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Abstract

Channeling of charged particles in bent crystals has been considered for use in para-
sitic extraction of the Superconducting Super Collider (SSC) beam. To make this feasible,
a small fraction of the SSC proton beam must be brought onto a bent crystal. In this
paper, the method of introducing filtered phase noise into the rf system to diffuse the tails
of the beam was Investigated using computer simulations. The channeling efficiency of an
incident beam by a bent silicon crystal was then analyzed using a theory and simulations.
In addition, the increase in channeling efficiency because of the possibility of multiple

passage through the crystal was studied in the presence of the injected filtered rf noise.
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1.0 INTRODUCTION

There are advantages to conducting B physics experiments in a fixed-target configura-
tion at the Superconducting Super Collider (SSC) rather than in a collider configuration.!»?
In order not to interfere with collider operations, the extracted beam should have an in-
tensity of ~ 108 protons per second, which would produce ~ 1010 BB pairs per year. The
interest generated by this prospect resulted in a proposal for a Super Fixed Target Beauty
Facility (SFT) at the SSC.% Presently, the best procedure for extracting a 20 TeV beam
from the SSC appears to be through the use of proton channeling in a bent crystal inserted
in the beam tail.!~* It was originally thought that the forward-peaked, quasi-elastic scat-
tered halo from IRs and beam-gas scattering could be used as the source of the extracted
beam. However, it was shown that this source was insufficient to sustain an extraction
rate of 10® protons per second.’ The idea of producing a large amplitude beam halo by
(1) injecting a small amount of noise into the rf system and (2) generating some dispersion
in the lattice at the position of the crystal was then studied.® This was shown to be feasible
using a turn-to-turn uncorrelated phase noise. In Section 2, the simulation results from

investigating this extraction technique using filtered noise will be presented.

It is envisioned that the extraction will be done in the East utility straight section,
where a horizontal dogleg will be inserted (see Figure 1). A schematic picture of the SSC
with the extraction elements is shown in Figure 2. A bent Si crystal, placed approximately
200 m upstream of the Lambertson string, intercepts a portion of the circulating proton
beam and deflects it vertically so that it is separated from the circulating beam by 2 cm
in the Lambertson string and passes the field free region. The required bending angle, 0p,

1s then
_ 2cm
" 200m

6p = 100 prad.

The limit of bending while maintaining channeling is determined by the critical bend
radius™® R, which is 33.3m for a Si crystal and an incident energy of 20 TeV. To avoid
serious bending dechanneling, experiments® suggest that the bending radius R should be
one order of magnitude greater than the limiting radius R, in order to obtain substantial

transmission. This suggests a crystal length S
S =10 x 33m x 100 yrad ~ 3 cm.

To trap significant numbers of particles in the channeling regime, the vertical beam diver-

10,11 g

gence oy has to be smaller than the channeling critical angle ¢, which is approximately

1 prad for the (110) planes of Si at 20 TeV. Since the vertical beta function is always greater
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Figure 1. Proposed Extraction Scheme. (a) The horizontal doglet with a bent crystal inserted about 200 m
upstream of the Lambertson string. The dashed line with an arrow indicates the extracted beam
line. (b) The cross-sectional view at the position of the crystal. Using large dispersion in combina-
tion with rf noise induced diffusion, a small fraction of the beam intercepts the crystal. (¢) The
cross-sectional view in the Lambertson string. The extracted beam, which is the portion of the
beam that the bent crystal intercepts and deflects vertically, has been separated from the circu-
lating beam by 2 cm and passes the field-free region.



than 500 m in the drift space of the East utility straight and the SSC normalized emittance

is 1 mm-mrad, we have

oy S 0.3 urad.

Assuming a Gaussian distribution, the angular acceptance is then 99% or more. Particles
incident on a crystal may also fail to be channeled if they strike within the fraction of the
cross-sectional area of the crystal face occupied by the atoms making up the crystal planes.
This is the so-called surface acceptance effect, and it accounts for as much as a 20% loss for
Si (110) planes. A particle initially trapped in the channeling regime may become dechan-
neled in the crystal due to electron multiple scattering and the lattice vibrations. This effect
is measured by the dechanneling half-length S, ,, which is the length over which one-half of
initially channeled particles are lost by the dechanneling process. At 20TeV, Sy ~ 12m
for Si. Thus the multiple scattering dechanneling is negligible for a Si crystal of length
3cm. The capture efficiency, i.e., the probability that a particle which strikes a Si crystal
bent along (110) planes is initially trapped in the channeling regime, and the dechanneling

half-length will be determined quantitatively in Section 3 using a theory and simulations.
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Figure 2. Layout of the SSC with the Extraction Elements: RF System in the West Utility Straight, Bent
Crystal in the East Utility Straight, External Beam Line for Extraction and SFT Experimental
Area.



