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First observation of luminosity-driven extraction using channeling with a bent crystal
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Luminosity-driven channeling extraction has been observed for the first time using a 900 GeV
circulating proton beam at the superconducting Fermilab Tevatron. The extraction efficiency was
found to be about 30%. A 150 kHz beam was obtained during luminosity-driven extraction with
a tolerable background rate at the collider experiments. A 900 kHz beam was obtained when the
background limits were doubled. This is the highest energy at which channeling has been observed.
[S1098-4402(98)00003-2]

PACS numbers: 29.27.Ac, 41.85.Ar
I. INTRODUCTION

Since the original suggestion of bent crystal channeling
[1] there has been interest in exploiting the technique
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Extraction with a bent crystal placed close to the beandiffusion. Diffusion could be stimulated with an RF
is particularly interesting for colliders where there iselectrical horizontal damper. Most importantly, proton-
enough halo to create significant external beams with littl@ntiproton collisions at the collider detectors created halo.
impact on the luminosity. During the Superconductor In operation the crystal was gradually moved horizon-
Super Collider (SSC) planning stage such a techniquélly into the halo from the outside of the ring. Note that
was proposed for construction of a 20 TeV proton beamn contrast with the CERN experiment, the crystal moved
for beauty production [4]. The experiment reported herejnto the beam in the horizontal plane but bent the beam up,
E853 at the superconducting Tevatron, was undertaken &p that any lack of parallelism between the atomic planes

investigate that possibility at 900 GeV. and the top optical surface would not reduce the extraction
efficiency. The final distance of the crystal from the beam
II. EXPERIMENT center was between 4 and 7 mm (5 to 8 times dhe

] o of the beam), depending on the beam intensity or the lu-

The EB853 layout [5] is shown in Fig. 1. The bent minosity, which changes by a factor of 2 during a 20-hour
crystal was located at the beginning of an existing beamtore. This distance was chosen so as to maximize the ex-
abort line. The extracted beam was monitored at two aifraction rate consistent with other constraints (see below).
gaps with scintillators to count the entire beam and with Figure 2 shows a vertical beam profile obtained with a
thin “finger” counters to measure the beam widths. A pairﬁnger counter scan. The beam width was = 0.25 mm
of scintillators called the “interaction monitor” was also fter correcting for the height of the finger counter,
positioned below the crystal to count inelastic interaction%ompared with a calculated width of 0.23 mm. A tail
of the beam with the crystal. is visible below the beam resulting from such factors as

Crystals were prepared at the Petersburg Nucleaiorizontal misalignment and dechanneling. The bottom
Physics Institute [6]. One crystal was mounted in aof the tail was cut off by the Lambertson magnets at
goniometer with 4 degrees of freedom so that it could bg, — § mm. The number of particles in the visible tail

translated and rotated with small step sizes. The crysta} 2005 of the peak. A simulation of the experiment [8]
was cut so that the (111) atomic plane was parallel witthredicted 25%.

the top optical surface of the crystal. The beam side was The crystal was aligned to the circulating beam by scan-
optically flat. The 39 mm long, 3 mm high, 9 mm wide ping the crystal through the vertical ang,. Figure 3
crystal was bent through a vertical anglesd2 = 5 urad  (hottom) shows the counting rate in the coincidence of
with a four point bender (see Fig. 1). counters in the two air gaps as a function®f. The

Several mechanisms were available to drive the halgjmylation predicts ary of 21 to 24 urad compared to
beam onto the crystal. A fast kicker magnet couldhe32 yrad measured in Fig. 3.

provide transverse kicks of 0.5 mm at the crystal for an

individual bunch. Result_s of these studies have already Il EXTRACTION RATES

been published [7]. Noise sources such as beam-gas

scattering, power supply modulation, and magnetic field We have measured extraction rates under three con-

nonlinearities also produced beam growth, called naturalitions: extraction driven by natural diffusion during
proton-only stores, RF noise-driven diffusion during a
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FIG. 1. Schematic of the channeling extraction apparatus. 0 5 10 15 20 25 30
The bent crystal deflects protons up through the quadrupoles Y(mm)

into the field-free region of the Lambertson magnets. The

protons are detected with a system of scintillators in two airFIG. 2. Vertical profile of the extracted beam taken with a
gaps separated by 40 m. The inset shows the location of théain finger counter. Note the tail extending below the main
crystal extraction system, the fast kicker, the RF damper, angeak. The solid line is a Gaussian fit to the data in the peak
the collider experiments at BO (CDF) and DO. region.
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6 . . . 50 increased by factors of 4 to 8 for proton bunches that were
* colliding with antiprotons.
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5 5l §;§' o] Another purpose of this experiment was to measure
8 % 20 S the extraction efficiency. Efficiencies up to 15.4% were
2 o | a\ 1 % measured in a recent CERN 120 GeV experiment [3].
- * = “Efficiency” in this context is defined in two ways.
1l 110 One practical definition, which we call the “extraction
efficiency,” is the extraction rate divided by the increase
0 . ' o in the total circulating beam loss rate after the crystal was
-200 -100 0 100 200

inserted. This definition was used by CERN.

