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BEAM DEFLECTION WITH BENT CRYSTALS

The first serious suggeatiom that channeling in bent

crystals could be used to deflect charged particles wag made by

E. Tsyganov In 1976'. At that time he identilied the posaipllity

of using crystals for bending and fecusing high energy beams. In
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1979 a joint USSR-US team working at Dubna observed the

deflection of channeled partlcles for the first time. The

rvations were made at zn energy of 8.4 GeV and reached angles

of up to 26 since been
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milliradiansa, These results have

confirmed by measurements at CEHN3 and at Fermilab Much af

the emphasis of the CERN work, done at a mementum of 12 GeV/ic,

has been on axial bending and on Monte (Carlo studies of the

process. A particular feature of the Fermilab program is a wide
range of momenta {12 GeV/c to BOO GeV/c) so that something can be

sald about the functional momentum dependence of dechanneling and

a0 that longer crystals can be used withcut a major impact from
dechanneling. Some work has alsc been done at Gatchina7 near
Leningrad at a relatively "low" energy of 1.0 GeV. This wWork
partigularly emphasizes Teeding-in and feeding-cut effects. A11
of theae bending studies have peen summarized in a recent review
by Carrigan and Gihsun.8

The basic bendlng preogess s almopst obvious for =2 curved

planar geometry. A positive particle inside the critical angle
of the plane will follow the curved planes provided the curvature
of the crystal 18 not too large. Dechanneling 3%ill occurs, due

both te ordinary dechanneling, as well as c¢ertain features of the



Lendlng proecess. The actual potential well in the channel is

modiflied by a linear centrifugal barrier that depends on the
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local crystal curvature, Figure 1, from Xudo”, shows hou this
QeeuUrs. At s small enough bending radius, tLhe Tsyganov radius,
K. -
T L/ehc (1)

the centrifugal barrier exactly equals the depth of the nermal
funbent) potential and particles no longer are deflected, Here E
is the total energy of the particle and EC is the interatomic
field intensity at a distance from the plane of the crystal
lattice wWhere the Gtrajectery of the particle no longer remalins
stable due to  its interactions with individual atoms. In
practice, the process Ls no longer practically uaeful well befaore
the Tayganov radius is reached.

Axial bending is more complicsted, A simple picture is to
think in terms of the axis as a sum of planes. The orientation
of some of these planes 1s such that anly a component of the
centrifugal forne acts to deflect the particles so that multiple
beams are deflectzd away from the primary beam. Figure 2, based
on Bak, et al.a, illustrates the multiple beams diverging from an
axially aligned crystal.

Even more complicated i3 the question of negative particle

bending. There the negative particle must bLe attracted by a
single string so the effective critical angle is limited. AL the
same time it moves in a region where dechannelling is high. There

appears to bz no evidence of negulive particle deflection te the

full extent of Lhe crystal bending angle in an experiment.

From the standpoint of practical applications the actual

behavior

ordinary

of the potential and its inter-relationship to both

and bending dechanneling 1is complex. Since the

potential narrows as the crystal is bent, the ¢ritical angle also

becomes smaller. In addition the center of gravity for the

channeling orbits moves inte reglons of higher charge density.

As a result, the dechanneling length should decrease. Finally

the characterization of the mechanical details of erystal bending

is often not at all straightforward.

The beam tranamission through a bent crystal depends on

several

1)

o

factors:

Angular ascceplance: For a planar geometry the angular

acceptance in the direction of the bend corresponds to

the eritical angle, 4 While trajcctories are accepted

pb’
out to roughly :wpb, the ecritical angle corresponds
approximately to the 50% transmiassion points or the full
width at half maximum. Hobe that a subscript b has been
added to indicate that this 18 the critical angle at the
point of greatest bending. Perpendicular to the bend all
angles will be transmitted for practical geometries.

The angular acceptance in the direction of bend will
be proportiomnal teo YZ since It is proportional to the
critical angle.

Spatial accepbance: To a first approximation the spatial

acceptance in the direction of the bend is t, the crystal

thickness, Sinece the erystal is being bent {in that



direction, it is ordinarily quite thin, perhaps 0.5-1.0
mm., Two factors can make the acceptance less. If the
planes are not properly aligned “Ith the body of the
crystal, some trajectories will leak out of the sides and
a misalignment correction should Dbe applied. For
example, a 50 mm long ¢rystal misaligned by 5 milliradian
will nave an equivalent thickness loss ef 0,25 mm, The
effective thlckness can also be reduced due to loecal
curvature resulting from the Jjig used to  bend the

crystal. Thig will be discussed in more detail later.
Perperndicular to the bend the spatial agceptance gan
nearly always be made large enough to aceommodate the

whole beam.

Factors 1} and 2} gcan be combinegd to give a fractional
angular and spatial acceptance for the incident beam, The
effective phase space acceptance of the crystal in the direection

of Gend is

[+ (21

W

b
50,

Hera mb is the phase zpace to compare to a 50% beam phase space

contour, The cryatal thickness i3 multiplied hare by &V {EZnz)74.

This assumes Lhe beam spatial distribution ts Gaussian and

substantially wider than the c¢rystal thickhess.