The protons which enter the crystal but are not channeled and those dechanneled
traverse the crystal as an amorphous material. A small fraction of these are lost due to
nuclear inelastic collisions (about 3% or more for a Si crystal of length 3cm). However,
because the extraction line is in the storage ring, those that survive can be channeled on
subsequent passes. The increase in channeling efficiency due to multiple passage will be

evaluated using simulations in Section 4. Conclusions will be given in Section 5.

2.0 DIFFUSING PARTICLES USING FILTERED RF NOISE

Some protons in the circulating beam have to be brought onto the bent crystal for
extraction. One way to achieve this is to introduce a small amount of noise into the rf
system. This has been demonstrated in a previous study® using turn-to-turn uncorrelated
phase noise. This noise affects the whole beam, and in fact it was found that particles
which hit the crystal came rather uniformly from the whole beam. It was then suggested
that filtered noise might be able to affect the core less but the tails more. In this section,
our computer simulations using filtered phase noise are described and the results presented.
We found that in the filtered case, the particles which hit the crystal came from the tails,

not the core.

Particle tracking was conducted in a linear lattice for the SSC. Two transfer matrices
are used to transport the particles from the bent crystal to the rf cavity and back to the
crystal. To each particle six independent variables are assigned: horizontal coordinate z,
horizontal angle z', vertical coordinate y, vertical angle y', path length deviation from the
ideal trajectory [, and fractional momentum deviation from the ideal momentum §. The
construction of the transfer matrices applied to the vectors (z,z',y,y’,[,6) can be found
in the Appendix of Reference 6. The rf cavity (bent crystal) is placed at the north end
" of the quadrupole QU4 (QU1) north (south) of the utility straight center in the West
(East) campus. Table 1 lists the values of the alpha (az, ay), beta (8z, By), and dispersion
functions (1) at these two locations, along with the tune shifts Qz,Qy and distance As
from one location to the other. The parameters at the position of the crystal were from
a recent modification to the lattice to provide a high dispersion region in the East utility
straight.!? The other relevant parameters are: normalized emittance ey = 1mm-mrad,
collider circumference Cy = 87120 m, momentum compaction factor a, = 9.6 x 1079,
harmonic number h = 104544, and peak rf voltage V = 20 MV.

One thousand particles are launched at the bent crystal. The initial values of
z,z',y,y', !, and § are randomly generated according to Gaussian distributions. We assume
the initial energy standard deviation from 20 TeV to be 1GeV, i.e., 05 = 0.5 x 107%. The



Table 1. Some Relevant Accelerator Parameters.

parameter @ bent crystal @ rf cavity

oz 0.28 0.11

oy —0.68 3.

Bz 359.88m 44.68 m

By 516.87m 440.2m
—~4.m 0.m

n' 0. 0.

Qs 61.24¢ 62.05°

Qy 61.55° 61.72¢

As 43338.6°m 43781.4°m

2From the bent crystal to the rf cavity.
*From the rf cavity to the bent crystal.

initial standard deviations z,z’,y,v’, and [ are determined from the following relationships:

6Nﬂ:c:,y
O,y = s
v
€N
Oz'y' = >
7ﬁz,y

where £ is the beta function in the principal frame, v is the ratio of the particle’s total
energy to its rest energy, T is the revolution period, and 2 the small amplitude synchrotron
frequency. Using the alpha and beta functions at the position of the bent crystal, we obtain
the following initial standard deviations: o; = 0.13mm, o, = 0.36 purad, oy = 0.16 mm,
oy = 0.30 urad, and o; = 0.051m. The physical space occupied by the bent crystal is:
z > 1lmm and |y| < 1.5mm. Since the dispersion n at the position of the crystal is —4m,
the inner edge of the crystal in the longitudinal phase space, i.e., the §-1 phase space, is
at § ~ 1mm/4m = 0.25 x 1073, The bucket half-height is §; = 0.26 x 1073 for a peak rf
voltage of 20 MV.

