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INTRODUCTION

During the period 29 May - | June 1990, a series of working sessions on the
subject of the extraction of low intensity beam from the SSC using a bent single crystal
were held at the SSC Laboratory. In this report, we summarize the issues and results ot
these working sessions. A list of participants is given in the appendix.

The application of the phenomenon of charged particle channeling in single crystals
to beam optics in high energy physics has been a topic of research for more than ten years.
The deflection of a beam by a bent crystal has been demonstrated in several
cxperimcnts.lvz. An extracted beam in the SSC could serve fixed target experiments in
tandem with collider operations. There are several interesting applicatons of such a beam.
Extraction of 1x 108 protons/sec would serve a fixed target B physics experiment with an

expected producton rate of B's of 2x1010 to 1011 B's/yr. The detector physics would also
be less complex. Smaller extraction rates would be useful in hyperon physics and also as
test beams. The operational philosophy which underlies the concept is that a fixed target
capability that runs parasiticaily with high luminosity operation and which makes for
interesting physics is worth pursuing. In this regard, it is worth noting that the land parcel
needed to contain the muon vector from a fixed target facility is included in the SSC
footpnint.

We begin with a very brief discussion of the physics of channeling in order to
define terminology. The fit of an extraction line in the east utility straight and the
implications for the channeling physics is then described. We then discuss the producuon
of the halo and its potential as the source of extracted protons., We conclude with a
discussion of areas which require turther attention and suggestions tor research.



CHANNELING PHYSICS

The channeling of charged particles in crystalline solids is now a mature subject in
materials science.:4 The essential idea is that a particle which is moving through a
crystalline solid in a direction that is very close to that of a major symmetry axis or plane
will make correlated scatterings from the atoms in the lines or planes. Because the
scatterings are correlated, the projectile can be guided between the planes or rows. The
guiding can be described by an effective potental for channeling. This is obtained by an
averaging over the potential of the atoms making up the lines or planes. The atomic
potentials are typically treated by some choice of statistical model. The scaling laws
describing the channeling are found to be insensitive to the particular choice of model
usually differing only by numerical factors of order unity. For planar channeling, the
particle effectively makes betatron-type oscillations in the channel well. For the purpose of
extraction using a bent crystal, only planar channeling is of interest and all subsequent
discussion will only pertain to that.

If the angle which the particle makes with the channeling plane becomes too large,
its kinetic energy will exceed that necessary to keep the particle in the potential weil. In this
case, it will move through the crystal across the planes and, in effect encounter atoms at
random, thus seeing the crystal as essentially an amorphous solid. The parameter which
measures this effect is called the critical angle (or channeling angle) and scales as

Ve =K/Np. Here p is the particle momentum and the constant K, depends on the specific
crystallographic planes, the crystalline material, and, as mentioned earlier, to some extent,
the atomic model. For channeling in the (110) planes of Si, the value of K is about £.5x102

wrad-VGeV and thus at 20 TeV the critical angle is approximately 1 prad.

In a bent crystal, the particle is subject to the centrifugal force in addition to the
channel potential. This has the effect of skewing the channel potential and particles can
escape over the tower edge of the well. This is referred to as bending dechanneling
although it occurs within a channeling betatron wavelength of the entrance to the bend and
is more precisely a channel acceptance phenomenon. There are several theoretical
reatments of bending dechanneling1,3 There are no simple scaling laws to describe the
results. The theories typically involve numerical evaluation but the bending dechanneling
depends, for a given channel, only on p/R where R is the radius of curvature of the

channel. Bending dechanneling has been observed in expcrimcntsé and reasonable
agreement with theory is found. In some, substantial bend angles have been achieved.
Experiments at IHEP have deflected beams of 70 GeV protons through 80 mrad. With the
long crystals used. normal dechanneling, discussed below, is also important at this energy.
Because a goniometer was not used to position the direction of the channel relative to the
beam, the crystal was cut on the bias to insure that some part of the beam and channel
would be aligned. This itself reduces the channeling efficiency. Altogether 1x 10-4 of the
bearn was deflected by the bent crystal and this value is consistent with theoretical
expectations.2 In this experiment, the whole beam is extracted in a slow spill and directed
onto the crystal in an external beamline as shown in Fig. 1. The crystal bender is shown in
Fig. 2. We will discuss the bending dechanneling to be expected in the fixed target
extraction when we discuss the extraction line in the east campus utility. This defines the
bend angle and we can give some meaning to the numbers.