Figure 3 illustrates the btypical phase space of a particle
beam at several places along the beam as Well as the c¢rystal
phase space acceptance10. Note that while the beam phase space Is5
eliliptical Lhe crystal acceptance is rectangular because even at
the edge of the crystal, all angles within the channel are
accepted, Characteristically the crystal phase space is one
percent of the beam phase space,

3) Normal dechanneling: As a particle moves through a bent
erystal Tordinary" dechanneling takes place. For planar
dechanneling in silicon grystala, most of this comes Crom
interactions with electrons. As hoted earlier, Lhe
distribution of electrong sampled in a bent crystal is
different and denser than an unbent crystal because the
trajectories are shifted cleser to the nuelear planes,
Tarantin, et al.‘1_]2, have studled this behavior using

several different electron densities in thne Fokker-Planck
equatiaon. Figure 4% shows how the dechanneling length
dreps for small radii of curvature. Figure $ i{lluatrates
how this effect varies with energy for different raaii of
curvature,

There i3 alsg a further complicating Cfactor, At MeV
energies dechanneling lengtnsa are ordinarily calculated
and measured wlth beams with angular diverges much
smaller than the gritical angles. This is no lenger true

at multi-hundred GCeV energies since the beam angular

width i3 normally much larger than the critical angle.



Thnus sealing up low energy dechanneliing lerngths purely on
a kinematic basisg will overegtimate the high energy
dechanneling length, Figure & shows how this effectl
depends on the beam angular dlivergence normalized to the
eritiecal angle, By the time the beam angular divergence
13 equal bto the critical angle, the dechanneling half
length has been reduced by a factor of 2, Figure 7
summarizes same of the éxperimental and theoretical
catimates of ordinary dechanneling lengths and
illustrates this effect. If all these experimental
points are properly averaged to glve a dechanneling
length for a peam with an angular distribution equal or
larger than the weritical angle, the length {1/e) at
100 Gev/e for 81 is 70 mm = 1% mm.

Finally--note that the dechanneling fractions should
be estimated using the diffusion equation. Here however
we use an cxponential to esbtimate the dechanneled
fraction. Both the low energy\u and the high energy
dataTé suggest this is a good approximation. For
exampie, Fig. 8 from Sun, et al, . shows the
dechanneling as  a funetlon of erystal length after the
point of maximum bend at B.4% Gev., Tnis nicely follows an
exponantial curve,

With these caveats Lhe fracticnal dechanneling due tey

"ogrdinary" dechanneling is:

L]

8
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where i is tLhe ophenomenclogical dechanneling length

1]
determined at a momentum Py and s is the length of the
crystal.

Bending dechannellng: Theoretical treatments of Dbending

18, Kudog, and

dechanneling have been developed by Ellison
Kaplin and Vorobiev]g. The only effort teo measure these
directly appears to have been by tne Albany-Chalk
River-Fermilab-New Mexico groupu operating at energies on
the order of a hundred GeV. This group noticed
significant losses due to the middle pin of a 3-point
hending Jjig as illustrated Ip Fig., 9. These losses werse
atrributed to local digtortion in the crystal near the
cenler pin. Indeed thay were shown to be due Lo
trajectories on the center pin side of the cerystal. By
using this effect as a dechannelling spectrometer, it was
pessible to measure logses directly. Unfortunately there
is Ssubstantial uncertainty in properly estimating the
local curvature in the crystal.

Figure 10 shows the experimental points and compares
them te the (111) plane in silicon. 1t is unfortunate
rhiat tke (111} orientation involves poih wide and narrow
planes. This has led to <complicatiens Dbath in Lhe

experiments and the theaory. In praclice different



cholees for charge distribution lead to Talrly large
changes in the theoretical predictions. About the best
that can be sald 1s that the general character of the
experimantal measurements agree with Lhe theory.

For Lhe transmission curves that follow the
dechanneling fraction has been approximated by a linpear

functlion:

)
W

1l
|

(4}

Wwhere p is the mementum in GeVs/c and R is the smallest
radius of curvature in cm. As an approxiesation thia can
pe used Cor either gtne {170) or {(111) planes in silicon
since theoretical uncertainties are more than the
exprcted differcences between the planes. For the
transmission curves glven flere R is taken as the smallest
glonal radius of  Curvature over the length of the

erystal, FPin effects are treated later rfor clarity.

16 acceplance: Not all the particles within the

eritical angle will be accepted. Figure 11 shows a
schematic of the phase space that might be accepted. For

E] uniform angular fllumination thia gives rise to an

acceptance of EC = 0.64 for silicon as calculated by
Nijayawardanaﬁ ir a s egual fto the Thomas-Fermi
screening  distance. Wijayawardana found the raw

experimental value is about $.3 but arpgues that the

10

corrected experimental value is 0.55. In any case this
iz smaller than planar minimum yields at low energy
auggest. In that regimc beam angular gistributions are
typically much less than the critical angle. Note that
this surface acceptance is a function of the wmecnanism
that gives rise to the clesest distance of appreach, a.
High energy data suggests this is a fairly large number
so  that the surface aceceptance may be smaller than
expected.

For these asimple assumptions the transmiasion is

s Ps
v Ao p ¢g0
E = LC - iﬁw) e -3 (5)
m
where ¢ is Lhe S0% profile emfttance of the beam. (Remember that

a full treatment would replace the appraximation within the
parentheses wilh 2 correct functicnal form From a theory such as
Kude or EBllison.)

Figure 12 shows how this transmission behaves as a function
of length for a range of momenta, a fixed angle of beng {10
mrad), and b, = 55 mm at 100 GeV/c. 1Ir the crystal is too short,
the radius of curvature is swaller than the Tgyganov radius and
no particles are transmitted. As the lenglh increases, the
transmission initiailiy riases and then drops as the particles

begin to dechannel. High energies require longer crystals.