With uncorrelated phase noise, the turn-to-turn energy variation equation is given

by

'V {
Ont+1 = b6n + ;—Osin <7r + 27;}16'3(; + ¢n> ,
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where ¢, is the phase noise at the nth traversal of the rf cavity, randomly generated
according to a Gaussian distribution. It was assumed that ¢, doesn’t change as the
bunch of protons being followed passes through the rf. To obtain filtered phase noise, we
first generate a sequence of random phase noises {¢1,¢2,...,6én}, and then compute the

discrete Fourier transform by

N
¢, = Zqﬁn exp (— 2ni(m — 1)(n — 1)/N),
n=1

where m = 1,2,...,N. Since the noises are real, ®;, ®x_, are real and &, = @}, if
2
m’' = N 4+ 2 — m. Thus

N

®; + ¢¥+1(_1)”—1 +2x i: Re(@m exp (2mi(m — 1)(n — 1)/N))

m=2

1
$n = ‘N‘
Here N is assumed to be even. With n being the turn number, the synchrotron tune for

®mexp (2mi(m — 1)(n — 1)/N) can be defined as

Since we want to minimize the diffusion of particles from the beam core, and the small-

oscillation synchrotron tune for the SSC is

fo 423

@so = fo 344003

= 0.00123,

we filter out the terms with @, > 0.00123a where 0 < a < 1 is the filtering fraction.
Here, fs is the small-oscillation synchrotron frequency and fy the machine frequency. The

resulting filtered noise, én, is then given by

2 N

¥ m Z Re(@m exp (27ri(m - 1)}(n — 1)/N))’

m=2

én:

where mg > 2 is the largest integer such that mg < 0.00123Na and /5(—ﬂ_—1) 1s a normal-

mo

ization factor such that both series ¢, and g;n have the same variance.



In our simulations using filtered noise, & = 0.85 and N = 10° are fixed; thus, mg =
104. Figure 3 clearly shows the difference between filtered én and unfiltered ¢, with the
rms value o4 = 0.06. In the former case the noises are correlated over a few hundred turns
whereas in the latter case the noises are completely uncorrelated from turn to turn. Shown
in Figure 4 is the degree to which the beam core in the longitudinal phase space has been
diluted by filtered and unfiltered noises. The initial beam profile is shown in Figure 4(a).
The profile of the beam perturbed by filtered noise with o4 = 0.015 after 108 turns is shown
in Figure 4(b); that perturbed by unfiltered noise with o4 = 0.06 is shown in Figure 4(c).
Clearly the beam core is diluted to a much greater degree by unfiltered noises. In 108 turns
the crystal receives 7 hits in the case with filtering and 8 hits in the case without filtering,.
Thus the extraction rate is roughly the same in both cases. Figure 5 shows the origins in
the longitudinal phase space of the particles diffused to the crystal by filtered and unfiltered
noises. The origins of the 65 hits obtained in 107 turns using filtered noise with os = 0.015
are shown in Figure 5(a); origins of the 160 hits obtained in 5.3 x 10® turns using unfiltered
noise with o4 = 0.06 are shown in Figure 5(b). Clearly the particles diffused to the crystal
by filtered noise come mainly from the beam tail whereas those diffused to the crystal by
unfiltered noise come rather uniformly from the whole beam. The beam profiles in the
longitudinal phase space after the first hits are shown in Figure 6. Because filtered noises
are correlated over a certain time interval, the beam wobbles, as evidenced in Figure 6(a)
for which o4 = 0.06 and the first hits occur rather early, in turn 2131. Unfiltered noise
does not cause the beam to wobble, as shown in Figure 6(b) for which o4 = 0.06 and the
first hits occur in turn 13,006. However, when filtered noise is used with lower power, the
degree to which the beam wobbles diminishes, as seen in Figure 6(c) for which o4 = 0.015
and the first hits occur in turn 20,412.

A series of runs was made using filtered noise with o4 = 0.007, 0.015, 0.040, 0.060,
0.069, 0.085, 0.098, and 0.155. Particles were followed for 108 turns in all but two runs. In
the runs with o4 = 0.007 and o4 = 0.015, we followed particles for 107 turns in order to
obtain a reasonable number of hits. Shown in Figure 7 is a log-log plot of the extraction
rate , normalized to one proton per bunch, versus g4. The plot is clearly a straight line.