The major contribution to lowering this efficiency
FIG. 3. The lower data set (right ordinate) is the counting ratev@s from protons which interacted inelastically with
in a coincidence between scintillators in the two air gaps as th¢he crystal (12.9% of an interaction length) on one
vertical angle of the crystal was varied. The solid curve is a fitof their several passes through the crystal. A second
to a Gaussian plus a flat background. The upper data set (leffontribution was from protons which dechanneled after
ordinate) is the counting rate in the interaction monitor at thre%)eing bent through approximately 50 850 wrad. A
same width and central value as the solid curve. third contribution is from protons which were fully

channeled but left the crystal through the beam-side
surface because they had a large negative horizontal angle,
proton-only store, and luminosity-driven extraction dur-called hereafter the “surface loss” contribution.
ing proton-antiproton stores. While the numerator was straightforward to measure,

In a typical proton-only store,10'! protons were determining the change in the total loss rate from the
circulating in six bunches. The extraction rate wasaccelerator was difficult. The variation with time of the
200 kHz. Higher rates could have been achieved byoss rates before the crystal was inserted, resulting from
moving the crystal closer to the beam, but with only sixvarious instabilities in the accelerator, usually exceeded
bunches a rate of 287 kHz corresponded to extracting othe difference between the crystal out and in loss rates.
average one proton per bunch, and the counters could nblo measurements of this efficiency were possible.
count more than one particle per bunch. A second way to measure the efficiency is to compare

To mitigate this limitation, a special proton-only store the number of protons that interact with the crystal
was arranged with0!! protons circulating in 84 bunches. when its vertical angle is not aligned to the beam
Additional diffusion was induced by transverse RF hori-with the number that interact when it is aligned for
zontal noise using an electrical damper, creating an rmsiaximum channeling. Fewer interactions are observed
diffusion rate at the crystal d9.023 um per turn. The when the crystal is well aligned with the beam because the
extraction rate achieved was greater than 450 kHz. channeled protons do not come close to nuclei [9]. We

In the luminosity-driven stores, typicallj0'? protons call this the “channeling efficiency” and define it as the
were circulating in six bunches. The maximum extractiondifference between the aligned and unaligned interaction
rate achieved was 150 kHz. In this mode the limitationmonitor rate divided by the unaligned rate.
was the impact of particles scattered from the crystal in The surface loss mentioned above does not lower this
creating backgrounds for the operating collider experiefficiency, and the dechanneling losses contribute only
ments. Although the CDF experiment was not affectedpartially (once a proton has dechanneled after channeling
the DO “lost protons” monitor reached the conservativethrough part of the crystal, it has less than 12.9%
limit set by that experiment at an extraction rate betweemprobability of a nuclear interaction). Thus we expect
50 and 150 kHz. this efficiency to be slightly higher than the extraction

This limitation was removed during a special store withefficiency (by a factor of about 1.13 in a simple model).
36 proton bunches and three antiproton bunches during In operation, the interaction counter rates were sensitive
which DO was not taking data. There wedex 10>  to fluctuations arising from such effects as small horizon-
protons circulating, and an extraction rate of 900 kHz wagal fluctuations of the circulating beam. Some of these
achieved. The DO lost proton monitor exceeded its uppeeffects could change in an unpredictable way in the time
limit by a factor of 2. it took to do a typical®y scan. To mitigate this time de-

During that same store, the extraction rate was alspendence, the best measurements were obtained by mov-
studied as a function of luminosity. Only six of the 36 ing the crystal quickly back and forth from an aligned to
proton bunches were colliding with antiprotons. Colliding a very unaligned vertical angle. An example of such data
and noncolliding proton bunches were observed duringrom a luminosity-driven store is shown in Fig. 3 (top).
the same counting interval. The extracted beam rat&@hese data were taken within minutes after g scan
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shown in Fig. 3 (bottom). No time dependence in the dateharm candidates per year. A proposal for a B physics ex-

was discernible. periment using such a system was considered for the LHC
In two stores in which the extraction was luminosity at CERN. The proposal was rejected because of uncertain-

driven, the channeling efficiencies weX¢ = 8% (Fig. 3)  ties about the impact of crystal extraction on a TeV-scale

and35 = 11%. During the 84-bunch proton-only fill, the superconducting collider. With the completion of this

efficiency was32 = 9%. The errors in these efficiencies experiment these concerns should now be significantly

are derived from the rms scatter of the many data pointseduced.

about their average value. The simulation [8] predicted
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