Figure 13 illustrates how the transmission changes with
angle lor a crystal with a fixed length of 5 em and a range of
momentia, A Jong eorystal is chosen to emphasize the behavior at
high energy. Obviously the transmission is hlghest for zero
bend. Transmission drops with increasing angle and goes Lo zero
wWhen the Tsyganov radius is reached. As the energy increases,
the transmiaaion initially rises. This is because the effect on
the increasing dechanneling length is larger than the decreasing
critical angle, In Lhe 200-400 GeV¥ region dechanneling becomes
negiigible andg the decreasing solid angle starts to lower the
acceptance a3 the energy increases.

How large a bending angle could be obtained using a erystal?

At high momenta the dechanneling length is i = (Ao/po}p. Using
the approximation (4) and assuming f; = 1.0, H? = (pv}s3 for
silicon. The maximum anglie of bend is then
X
“mex T t6)
For silicon this i3 about 150 milliradians. (The largest bend

reported so far is %2 milliradians by Bak, et al.s.) For tungsten
H? is 178 of the silicon \:ulue‘B while the dechanneling length

might be 50% higher. Thus Umax = 2 radians for tungsten.

Up to this point the loecal distortions around the pins in

the bending Jjig have been ignored. However, these can be very

signiflcant. Figure 14 taken from Frouhtgo shows Lhe sStroess

palttern in a beam under a concentrated load wusing the

photoelastic technique. The stress concentration 1s obvious.

6

Salman5 and Wijayawardana have used the MWilson-Stokes

approximation to derive the radius of curvature near such a

concentrated load, Wijayawardana gets:
2

ply) = 7 o BE 1L - an (1648 %) (1)
o.1%iwE t2 | at?

where p is the local radius of curvature, Ey {s Young's modulus,
i is the thickness of the slab, and y is the distance acrcss the
beam from the pin. The stress per unit width, P, on the «crystal

is:

3 S 2 . — (8)

where © is the total bend of a crystal in a four-point Jig of
length L with the two center pins separated by a distance b, and
v is the Poisson ratio., The case for a three-polnt Jig can Dbe
cbtained by setting b=0 and doubling T.

Figure 15 illustrates how this local curvature varies across
a orystal. The global curvature i3 also indicated. The total
radius of curvature {(also shown}) is the sum of both the local and
glcebal  curvature. The bending efficiency across the crystal
(using the earlier approximation) 1is also indicated in the
figure.

The net effect of tLhis local curvature can Dbe obtained by
integrating acroas the crystal, effectively integrating across

Fig. 15. In order to get a factor that can be used as a
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multiplier for formula % and Figs. 12 and 13, this efficiency has

been dividoed by Lhe bending efliciency for the global radius of

curvature. Figure 16 illustrates the behavior of this pln
correction ds a function of crystal thickness and momentum. The
ol fecy is surprisingly insensitive to ¢rystal thickness. Note

flowever that the stress 1s increasing az the cube of the c¢rystal
thieckness 8o thalt it is npot practical to increase the thigkness
indefinitely.

50 far these discussicons have been addressed Lo the middle
pins. The stresses on Lhe middle pins for a four-point jig are
less bLhan in a thréee-polnh jig suggesting the middle pin losses
should be less, Indeed this has been true in the Fermilab

experiments, Howaver, fthere must also be losses on the flrst

pin. These are much mere difficult to observe., These losses
should be higher for a four-point Jjig, When the losses are
combined, a Lthree-point Jig might turn out to be more

satiafactory in some situations.

Following an ides due to 1, Mitenell, the Chalk
Blver-Fermilab-New Mexico group has demenstrated bending in
crystals permanently bent by sputtering zine oxide on the convex
side. Such  erystals would need noe bending Jjig. This might be
partlicularly deslrable for extraction elements. Oh  the other

hand, it would not pe pesaible te adjust the deflection angle.

SOME BENDING APPLICATIONS THAT HAVE BEEN_TRIED

MB Beam at Fermilab: The first application of a crystal as

s secondary beam element has been at Fermilab in the Meson-Bottom

6'2‘. This ls the test beam that has been used for much af

beam
the recent chapneling work at FNAL. The front end of the beam
containag two 3.05% m long dipele septum magnets giving a net
downward deflection of 8.9 mrad. In beam parlance a sepflum
magnet L3 a magnet with a thin side (often a current sheet} that

is =aslipped 1in betWeen two narrowly separated beams to kick them

apart, The MB magnetle septa limited the heam momentum to below

225 GeV/c, As can be scen from Fig. 12, such a crystal can
defliect some beam up to 400 GeV. When this erystal septum was
tried, 430 Ge¥ was the grimary energy of the aceelerator 50

operation of Lhe beam at that energy could potentially produce a
much more intuense beam,

Figure 17 shows the septum silicon crystal mounted in place
in a four-point bendlng Jjig. A {110} plane lies in the
horizontal plane of the cryatal. Planar channeling was used
rather than axial. While the critical angle is larger for axial
channeling and the dechanneling length is longer, axial
channeling feeds particles In Lo several different beams due to
the presence of skew planes as noted earlier. indeed, Bak, et
al.3 seem to find negligible bending inside the axial critical
angle. In addition the beam angular divergence is large encugh
Lhat much of the useful deflected beam would ccme from planar

channeling in either case. Finally axial channeling requires a



second round of alignment in a sitwation where alignment can be
difficulr.

