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ABSTRACT

First part of this thesis describes the first application of a
crystal septum to replace a magnetic septum at the Fermilab Meson
area M-Bottom secohdary beam line. As a result the maximum
momentum  of the beam that could be transmitted to the
experimental area was raised from the magnetic septum 1limit of
225 Gev/c to the full primary beam momentum of 400 Gev/c.
Transmission properties of the c¢rystal septum has been studied at
energies of 60, 100 and 200 Gev/c. Beam properties at 200 Gev/c
with the crystal septum operation has also been studied.

The second part consists of a study of planar (110) and axial
<112> feeding-in and dechanneling effects in a single silicon
crystal. Three surface barrier semiconductor detectors along the
crystal were used to measure the energy loss of the charged
particlés. For each particle incident and outgoing angles and
the energy 1losses in the three crystal mounted detectors were
recorded on magnefic tapes. Channeled particles were identified
by their low energy losses. Data was acquired at energies of 30,
60, 100 and 200 Gev for planar channeling and 60 and 100 Gev for

axial channeling. Feeding-in effects were observed for both
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planar and axial cases. The basic probabilistic equation
used to derive a simple theoretical model which contains
characteristic dechanneling and feeding-in lengths.
dechanneling lengths have been calculated for rboth planar
axial channeling and the 1incident angle dependence of
feeding-in has been studied for planar channeling at above

energies.
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CHAPTER 1

INTRODUCTION

Whén é charged particle beam is incident nearly parallel to a
low-index c¢rystal axis or plane there is a significant difference in
the motion of the parficles. This phenomenon is called ‘'channeling'.
For' the past 10-15 years this has been an interesting area of both
theoretical and experimental research.

Basic concepts of channeling were first published by Lindhard ([1]
in 1965. 1In ?97& Gemmell [2] reviewed the channeling and related
effects of the passage of charged particles through crystals. Ellison
has done more detailed analysis and calculations to study the behavior
of planar channeled pérticles [3,4,5,6]. His approach was based on the
classical equation of motion of a charged particle due to the continuum
potential of the channel. 1In addition, a book edited by Morgan [7]
gives detailed treatment both of the theory and applications of
channeling.

The steering mechanism-of charged particles by bent crystal planes
using channeling was first proposed by Tsyganov [8]. This remarkable
behavibr was first observed at Dubna with 8.4 Gev/c protons [9], later
at CERN with 12 Gev/c [10] and recently (1982) at Fermilab up to
180 Gev/c [11]. Ellison has done further theoretical work on

dechanneling of charged particles due to curved planes. His



calculations led him to a wuniversal curve which determines the
dechanneling fraction due to a bent channel of constant curvature
[12,13]. Kudo [t14] has also done somewhat similar work for silicon and
germanium including the effect due to other near by crystal planesf
Several aspects of bending of charged particles by bent c¢rystals were

discussed in the papers [15,16] by R. Carrigan et al.

Crystal Septum

After the experiﬁental success of bending of charged particles by
bent crystals, a crystal septum was considered for operation in the
Fermilab M-Bottom secondary beam line. This beam line was constructed
at an angle of 8.25 milliradians relative to the incident primary beamt
The secondary beam is bent by two conventional septum magnets each of
3.05 meters length and operating at 9.6 kG at 200 Gev/c. The beam line
transport system will be discussed in Chapter 3. The magnetic septum
had been originally designed to transmit particles of momentum only up
to 225 Gev/c into the experimental area even though the accelerator
then was capable of running at 400 Gev/c. Therefore the M-Bottom beam
line was limited mostly to experiments of energy below 225 Gev.

One aspect of the present experimental program was to replace this
magnetic septum by a bent silicon c¢rystal to transmit the regular
secondary beam into the beam line. The demonstration crystal which was
078 mﬁ thick, 12.0 mm wide and 27.0 mm long was bent along the crystal
length by a bending device. The other aspect of the experimental
program was to feed 400 Gev/c particles into the existing beam linet

The classical theory of bending will be discussed in the next



Chapter (Chapter 2). A brief discussion of the M-Bottom beam line is
given in Chapter 3. The experimental set up used in M-Bottom pit for
different tests of the crystal prior to the installation in the septum
position is discuésed in Chapter 4. Setting the correct bend in the
crystal has to be done prior to installation. Chapter 5 details this
and studies carried out to understand the transmission properties of
the septum crystal. Crystal alignment is the other important part of
this application. It is impossible to perform the regular energy 1loss
scanning technique aﬁ the location of the crystal septum because of the
high background due to the other beam 1lines. Different scanning
methods relevant to septum alignment were tested in the experimental
pit. These studies are discussed in Chapter 6. Chapter 7 is devoted
to a discussion of the installation and operation of the crystal septum
at energies of 200 and H#00 Gev. The observed beam properties at
200 Gev ére also presented in this chapter. Beém tuning plays an
important role in getting the maximum possible yield in experimental
locations. 'TRANSPORT' program runs for momentum recombination and
focusing the beam in the pit and 'DECAY TURTLE' program runs to
calculate the beam intensities are discussed in this chapter. Results

will be compared with the observations made for septum operation.