Thus R(oy) can be parameterized as
— by
K= ajoy,

where a1 = 0.524 and b; = 2.403, as determined from a x? fit. For o4 = 0.0042, the above
parameterization yields ® = 10 %sec™!. Assuming 10! protons-per-beam, this gives the

desired extraction rate of 10% protons per second for SFT beauty physics experiments.
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Figure 3. Phase Noises Used in the First 20,000 Turns. (a) White or unfiltered noise. (b} Filtered noise.
Both cases have a standard deviation of 0.06. The filtering fraction is 0.85.
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Figure 4. Beam Profiles in Longitudinal Phase Space. (a) The initial beam profile. (b) The final profile of
the beam perturbed by filtered noise with a standard deviation of 0.015 after 106 turns.

9



C) 200 T T T T T T T 77 T 1 T 1 | 2R L
T BERPERE ]
100 (— D —
+— E T
& | . | ]
e 0t— g . —]
R L .
w

- .
-100 |— K —
I 4

_200 I_'J;LI;IALI | I N B | l J;Ll;l I ) S - | l 1

0.2 0.1 0 0.1 0.2

£ (m)

TiP-01834

Figure 4. (Cont.) (c) The final profile of the beam perturbed by unfiltered noise with a standard deviation
of 0.06 after 10° turns.
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Figure 5. Origins of the Hits in Longitudinal Phase Space. (a) Origins of the hits obtained in 107 turns
using filtered noise with a standard deviation of 0.015.
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Figure 5. (Cont.) (b) Origins of the hits obtained in 5.3 x 10® turns using unfiltered noise with a standard
deviation of 0.06.
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Figure 6. Beam Profiles in Longitudinal Phase Space After the First Hits. (a) The profile of the beam
perturbed by filtered noise with a standard deviation of 0.06. The first hits occur in turn 2131.
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Figure 6. (Cont.) (b) The profile of the beam perturbed by unfiltered noise with a standard deviation of
0.06. The first hits occur in turn 13,006.
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Figure 6. (Cont.) (c) The profile of the beam perturbed by filtered noise with a standard deviation of 0.015.
The first hits occur in turn 20,412,
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Figure 7. Extraction Rate ® Normalized to One Proton-Per-Bunch as a Function of the Noise Standard
Deviation o5. The points with error bars are the simulation results. The straight line is the fit:

R = ajoy with a; = 0.524 and by = 2.403.

The width of the distribution of the hits in the horizontal coordinate z, i.e., the standard
deviation in z from the inner edge of the bent crystal z = 1 mm, was found to decrease
as the noise standard deviation decreases. This is shown in Figure 8. The distribution
width for noise standard deviations smaller than 0.007 should be as thin as, if not thinner
than, that for the noise standard deviation of 0.007, which is ~ 2microns. In order to
accommodate such a thin distribution in = of the hits, the effective septum width, which

is determined by the polishing of the crystal edge, should be minimized.

3.0 DEFLECTION EFFICIENCY OF THE SSC BEAM
BY A BENT SILICON CRYSTAL

In this section our analytical estimates and computer simulations on single passage
deflection efficiency of the SSC beam are presented. For more details concerning the theory
and numerical simulation involved, readers are directed to Reference 14. A Si crystal bent

along (110) planes with constant curvature is assumed throughout.

3.1 Analytical Estimates

A relativistic charged particle with energy E will be captured into the channeling

regime by a planar channel of a bent crystal when
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Figure 8. Width of the Distribution of the Hits in the Horizontal Coordinate r as a Function of the Noise
Standard Deviation oy4. The width is defined to be the root-mean-square (rms) deviation in z
from the inner edge of the bent crystal £ = 1 mm.