In practice the crystal bending angle was set and the plane
was aligned wusing the wenergy loss technigue 1in the normal
ehannel ing drift chamber logation. The crystal was then
carefully relocated into the septum positlon and the MB beamline
Was set up using the magnetie septa. Next fthe magnetic septa
were turned off and the erystal rotated to look for a peak Ln
Leam transmission, Figure 18 shows the crystal aligrment curve
at DO GeV/ic. Note the absence of background. The fFinal crystal
position differed frem itne surveyed posltion by nalf a
mitliradian. Finding the plane for the first time in the Front
End Hall took between 10 and 20 acceleorator spills.

in this case locating the crystal plane turned out te be
straightforward. Note that the lmplanted detecter was nobt used
te align the crystal, Instead alignment was achieved by making
use of the fact that the only way beum could pe transmltted down
the beam was when the erystal was aligned. At Fermllab this
method is ¢alled the Kim technique after 1-J. Kim, who first
suggested It. There are cobvicus problems-~the doWwnstream Dbean
detectors must be free of baskground, and Lhe crystal bend angle
must be set accurately enough 8o that particles will be captured
by the beam.

Several alternative techniques were tested when the septun
was tried for the first time., Figure 19 shows a detector energy

spectrum near the septum positlon. While there is a hint of a
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Landau peak, the accidental tackground from other beamlines
overwhelms it so that the technique of using low energy loss 1is
impossible to use. A very tiny scintillation counhter was also
attached to the septum stand, it was accurately positioned s0 it
was out of the central beam and would only count in coincidence
Wwith a small upstream cocunter when the crystal was aligned. This
also had a problem with very high accidental countling rates.

The corystal was able to tranamit beam up to 400 CeV/ec. This
waa nearly twice the momentum that the beam ordinarily
trangported. Beam safety considerations (basically fear that the
erystal would work too Wwell) limited operatlon in this mode.
With the safety constraints, the crysatal deflected 10,000
protons/spill.

The peam transmissicn in the test location was 0.03% at 200
GeV/c. The expected transmission based on Eq. (5) was 0.15%.
At this point 1%t 18 net entirely clear what the differences are
due te, but some of the factors could include pin effects,
misalignment of crystal planes in the crystal pody, and
over-estimation of the surface acceptance,.

bDuring the initial run ne particular effort was made to
optimlize the Dbeam for crystal operation, However, certain
features of the oerystal <can potentially be exploited. In
particular, in the bend direction the beam angular divergence and
size are both very small. Figure 20 shows the beam optics with
the quadrupoles off. The vertical beanm divergence Ls small and

there is a lack of momentum recomblpation. Figure 21 illustrates



a 400 CeV tune with horizoental point-to-point optles and meomentum
recombination. Clcarly substantial flux gaina can be achieved In
this way.

NE Heam at Fermilab; Une of the interesting possibllities
that nas developed lor application of bent cryatlals 1s #as a bean
attenuator, 4t Fermilaw much effort is now concentrated an
exploitation of the £00 GeV Tevatron beam. External area beams
olf this aort are very intense since they come directly from the
acecelerator. On  the other hand much of this work is focused on
stort-lived particles and often requlres spacial slow detectors
such as emulsions and bubble chambers. Thus a clean technique is
nesded to cukb the intensaity of the beam. Collimators and
multiple scatiering attenuators tend to be difficult, introduce
background, and may be unable to provide enough of a reduction.

Two experiments have recently been running in the Meutrino

Zast (NE proton beam at Fermilab. The upstream experiment,
ET11, is a bigh intensity [105-187 particlessspill) counter
experiment, while the downstream experiment, ERY 3, is a low
intensity (10"*10b particles/spill) emulsion spectrometer. Both

of tnese require tne fTull BG0 GeV Tevatroun energy. Figure 22
shows a schematic of the layout of the experimental area. It was
possible to provide sufficient attenuation to run the experiments
simultdaneously by placing a bent c¢rystal between the Lwo
experiments to replace forty feeb of magnets bending the bean

through 3.14 milliradidns.10
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The same practice of prealignment in a test beam area was
followed that was used in MB. Because of uncertalinties aboubt the
operating value of the ETUI magnetic spectrometer, it was
necessary to compensate the crystal bend by using the original
bending magnets a3 a trim, The crystal bend angle was 3.67 1
¢.17 milliradians. The ecrystal orientation was determined by
measuring the beam count rate in the Eb6%3 apparatus and by
ohservation with a segmented wire ionizatiorn chamber (SWiIC)
located at EB53. The plane was found to be 0.26 milliradians

away from the predicted locaticn as established by test bean

running, surveying, and laser positioning. This 1is consistent
Wwith the expected errors. Alignment fook approximately 40
minutes, corresponding to 130 25-microradian ateps. Figure 23

ahows the alignment curve while Fig. 2% shows the beam in the
9WlL. The beam spet at EBS3 is quite small as it should be in
light of the critical angle at BOD GeV/c. The background is much
higher than in MB because there iIs no downstream sweeping magnet
tae clear out the original undeflected beam, Note that the
undeflected beamline Ls only D.& m from the crystal deflected
line at the E65%3 targel. The beam dump just dowhsatream of the
crystal was also relatively unsophisticated.