There are two other processes which affect the channeling of particles. Particles
moving in the channel scatter from the valence electrons which essentially form a gas
pervading the lattice. This multiple scattering can dechannel the particles. However, 1t
decreases rapidly with increasing particle momentum. For the 20 TeV protons of the SSC
and for crystals of the lengths of interest this so-called normal dechanneling is negligible.
There is also a surface acceptance effect which comes from the fact that the atoms making
up the “walls” of the channel occupy some fraction of the channel volume, a part of which
arises from lattice thermal vibrations. Particles which strike the surface here may not
channel. This could be as much as 20 per cent of the channel area. However, there are
effects which can mitigate against this in the extraction from a storage ring. Because it is
not germane to channelling in general, we defer its discussion unal the next part.

EXTRACTION LINE

The extraction line is illustrated in Fig. 3a. The position of the crystal is schematic.
Here, a horizontal dogleg is inserted in the 500m drift space in the east campus utility

straight. The bent crystal is set at the edge of the beam = 5¢ in x and channels the large
amplitude particles there. This is illustrated in Fig. 3b. The channeling planes are
perpendicular to the y-axis. The bend is in the vertical direction and kicks the particles into
the field free region of a Lambertson as shown in Fig. 3c. The deflection angle is less than
100 urad.

As we observed earlier,the definition of the extraction line has implications for the
channeling physics. The first issue is the beam divergence. In our brief discussion of
channeling physics,we saw how the angle of a particle trajectory relative to the critical angie
determined whether a particle would be channeled. In the extraction dogleg, the beta
function determines the beam divergence with the beam emittance fixed. For our extraction
geometry, it is By that is relevant here. At no point in the east campus utlity drift space is 1t

less than 500 m. Consequently, the rms divergence should be less than half of the | prad
critical angle throughout the drift space. In this case virtually all of the particles which strike
the crystal should lie within the critical angle.

The next issue is the bending dechanneling. For protons of a given momentum, the
bending dechanneling is determined by the radius of curvature of the crystal bend. The
bend angle is set by the extraction geometry. The angular deflection required is modest
even for 20 TeV protons, In this case, since the angle is fixed, the radius of curvature
depends only on the the length of the crystal. Particles which do not channel can make
nuclear interactions in traversing the crystal. In order to minimize background. the crystal
should be as short as practicable. However, shonening the crystal reduces the radius ot
curvature and consequently increases the bending dechanneling. We have taken a 3 cm long
crystal as a reasonable tradeoff. The bending dechanneling is expected to be about ten per
cent or smaller. The crystal is about six percent of an interaction length.

Particles which are dechanneled or which impact the crystal sufficienty near a
lattice plane are not channeled and waverse the crystal as if it were amorphous. However
the atoms are not opaque to the 20 TeV protons and most will pass through the crystal. In
bending experiments which are done in an external beamline these particles are lost.
However, the extraction line is in a storage ring and the particles which are not channeled
and therefore not bent remain in the machine aperture can be captured in a channel on a
subsequent pass around the ring. This has been seen in computer simulations’ where
channeling efficiencies of about ninety percent were observed. Thus, the extraction
effieiency of about 70% expected from theory, in this context, may be conservative.



There are several additional issues which impact the extraction but are not related to
the channeting process per se . One that has been cause for some concern has been the
cutting accuracy of the face of the crystal parallel to the channeling ptanes, the “long” face
of the crystal. Some small misalignment of the face and the crystallographic planes is
inevitable. For a bend with a radius in the plane parallel to the axis on which the crystal is
placed, thus defines an effective septum width in the language of conventional extraction
techniques. In the case of the crystal, particles whose displacements are smaller than this
distance will strike the back of the crystal. A bending radius in the plane perpendicular to
the axis on which the crystal lies does not have this problem. Then the displacements which
put particles onto the crystal are parallel to the channeling planes. One need only polish the
edge perpendicular to the channeling planes and this can easily be done with sufficient
accuracy. Thus, for a horizontal dogleg with a vertical kick into the ficld-free region of tne
Lambertson, the crystal is set on the x-axis. There are other mechanical considerations. We
have shown a crystal thickness of 3mm. There is nothing to determine this a priori. This
crystal is thicker than is typically used in bending expeniments, but our bend angle is an
order of magnitude or more smaller, For such a small bend angle, it was thought a thin
crystal would be difficult to mechanically handle. The bénding stress, for a given radius ov
curvature increases with thickness but still is very small relative to the breaking siress.
Finally, there is the issue of heating of the crystal. If we assume that the efficiency is 70%

and or rate is 1x108/sec, the power into the crystal is about 10-3 W or about a Joule/day.
For the size crystal considered, this corresponds to a temperature rise of approximately 6
degrees/day in the absence of any heat loss. Obviously, this is an extreme assumption and
the temperature rise does not seem excessive. Perhaps a more important question 1s the
differental heating of the crystal. Differences in temperature may sufficiently distort the
crystal to affect its alignment. This will have to be considered in the engineering of the
crystal manipulator. However, how the differential heating may occur depends on the
phase space of the particles to be extracted. This is still an open issue as will be seen in the
discussion we now take up. Based on expcrimcnts, radiation damage is not considered to
be a problem at this low ievel of beam intensity.



