, 120 GeV
lower than for 120 GeV/c.

4 PREPARATION OF THE SPS
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The details of th . tand th vsi be f Together with the angular scans we show the width of
€ detalls orthe experimentand the analysis can be ou%je vertical profiles. It was already demonstrated [1], that

elsewhere [1, 5, 6]. However, a few particularities SettiNghe pest alignment of the crystal coincides with a minimum

up the SPS for three significantly different energies to g%tf the vertical width of the extracted beam. This is clearly
comparable results, deserve some attention. The prot Bmonstrated for all three energies

beam is injected into the SPS at a momentum of 14 GeV/c

in two batches, one 1.2 seconds after the other, eagl$10  xo
long. Typical tunes during the whole cycle (flat bottom, § "seo
acceleration and coast) are 26.62 and 26.58 in the horizor- 7o £ T -
tal and vertical plane, respectively. Injection oscillations sx°F

4000 E oo’

and low frequency instabilities (resistive wall instabilities) 3599F . ... - et -

1000

are damped by a transverse feedback. A single batch (a** E.

few 10'2 protons) was accelerated (except for the 14 GeV_ __ 70 - - - " soniomeer angte Lra )
coast) to the target energy. The functions of all the ringE - S
power converters were frozen at that point and the injectiors = |

7 B ——

and the beam dump kickers were inhibited. The dampeg _’ | T e
was active at injection and it was automatically deactivated® 2 o
after a few seconds. In order to damp the resistive wall in-  ss = 5 T 6% 3
stabilities during the coast at 14 GeV and therefore guaran- gomomee anaie furdd
tee a sufficient lifetime to make the extraction measurement
possible, the strength of the octupoles for Landau damping
had to be strongly increased (by a factor 2 radially and 5
vertically) as compared to that used for the high intensitg
fixed target beam (4.5 x 1® protons) at injection. Af-

ter the initial adjustment of the orbit the RF frequency wa
switched off and a lifetime of about 4 hours (without crys
tal) was achieved at 14 GeV. The use of transverse noise

of adequate se>t<tupoles, requt|r1e4déor\t/htt)a extractlczcrlr;at h'gth8f he vertical profiles can be observed and is attributed to a
energy, was nothecessary a €V because ot Ine natylg nger multiple scattering of channeled particles at lower
diffusion due to the strong octupolar component and to thg

L nergies.
spontaneous beam excitation.

Figure 2: Angular scan and vertical width, 14 GeV

The measured widths of the scans can vary depending
n the experimental condition and the type of crystal [1].
This variation is not yet fully understood and is larger than
the observable difference between the three energies. The
‘profiles measured with the scintillator hodoscope [1] are
own in Figs. 4 to 6. For 14 GeV, a significant widening

5.2 Extraction efficiency

5 RESULTS . . . .
The extraction efficiency should be mainly determined by

The experimental procedure such as the alignment of thlee probability for channeling and the chance for dechan-
crystal and details about the angular scans are found in preeling. We believe that the "channeling probability” is
vious reports [1, 5]. Angular scans are performed to aligmainly determined by a multipass process. Although we
the crystal with the beam envelope and the results of threeight expect larger impact parameters for 14 GeV parti-
typical scans for the three energies are shown in Figs. 1 to@es, the angular scans show no sign of an increased con-
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The number of particles lost from the beam is determined
from the beam intensity measured with a beam-current-
transformer (BCT) and the measured beam life time. For

Figure 3: Angular scan and vertical width, 270 GeV

2 45000 2 the measurement at 14 GeV, special care had to be taken for
4 Sooof gzz: the life time measurement: while for the other energies it
8 SooodE 8 oo was correct to assume an infinite life time without the crys-
oo 10000 tal, the natural life time of the beam at 14 GeV was much
10000F 5000 lower and only about 0.1 to 4 hrs. This natural life time was
[0} o

measured every time and folded into the calculation of the
life time reduction due to the crystal. A consequence of the
small life time at 14 GeV was that during a measurement
the beam intensity changed significantly, thus changing the
number of particles intercepting the crystal. This had to be

o _ . ~_ takeninto account in the calculation of the efficiency. The
tribution to single pass extraction. For all energies inresylt of this analysis is summarized in Tab.1.
vestigated, the multiple scattering in early passes through

f
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Figure 4: Profiles of extracted beam at 14 GeV

the crystal is sufficient to increase the impact parameters Beam Extraction Prediction
to values large enough to overcome surface imperfections. || energy (GeV)| efficiency (%) | simulation (%)
Therefore we do not expect the original channeling proba- 14 0.55+0.3 0.46
bility to depend significantly on the energy. The measured 120 15.1:1.2 15.1°
widths of the angular scans show also no significantly dif- 270 18.6:2.7 17.7

ferent behaviour, indicating that the changed critical angle
and therefore the angular acceptance play a minor rofable 1: Extraction efficiences at different energies.
Once captured into a channel, the particles can underg8imulation normalized to 120 GeV.

multiple scattering, leading to dechanneling and widening

of the profiles. This widening of the profiles should be pro- ] o

nounced in the vertical plane and is clearly observable in The extraction efficiencies at 120 and 270 GeV are com-
Figs. 4 to 6. The increased dechanneling probability foparable, while the efficiency at 14 GeV is much lower, as
lower energy should significantly affect the extraction eféXpected from qualitative arguments. Also given are the ef-
ficiency. We define the efficiency of the extraction pro_flc;len0|es prgdmted from simulation fqr the th.ree energies.
cess as the ratio of the number of extracted particles to tiince the efficiency is usually overestimated in the simula-
number of particles lost from the circulating bedip,;: tion [3, 5] we have normalized it to the value measured at
Lsir The number of extracted particles is deter120 GeV to study the energy dependence and find excellent

€extr = T,

mined from a threefold coincidence of trigger scintillation®dréement with the measurement.

counters and the background from the measured profiles.
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