The observed beam transmission was 0.5H4 x 10'3. The expected
tranamission on  the Basis of formula (5) 1s 3.2 x lOks. As with
MR, Lhere are a number of possipilities that could explain the
reduction, 1t may Ve noteworthy that the reductions are about

Lhe same in the two cases,
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This appilcation i3 at the highest energy GCLhat channellng
effects have been observed, While the work was being carried out
it was scbering to realize that this was a factor of a million
times the energy that had been used for many of the original
channeling experiments with & «concomitant critical angle a
thousand times amaller.

An interesting possibility [or an application was notleed in
the ecourse of the NE work. This was the possibility for the use
of a bent crystal as a bheam phase apace monitor, Since the
critical angle for <channeling 1is much smaller than the beam
dngular divergence, the crystal provides a delicate angular
probe. Figure 2 illustrates the process. The vertical lines
show acans at differenl positions acrosa the beam spotb. There is
some evidence that the beam angular divergence changed
acrordingly. ln practice 1t would bpe difficult Lo measure
angular divergence directly in another way in an intense beam.

MT Beam at Fermilab: Not every application of crystal
channeling has worked at Fermilahb. An attempt was made to use a
¢ryatal in the front end of the MT beam to replace a pinhole
coliimator and a 0.88 mrad west bend. The plan was to provide a

reduction of 1(Jb

in beam intensity ac the Little European Bubble
Chamber (LEBC) could operate in the beam., The attempt failed for
several reasona. The available monitors were not free enough of
packground to detect the small signal, In addition the beam

aystem was not sufficlently forgiving so thal an error in setting

the bend of 0.1 mrad could be tolerated. The combination of

these two problems and the need to find the plane in a period
when the accelerator was Just coming on and operating poorly
proved Lo be overwhelming. The crystal was abandoned for a
beryllium attenuator.

Extraction from the JINR Synchrophssetron: Use of & bent

crystal as a beam extraction device was proposed by
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G, D. Koshkarev in 1977. The first and only extragtion of Deam

from an accelerator wusing & bent crystal was done at Duhna23
around 1983, The extraction arrangement 1s illustrated in
Fig. 25. A ecrystal (10 mm Long and Q.4 mm thick) on the inside
of the first accelerator straight section deflected the beam 35
milliradians toward an extraction channel on the outside of the
second straight section. The crystal was mounted and bent Dby
gluing 1t to a cylindrical aluminum surface. Aiming of the
extrached beam was dchieved by varying the egquilibrium radius of
the internal beam,

Figure 26 shows the eorystal orientation as a function of
internal energy. The width of the peak in the orlentation curve
is related to the beam distribution in the accelerator. The
background is due Lo secondary radiation in the counters.

The effective beam transmission was 10_u and was determlned
mainly by the geometrical size of the detector. Une improvement
that has been considered at Dubna i35 the wuse of layers of
crystals to increase the transverse area, It is probably also
true that both the required bend and the lenglth of the aerystal

seryed to diminish the transmission.



SOME FUTURE POSSIHILITIES

Bugster te Antiproton Source Line at Fermilab: During maln
accelerator downtimues iy is useful to feed B Ge¥ beam from tLhe
Fermilab Beoster inte the new antiproton storage ring complex.
The Booster beam intensity is naturaily high, 1012 protons/spill.
For some applicationa, a much less intense bean 18 desirable. At
present this 1a Gbteing accomplished with a multiple scattering
attenuator. A bent crystal has been considered and may still be
tried. Twe  factoers must  be taken into consideration--a short
crystal 1s desirable and duequate proviaion must bhe made far
alignment . It ia estimated that an avallable erystal could give

a tranamissian of 0,4 x 1074,

Several mere

Otner Secondary Beamlines at

applications similar to M-B and N-E have been conaidered but have
been discarded. In part this has toc do with uncertainties about
El naw techinology and fear that acignment problems may be very
difficult. In general no one is prepared Lo face the possibility
of failure in a prugrammatic situation,

An obvious possibiltity would be a facility with many test
beuams  produced by a series of orystals. This mlght be possible
if the experimentail area was a clean slate. Fxisting beam paths
dare such that this arrangemenb is net pessible.,

The Superconducting Super

Llider: A 20 TeV hadron

collider, the &3¢, 1s under sericus discussion in the U.5. As

envisioned, this machine makes no provialion for an external beam.

24 .
Sun et ai, have considered how a crystal ceould be used. The
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eritical angle at 20 TeV Ls about one micreradian. This may seem
like a 3mall angle but the beam divergence in a long straight
section is expected to be 0,14 microradians 50 everything would
be channeled. Sun et al. estimate the dechanneling length to be
12 m in silicon. Un the other hand, the Tsyganov radius is 32 m.
They suggest using a 48 microradian pend wWith a 10 cm long
crystal to get better than 90% transmission. The 48 micreoradian
pend i3 used to clear a Lambertson magnet placed halfway through

the 1000 m straight section.

If 10% of the WU'" circulating beam is used over a ten hour
period, one could obtain an external beam of 3 ¥ 108
particles/second, This is not a particularly intense beam. Sun

et al. have also suggested technigyues fer getting more intense
beams when the beam is cleared out of the machine every ten
hours.

The alternative to a crystal 1s a very long electrostatic
aeptum wusing thin wires. The required length would be nundreds
of meters., There are several grave difficulties with the wire
septum acheme including accelerateor aperture conaiderations, wire
radiation damage, and the practical problem of properly aligning
the wires.