E
EyO = Ueﬂ(yO,R) + _2_032/0 < E?/C(R)’

where yg,0y0, Eyo are the initial transverse coordinate, angle, and energy of the incident
particle, respectively; Ueg(y, R) is the effective potential of a bent channel;'® E,. is the
critical transverse energy for channeling; and R is the bend radius of the crystal. Here the
transverse coordinate y is measured from the plane. The trajectory of a channeled particle
is stable when it does not approach closer to a channel wall than the critical distance y..
For high-energy particles the critical distance is y. ~ uj, where u; is the rms amplitude of
the thermal vibrations of the crystal atoms (0.075./0\ for Si1). Thus, the critical transverse

energy in a bent crystal for existence of stable particle trajectories in a planar channel is
Eyc(R) = Ueff(ym R)

The efficiency of the surface capture P, of particles into stable channeling states may be

14

determined as
Yn

Bmo
P(R) =2/p(yo)dyo /p(9y0)d9y0,
0

Ye
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9m0 = 9m0(3/07 R) = \/’% (Eyc(R) - Ueff(nyaR)) )

where p(yo), p(6y0) are the initial spatial and angular distributions of incident particles,
and yj, is the other root of the equation Ueg(y, R) = Eyc(R). When the angular distribution
of the beam is Gaussian with the rms angle 8,, and the spatial distribution of the beam is

uniform, we have

Ya
— c eff (Yo, R
PC(R, 9y) = El" erf (\/ L (R) Ee_zﬁ(yo ) ) dyO,
P y

where dj is the channel width.

The channeled fraction of the beam will decrease due to multiple scattering by crystal

electrons and nuclei according to

—_— S
Nen(s; R, by) o exp <_W> ,
1/e y Vy

where s is the path length measured from the entrance and S/, is the dechanneling length

of the beam. The dechanneling half-length S/, of particles may be estimated as!4

The friction coefficient A in the transverse energy space is averaged over the trajectories

and the ensemble of channeled particles,

Fye [/ —
. _E (46 )”
A(R,f)y) —< >—‘ 9 ([p yO)dEyOy/ 61 vy(y, yO)/ vy(y, yO)

where p(Eyq) is the initial transverse energy distribution of the beam, v, is the trans-
verse particle velocity, (66,)%/6s is the mean square of the deflection angle projection per
unit length due to multiple scattering by crystal electrons and nuclei, and y;, y2 are the

coordinates of the particle turning points in the effective potential.

15



The volume capture of protons into the channeling states,!* can be neglected when
the bend radius R is less than ~ 10 R., where R, is the critical bend radius. Then the
efficiency of deflecting a beam with a given angular divergence 8, by an angle 6 through

a bent crystal of bend radius R may be determined as

— — OBR
Py(0p;R,0,) = P(R,6,)exp | ——————— ) .
(0B v) ( y) €Xp ( Sl/e(Rﬁy)>
The critical bend radius R, = E/eEmaz, where Epq; is the maximal strength of the aver-
aged field of atomic planes. For a Si crystal bent along (110) planes, eEpa; = 6 GeV/cm
and R, = 33.3m for 20 TeV protons.

Figures 9-11 show the surface capture probability F;, the dechanneling length 5/,
and the deflection efficiency P, as a function of bend radius R for a Si crystal bent along
(110) planes, a 20 TeV proton beam with the angular divergence 8, = 0.30 yrad, and a
deflection angle g = 100 urad. The planar potential and electron density in the crystal
were calculated in the Moliere approximation with the thermal vibrations of crystal atoms

included, 1.e., a thermally averaged Moliere potential.

The calculations were made with two different values of y.: u; and 2.5u;. Increasing
Yc, the captive efficiency P, decreases (Figure 9). For the dechanneling length S/, the
reverse picture is observed (Figure 10). At y. = u;, the dechanneling length increases
before it decreases, as the bend radius decreases. This is because, in a slightly bent
crystal, a part of the large amplitude trajectories is in a region of smaller electron and

nuclei densities than in a straight crystal, as shown in Figure 12.

When R becomes less than ~ 10 R, both P; and Sy/, decrease rapidly. As the bend
radius increases, the deflection efliciency reaches a maximum at some bend radius R,
(Figure 11) and then decreases because the crystal length increases with increasing bend
radius for a.fixed deflection angle thereby increasing particle dechanneling. Thus, the
optimal conditions for beam deflection, i.e., the bend radius R, and the corresponding
crystal length S,, = 6pRm, can be selected. In both cases (y. = u; and 2.5u1), R =
1500 m and S,, = 15cm, and the corresponding deflection efficiencies are Py(y. = u1) =
0.8588 and Py(y. = 2.5u1) = 0.7468.