HALO DEVELOPMENT

The original concept of extraction of a low intensity beam from the SSC for fixed
target experiments looked to the forward-peaked, quasi-elastic scattered halo from the
high-luminosity IRs to provide the source of particles. This mode of operation allows a
fixed target run while beamns are colliding. It appears that the numbers of such particles that
are produced in the IR and survive the transport through the lattice to the crystal located in
the east campus utility are not sufficient to sustain a rate of 108/sec. They are adequate for
the 106/sec for test beams, However, scattering in the IRs is not the only source of halo.
Recent results just presented here indicate that the beam-gas scattering (diffractive, elastic
and Coulomb) from the residual gas in the beam pipe (due to synchrotron radiation, which
is unique to the SSC) is the major contributor to the halo. Shown in Fig. 4 is a plot of the
number of halo protons/sec at the utility straight whose amplitudes lie within the interval
(A0,A). A crystal placed with its edge at Ag will intercept all of that fraction of protons
whose phase space has displacements between Ap and A. The rates are summarized in Fig.

5. It seems that 2-3x107 protons/sec in the halo could be available; perhaps more
depending on the crystal position. One could also increase the phase space area of the halo
exposed to the crystal by using a pair of crystals; one on each side of the beam pipe. The
phase space of these particles needs to be investigated further. The elastic collisions will
produce x and y oscillations with equal probability and, in the subsequent evolution, the
two degrees of freedom are largely independent. A horizontal crystal will therefore not be
too effective to extract vertically scattered protons. On the other hand, that part of the
diffractive component whose momentum differs sufficiently from the nominal can be put
on the crystal by introducing a finite dispersion in the extraction dogleg. This technique
could also be used to extract the tail of the energy distribution of the normai beam (= So¢).
would reduce the longitudinal emittance. This could be repopulated by introducing a
controlled amount of noise in the RF. It has been suggested, the RF alone, without noise

may be sufficient by itself. Ideas to blow up the beam halo by a foil, or to move the beam

slowly across the crystal were mentioned but not discussed in detail in the working
sessions.

SUMMARY

An exmraction dogleg using a bent Si crystal that fits in the existng east campus
utility has been defined. The geometry places modest demands on the crystal and one
expects from theory that the extraction efficiency will be good. Experiments done at
existing accelerator facilities on beam bending have served to build our confidence in the
theories. Because these experiments have been done in external beamlines, there has been
no opportunity to test the concept of multi-tum capture. Furthermore the emittance of these
beams is large and there have been no experiments of which we are aware in which the
beamn divergence is comparable to the critical angle at least in the momentum regime of
interest here. Such an experiment would be valuable.

Mechanical requirements of a crystal manipulator are comparable to those already
attained in crystallography research.

The most significant gap in understanding is in the evolution of the large amplitude
halo. This information is critical in knowing the extraction rates which can be expected.
The mechanisms one might adopt for putting these particles on the crystal also depends on
the properties of the halo, In the course of investigating the halo evolution, it is reasonable

to consider ways in which the halo might be augmented up to the 1-2 x 108/sec level if this
will make good physics accessible.
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Figure 1. [HEP 80 mrad crystal bend experiment, schematic



Figure 2. ¢rystal holder act IHEP crystal bend experiment.
The shaded cedge illustrates the bias cut cdge.
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Figure 4. Halo rate as a function of amplitude at §= 500m.
Three values of the lowest limit of the amplitude interval are shown.
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IR's and Beam-Core Interactions N, Mekhav
Crystal at A=5¢,L = 1033 cm-2s-1
Ng= NR.2.100p/s
Gas Pressure (Torr) L(km)
H, 108
Cold CO 10-10 76.14
CO, 2.10°11
Warm N 109 10.98

N2 =1.6.107 + 2.6.106 + 3.9.106=2.25.107

diffel Coulomb total
(- | /
LN
cold warm

If NR =2, N=4.100 + 2.25.107 = 2.65.107 p/s

Figure 5. Summary table, beam-gas halo