Recently De Rujula, et 31.25 have speculated on possibdble
practical applications of multi~TeV acceleratora. They suggest
such accelerators could be used for geological exploration for

minerals and petrochemicals and for measuring the densalty profile

of the core of thne earth. Thils would be done by extracting the
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beam from the accelerator, targeting it to produce mesons, and
letting the mesons decay in a long tunnel (typically 1 Km)} to
produce high ehergy newtrinos. For rescurce exploration the
extracted beam must be bent and fanned through 50-100. For

exploration of Lhe center of the earth It must be bent 69°. Four
slignificant technology leaps are needed--a multi-TeV accelerator,
an extraction technology, a bending snout, and a decay tunnel.
Figure 27 shows a fanciful conception of how this could be
realized for an ocean-golng accelerator, Fotentially bent
crystals could be used for twe of the four required technologies.

AS noted earlier, the maximum bending angle for good tungsten

crystalz L3 two radians. This would require an extremely good
tungsten ¢rystal 30-50 cm long. At present tungsten crystals are
an Lhe order of t om lang with large mosaic spreads.

With a good crystal it might literally ©be possible to

defiect particvles down Loward the center of the earth, 3Several

deep shafts on different chords of the garth, something like
large diamcter oll wells, wonld be needed for Lhe mescn decay
tunnels.

Crystals as Fogusing Elements: An Interesting possipility
is the use of bent ecrystals to form gquadrupoles, Figure 28
illustrates how this might be done by making thin slices in a

blockeﬁ. Particies moving along the planes would be focused in

ane direction, Two sets of blocks could produce horizontal and
vertical tocusing. An  aslternative technigue would be to clamp
one end of a block to near the elastic limit. Sun and Louza have

2h

achieved compresaions of 5 parts in 10u with the jig shown in
Fig. 29. (The elastic limit is 7 parta 1in 10“.) For a given
compression the shortest focal length is achieved with the
shortest orystal, Jn the other hand the radius of curvature
becomes shorter 3o there i1s more bending dechanneling.

Some feeling for the shortest possible focal length that
might be achieved can be galned by considering that all the
effect of a compression at the end of a ecrydtal can be

approximated by a circular arc. In that case the focal length is

(9)

where B is soeme radius, say the Tsyganov radius, t is the
thickness of the crystal, and K 1sa the maximusm fractional

compression. The effective zurved length of the ¢rystal is

L =+t KR (10}

For the sake of reallam consider a radius that is filve times
the Tsyganov radlus, At 100 GeV in silicon the Tsyganov radius
is 160 mm. For a 1 mm thick crystal, with K = 5 x 10—H the foeal
length i3 63 cm. The c¢urved portion of the crystal is £.6 mnm

long, very short. This points up the fact that the approximation

may be very optimistic. Indeed Sun and Lou estimate a typical
focal length might be 500 cm. Now 63 cm may seem to be a voery
short focal length. For the most o¢bvious possibility,

short-lived particle beams, it ia far too long 3since the



aharacteristic mearn decay path far a D" mescn at 100 GeV is
1.5 cm.

Another problem is the requirement of an ingident beam that
is parallel to within the critical angle. This difficulty might
be ameliorated by using an active detector built into Lhe crystal
and selecting on low energy loss,

Short:Lived Particle Beams: A3 noted above, particles with
charm  and beauly travel aonly a very short distance before
decaying, Wlth a bent crystal, 1t snould be possible to deflect
these particles on  the order of ifty milliradians before they
decay, well out of the forward production cone. This could give
4 substantiaily enriched sample of short-lived particles if the
long-lived partlceles in the same channel continue arcund Lhe bend
as illustrated in Fig. 30. tn the other hand, dechanneling of
Long-lived particles may constitute a4 oSerious dilution, For
planar geaometries, angular acceptance is on the order of 1§ of
the production distribulion. Note that at high energies,
charm-particle production is expected to be reasonably copious.
The problem lies more in separating particles, that is Lo  3ay,
enrichment is important.
short:Lives Particle Magnetic Moment Mgasurement: Pongrom®
has noted that the electric field of a crystal transforms into a
magnetic field in the rest frame of a moving particlie. The
particle spin will precesas around the magnetic vector. For a
polarized process 1t is poessible Lo measure the precesaion in the

same Wiy ag has been done for strange particles. Effective
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fields in bent crystals are sufficient te precess & magnetic
moment several radians In 1 cm. K‘Lm29 has reviewed these
possibilities in detail.

sun has covered short-lived particle bDeams and magnetice

moment measurements elsewhere in this volume.

THE FUTURE_AND WHAT_TU DO ABOUT 1T

Channeling in bent crystals works! The process is limited
by small angular acceptances and dechanneling considerations.
However, these factors become somewhat more tractable as the
energy is ralsed.

The basics of the process have been explored over a wWide
enhergy range and crystals nave been used Ffor several
applications. Thiz work has not been easy--proper cryatalas are
difficult to fabricate and properly position in beams. More
information and analyslis is still needed in several areas. More
data on crystals obher than silicon is needed, Beth germanium
and tungsten (Lf proper crystals could be fabricated) should work
better than silicon. More precise 1Information with concrete
estimates of the uncertainties is needed on dechanneling lengths,
bending dechanneling, and "ordinary" dechanneling {in bent
crystals, In particular it would be useful to measure all these
effects over a range of energies (10-200 GeV), angles (4-30
milliradians) and crystals lengths for both silicon and germanium

witn high statistics In one well functioning apparatus.