3.2 Computer Simulations
Our analytical estimates of deflection efficiency are dependent on the selection of the
critical distance y.. Here computer simulations are used to investigate this dependence for

the case of single passage of the SSC beam through a bent crystal.
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Figure 10. The Dechanneling Length S;/. of the SSC Beam as a Function of the Crystal Bend Radius R.
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Figure 12. Nlustration of Particle Trajectories with Large Amplitude Oscillations in a Straight and a Slightly
Bent Crystal.
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In the first-order approximation, ignoring multiple scattering, the particle trajectories

in a bent crystal were calculated by numerically solving the equations of motions in the

effective potential of bent atomic planes:!*
2
c“ d
y(t) = ——&=— , R),

5(t) = (vg — 9" (N2,

where vg is the particle velocity and y, s(y,$) are the transverse and longitudinal coor-
dinates (velocities) respectively. When the particle has passed through a crystal layer
As = 10 um < A, where A is the wavelength of particle oscillations in the channel, the
change in the transverse velocity due to multiple scattering is computed as Avy = voAb,.
The projection of deflection angle, Ay, was chosen from a zero-mean Gaussian distribution

with variance

Yout
2
@R = [ ) e

where ¥in, Your are the entry and exit coordinates respectively of the particle passing

through the considered layer As.

Shown in Figure 13 are the simulation results on deflection efficiencies Py of the SSC
beam by a bent Si crystal for different bend radii R, as well as analytical estimates using
two different values of y.: u; and 2.5u;. The simulation results are closer to the analytical
estimates with yc = u;. Thisis because with the considered crystal lengths S < Sp,, < .Sy,
the channeled particles with large oscillation amplitudes in bent channels are not lost and
thus contribute to the deflection efliciency. According to our simulations, the maximum
deflection efficiency of the SSC beam by a bent Si crystal may be about 80%.

4.0 MULTI-TURN EXTRACTION EFFICIENCY

Due to the injection of filtered noise in the rf cavity, particles near the beam edge
in the longitudinal phase space begin to hit the crystal. In the simulations on multi-turn
extraction of the SSC beam, a phase noise of a large standard deviation o4 = 0.5 filtered
at @ = 0.85 has been used so that particles are quickly diffused to the crystal, thereby
greatly reducing computing time. Of the particles that strike the crystal, some will fail to
be channeled and some will be channeled initially but become dechanneled after traveling
a certain length in the crystal because of electron and nuclear multiple scattering. Some
of the particles that fail to be channeled all the way through the crystal will be lost due to

nuclear inelastic interactions, and the remaining will be scattered out of the crystal. If a
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Figure 13. Simulation Results on the Deflection Efficiency of the SSC Beam (Diamonds) in Comparison
with the Analytic Estimates (Curves).

particle is channeled all the way through the crystal and exits with an angle y' > 65 — 6.,
it 1s assumed to be extracted from the accelerator. If a particle exits from the crystal with
an angle 6; <y’ < 6p — 6., it is assumed to be lost downstream at the wall of the beam

tube. Here the acceptance angle 6; at the position of the crystal is determined by

T2

AV By,l )By,2 ’

where rj is the radius of the beam tube, §, is the vertical beta function at the position of

6 =

the crystal, and 8,2 is the maximal vertical beta function in the SSC lattice downstream
of the crystal. Assuming By 1 = 500m, By 2 = 300m (a typical value in a regular cell), and
r9 = 1 cm for the radius of the beam tube, the acceptance angle 8 is ~ 25 urad. Only the
particles that exit with an angle y’ < 6, are to remain in the beam and have the probability

to be channeled on subsequent passes.

The extraction efliciency can increase substantially due to multiple passage of parti-
cles through the crystal, when the beam broadening by multiple scattering in the crystal

1s not too large, 1.e.,

97"_5 S 95 or S S 57713.
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and when the beam loss due to inelastic nuclear interactions is small, i.e.,
S < Sy

Here 6 is the rms angle of multiple scattering through the crystal, Sp; is the length of
the crystal through which the rms angle of multiple scattering is equal to the channeling
critical angle 8, and S, is the inelastic nuclear interaction length of the crystal. For Si,
Sms = 42cm and S, = 45.5cm.