27

Ancther factor may need more investigation. This is the
relationship between planar and axial bending. It has aiready
been explored in some detall by Bak, et a].3 at 12 GeV¥/c hoth
experimentally and with Monte Carlo calculations, A3 noted
earlier, their Fig. 12 suggests Lhat there is no true axial
bending, that ia bending of particles within the axial critical
angle. However, there 13 a substantial part in the donut region

extending from one to five times the ecritical angle where

enhanced capture may be present, The effect ls essentially
planar beyond five times the critical angle. The fractional
transmission does not vary particularly aover Lhese reglons, but

"Teed in" from a4 wider azimuthal range may favor this guasi-axial
TASE. More irformation 1s still needed, particularly at
multi-hundred CeV where Dending dechanneling becomes stronger.
This {ssue also needs to be understoed in praetical terms. Real
beams, Bvern in the nundred GeV regime, tend to have angular
divergences on the order of 130 microradians.

Theoretical work is neaeded in the dechanneling area. This
is particularly true in that the potential in a bent crystal Is
distorted so that inerecasing the bending is in some sense like
raising the atoemic number of the ¢rystal. Ordinary and bending
channeling need to be lntegrated. Caretful attention needs to be
paid Lo the functional relations between crystals of different

materials.

28

In summary, channeling with bent crystals is a process with
limitations but also tantallizing possibilities. More detailed
fundamental informaticn 1is needed tc reach out toward more
applications. Hopefully this information can be develeped over

the next 3everal years,
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FIGURE CAPTIONS

Planar potential for 10 GeV protons moving in a sllicen
erystal for the (110) plane. The bending radius is 10
cm. The original potential w{y) is modified by the
addition of a centrifugal potential. Taken from Kudog.
Effect of skew planes on axial bending as illustrated by
Bak, et a1.3 for 12 GeV/c particles. Gne part cof the
incident beam s bent 20 milliradians vertically
following the (110) plane that contains the bending.
Skewed (110} and (112) planes produce less net
deflection as well as an x component. Thesae data are
cut on the angular regicn from 2.% to 3.3 times the
axial eritical angle. Nearly all particles within the
axial critical angle follow the (110} skew planes. The
horizontal and verticeal axes are in milliradians.

Phase space ellipse in the NE beam at Fermilab. Half
maximum curves are Shown. The first panel shows the
ellipse near the E731 experiment target, the second at
the crystal 30m downstream. The vertical lines in the
second panel show crystal angular scans, The «crystal
angular acceptance 1s shown in the second panel.
Dependence of the dechanneling lengthn (11/2 in
miliimeters) on the radius of curvature for E = 10 CeV

{1) and 20 GCeV (2) particles Dbased on an averaged

electron density and a (110) plane in silicon. Case {(3)
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sHows a more realistic potential for 10 GeV.

8,11

The figure
is taken from Taralin, et al. with <the y axis

multiplied by 6.28 to reflect only dechanneling by

valence electrons as discussed in Taratin and
Vorobiev'?,
Dechanneling half length as a function of  energy. {1}

is for a atraight channel, (2) for R=1im, {(3) for R=0.1m,
The figure is from Taratin and Voroblev12.

Dechanneling length as a function of beam angular
divergence normalized to the ocribticael angle. From
Taratin and Vorobiev!Z,

Behavior of the ordinary dechanneling length (1/e¢) wWith
kinetic energy. (The high energy points are plotted at
momentum vaelues since they are for mixed beams. There

is only a small error in doing this.) The curves are

based on the Ohtsuki'? caleulation of  the dechanneling

length. The relativistic extrapolation I1s shown lor
both pions and protons, The dots are Campisano, =t
Th and the orosses are Feldman, et al.15 The CERN

al.
peoint is frem Bak, et al.3 and the Dubna point is based
16

on  the work of 3Sun The points from 40 to 200 GeV are

based on an analysis of the Fermilabp data by ForsterIT.
With the exception of the Dubna point, all cases are 35i
(110}, Note that the lLow energy pointa are for pencil

beams while +the high energy points are for a broadly

illuminated channel . The dash-dotb line =shows the

Fig.

Fig.

Fig.
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equivalent dechanneling length for a broadly illuminated
channel as estimated by Tarantin and Vurobievlz.

Humber of counts as a function of crystal length after
the point eof maximum bend. This illustrates the
approximate exponential behavior of dechanneling. From
Sun et alwé.

Distribution of outgoing particle directicns in the
Fermilab experimentJl with small energy loss in the
detector for an B milliradian pend in a 3-point bender,
Hote the peak at approximately Y4 milliradians that
develops a4s the energy is increased.

Comparisocon of dechanneiing fraction as a function of
/R, where p is Lhe particle momentum and R the radius
of curvature. The theoretical curves are taken from

Ellisong

for the (111 plane in silicon. The right
curve is for the wide planes with no charge smearing
while the left curve includes charge smearing and is

averaged over planes. Kudo‘s9

caleulation for SIi(110}
lies more or less in between these twWwo curves,
Experimental points are based on the losses at the
middle pin in the three-polnt Dbendar used in the
Farmilab Experimentu. The point predicted by the
Tsygancyvy centrifugal-ferce calculation for the
charge-smeared case, is indicated by CF. The linear

curve marked (I} is the interpolation curve used In the

following figures.,
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Phase space of the erystal acceptance {solid oval) for
channeling of particles incident between two crystal
planes and within the eritical angle to the planar
direction {dashed rectangle). Taken from
Wijayawardanau

Transmission as a function of erystal length for a
sequence of momenta. The curves are faor a [ixed bend of
10 milliradians with a three-polnt bender, a 1 mm thick
erystal, and an incident beam with an emittance of 0.03n
cm mrad. 5 mm cf the crystal is assumed to be outside

of the bend.

Transmission as a funclion of angle for a 4.5 cm long

arystal. I'he conditions are the aamec as Fig. 9.
Photoelastic stress patlern in a beam Wwith a
coneentrated load at the upper center point. Taken f{rom
Frocht‘l.

Local curvature across the center of a crystal in a
three-point bender (solid line), The global curvature,
a constant, Is also shown (dotted) as well as the total
curvature {(dot-dash). The y axis on the right side also
shows the local efficlency {bazed un the total
curvature) divided by the global efficiency. The curves
are for a UOC GeV/¢c beam on a 2 mm thick silicaon crystal

in a three-point jig with an outer pin spacing of 5 om.

Fig.

Fig.

Fig.
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integrated loeal efficiency (based on the total radius
of curvature) divided by the global efficlency as a
funetion of crystal thickness for a series of momenta.
The bending conditions are the same as in Fig. 15.
Bending device for the Fermilab MB crystal septum. The
0.8 mm thiek crystal is visible won the left, The
differential screw to adjust the bend is at the bottom.
The goniometer motor (not visiblel adjusis the erystal
attack angle about a horizontal axis, The beam 1is
incident from the left and is bent down. A schematic of
the bending device is also ahown.

Crystal alignment curve at W00 GeV/e for the Fermilah
M-B septum. The crystal angle Ls taken relative ta the
beam direction based on a survey. The width (100 prad
fwhm) is determined by the beam divergence,

A sketoh of the energy loss spectrum of the erystal
detector mounted in  between the two septum magnets
during the crystal septum tests in the Meson Laboratory
Front End Hall at Fermilab. The small hump at Lhe
center 13 the expected Landau peak superimposed on  a
large ©background due to the particles that are coming
from other beamlines. From Hijayawardana".

Beam opties for 200 GeV/e crystal septum operation
without quadrupole magnets, Upper and lower so0lld lines
are the paths of horizontal and vertical rays atarting

from Lhe crystal Wwith maximum angular divergence (on
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momentum-off axial, The broken line is the momentum
dispersion for +5% change in mometitum {off momentum-on
axis). From Hijayauardanaé. (Note that the scale 1is
diztorted.)

Beam optiecs for 400 GeV/e¢ erystal septum operaltion with
horizontal polnt-to-point focusing and momentum
recombination. Upper and lower 3nlid lines are the
paths of the horizontal and vertical rays starting {ronm
the arystal WJith maximum angultar divergence {on
momentum-off  axis). The broken line 13 the momentum
dispersion for a 415% change in momentum {off momentum=-on
axig). From Hijdyawardanaﬁ. {Note thal the scale i3
distorted.)

Plan view of the NE beam at Fermilab. ET11, the high
intensity experiment is upstream of the crystal; E657,
Lhe 10w intensity experiment, is downstream. The
crystal 30m downstream of the E7%1 target replaced forty
feeal of bending magnet. Note the beam dump 20m
downstream of the erystal. (Note that the scale i3
distorted.)

Goniometer scan over the plane in the NE beam at
Fermilab. Une goniometer step is 5 microradians. The
Wwidth is 46 microradians FWHM,

Beam profile downstream of the NE =septum at Fermilab.

The upper part is the vertical precfile, the lower part

is the horizental. Each bar is T mm wide. Note that

Fig.

Fig.
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the beam ls less than 2Zmm wide horizontally.
Sehematic layout for «arystal extraction from the Dubna
synchrophasotron. The crystal (2] 1s located in the
first straight section {1}, There is a target at 3.
The first guadrant of the accelerator is 4. The
; . 23
experimental hall is at 5 .
bependence of the extracted beam Iintensity on crystal
23

orientation for the Dubna crystal extraction septum .

The ordinate is the 52 counter singles rate per spill in

units of 105_ The horizontal axis i3 the angle between
the crystal and the accelerator beam and ranges from -3
to +3 milliradians. The background is due to secondary
radiation. The upper panel is at 4.2 Ge¥, the middle at
6.0 GeV and the bottom al 7.5 GeV,

Seagoing 2 TeVY acvcelerator proposed by De Rujula, et
al.PS for neutrino exploratien of the center of the
earth. The diameter of the ring might be 2-4 Km. A
tungsten crystal might be able te replace bdoth the
extraction and bending portion of the device.

Schematic illustration of a possible focusing element
using bent crystals, A  parallel beam with angular
disperslion less than the critical angle could be focused

almost to a line in one direction. A second element in

the other direction could focus to a polint,
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Test jig for crystal compression studies for a poessible
The jig was constructed and

guadrupole crystal element,
operated by Sun and Louig. The wedge at the top i3 used

te achieve =small vertical compressions on the crystal

nedr the bottom in the sandwich.

A posaible "separated” charm-particle beam. All the
particles within the c¢critical angle are bent, Most of
the charm particles decay in the straight section.

Long-lived particles continue around the bend,
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