For a Si crystal bent along (110) planes by a fixed angle of 100 urad, Figure 14
shows the dependence upon the bend radius R of (1) the fraction of the particles ex-
tracted from multiple passage (Pe;), (2) the fraction of the particles extracted from single
passage (PL), (3) the fraction of the particles lost in the crystal due to inelastic nuclear
interactions (Ppyc), and (4) the total fraction of the particles lost either in the crystal or at
the pipe wall (Py;). Plos is minimal at R ~ 300m. For R > 300m, the dominant cause of
particle loss is the multiple scattering of channeled particles by crystal electrons and nucle;
thus the particle loss decreases with decreasing R. For R < 300 m, the dominant cause of
particle loss is the failure of being captured into the channeling regime upon the entrance
into the crystal; thus the particle loss increases with decreasing R. The dependence of P,
on R has the reverse character. It is maximal at R ~ 300m, where it equals about 93%.
This is more than the maximal deflection efficiency P; (Figure 13). The increase from
P}, to P, increases with decreasing R and can be more than 50% for crystals of large

curvature.

Figure 15 shows the distribution of extracted particles in the number of passages
through the crystal for a bend radius of R = 150 m. The majority of extracted particles
have a passage multiplicity less than 5. Figure 16 and Figure 17 show the distribution
of extracted particles in the horizontal coordinate z at the entrance into the crystal for
bend radii of R = 150 m and R = 1500 m, respectively. The inside edge of the crystal is at
r = 1mm. The distribution width is about 10 ~ 15 yum. In Figure 16 (for the R = 150 m
case) the distribution of the extracted particles with passage multiplicity greater than 1 is

shown separately by a solid line. These particles give a long tail up to 400 ~ 500 um.

5.0 CONCLUSIONS

Computer simulations have been used to investigate the method of injecting filtered
phase noise into the rf system to create a large amplitude beam halo for bent crystal
extraction. It has been shown that the protons diffused to the bent crystal came from the

tails. not the core of the beam, and that unlike the “white” noise which is turn-to-turn
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Figure 14. Dependence on the Crystal Bend Radius R of the Multi-Turn Extraction Efficiency P,; of the
SSC Beam, as well as Those of the Extraction Efficiency P}, from the First Passage Through
the Crystal, the Fraction Py, of the Particles Lost in the Crystal and the Total Fraction P,
of the Particles Lost Either in the Crystal or at the Wall of the Beam Tube.

uncorrelated, the filtered noise was correlated over many machine revolutions and thus
caused the beam to wobble. However, the degree to which the beam wobbles was shown
to diminish as the noise standard deviation decreases. The rate at which the protons
are diffused to the bent crystal by phase noise filtered at a fraction of 0.85 was found to
depend linearly on the noise standard deviation raised to a power of 2.4, from which a
noise standard deviation of 0.0042 was extrapolated for the extraction rate desired in SFT
physics experiments. The distribution width in the horizontal coordinate of the hits was
shown to decrease with decreasing standard deviation of filtered noise and to approach a

value no greater than ~ 2microns as the noise standard deviation approaches 0.0042.

Both theory and simulation have been used to investigate the channeling efficiencies
of an incident beam by a bent silicon crystal. It has been shown that the critical distance
of closest approach inside which a channeled particle will become dechanneled is well
approximated by the rms amplitude of thermal vibrations of the crystal lattice. For a
bent silicon crystal with a constant bend angle, it has been shown that the channeling
efficiency due to single (multiple) passage, as the bend radius increases, increases rapidly

for bend radii smaller than 300 (200) m, remains essentially constant for bend radii between
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Figure 15. Distribution of the Particles Extracted from the SSC in the Number of Passages Through a Si
Crystal of Bend Radius R = 150 m.
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Figure 16. Distribution of the Particles Extracted from the SSC in the Horizontal Coordinate z at the
Entrance into a Si Crystal of Bend Radius R = 150m. The dashed line represents the total
distribution and the solid line represents the distribution of the extracted particles with passage
multiplicity greater than 1.
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Figure 17. Distribution of the Particles Extracted from the SSC in the Horizontal Coordinate z at the
Entrance into a Si Crystal of Bend Radius R = 1500 m (Only the Total Distribution is Shown).

300 (200) m and 1500 (500) m, and decreases slowly for bend radii greater than 1500
(500) m. The maximal channeling efficiency due to single (multiple) passage was shown
to be ~ 80% (~ 93%).
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