Feeding-in and Dechanneling

Dechanneling was first described theoretically by Lindhard ([1].
The reverse process is called feeding-in or rechanneling where random
incident particles are trapped in channels due to multiple scattering.

This effect 1is normally assumed to be negligible in theoretical



calculations. The first observations of feeding-in effect [17] in
planar and axial channeling shows that this effect is not negligible
and has some influence in channeling phenomena. The second part of
this thesis deals with planar and axial feeding-in and dechanneling
studies. This experiment was done in the Fermilab Meson area M-Bottom
beam line using the experimental set up which was used for the septum
studies. The relevant theory is discussed in Chapter 8 and the results

are presented in Chapter 9.
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CHAPTER 2

CLASSICAL THEORY OF BENDING

2.1 Introduction

This chapter reviews the basic theory of the channeling of charged
particles. The continuum potential with the Lindhard approximation to
the screening function will be used to discuss the motion of a planar
channeled particle.A Phase space arguments will be used under
statistical equilibrium assumption made by Lindhard{1] to wunderstand
the behavior of channeled particles. The following discussions are

based on Ellison's approach for derivation of the theory.

2.2 Planar Channeling

2.2.1 Continuum Potential

Channeling of a particle along a major crystal plane is basically
governed by the potential due to the nearby planes of atomsf The
continuum potential due to the plane of atoms at a distance x from the
plane can be written as the summation of individual contributions due

to all the atoms in the plane.
U(x) = Ndpj 2rrY{y(y2+r?)}dr 2.1
: - .

where r is the radial distance from isolated atoms along the plane, N



is the atomic density of the crystal and dp is the separation between
the atomic planes. The potential X(r) which describes the interaction
between the 1incident particle (atomic number Z,) and an isolated atom
(atomic number Z,) when they are at a separation r, can be written as

an expression of the form
1(r) = L2z o29(r/a) 2.2

where e 1s the electronic charge, ¢(r/a) is the screening functiont
a =f8853 ao(Z§+Z§)'* is the screening distance, where a, is the Bohr
radius. Most commonly used potentials are based on Moliere and
Lindhard approximations to the screening functions. The Moliere

approximation to the screening function is

d(r/a) = ijexp(-6t0r/a)+0.55exp(-?72r/a)+0735exp(-0.3r/a) 273
and the Lindhard approximation to the screening is

®(r/a) = [1-r/(r2+02a2)*] 274

where C is a standard constant which he sets equal to v3. Using the
Lindhard approximation the continuum potential at a distance x from the

plane can be written as [1]
U(x) = 2nzlzze2Ndp{(x2+czaz)*-x} 2.5
For relativistic particles the critical angle for planar

channeling can be derived[1] by considering the closest distance of

approach as



3

8. = [4nZ,Z,e*Nd a/E]

c,p 2'6

p

where E is the energy of the particle. For the axial case the critical

angle is given by

8:,a = [uzlzzez/Eda]* 2.7

where da is the atomic spacing along the corresponding axis.

2.2.2 Motion of a Charged Particle

The actual motion of a charged particle 1is very complicated to
write because of the thermal vibrations of the crystal atoms and the
interaction with electrons. But ignoring these effects and assuming
the continuum potential approximation, the equation of motion can be
approximated by using Newtonian mechanics. " Let us now consider the
motion of a charged particle between two crystal planes as shown in
Figure 27?. If the continuum approximation is assumed to be valid and
the 1longitudinal velocity of the particle (in the z-direction) is
constant, then the motion reduces to a two dimensional problem in which

the motion can be written as [5]

d2x -
dz? = 2%‘%xV(X) 2.8

where E 1is the relativistic energy of the particle and x is measured
from the point midway between the planes. V(x) is the potential

experienced by the pérticle due to both atomic planes such that

V(x) = U(dp/2+x) + U(dp/2-x) 2.9



(x,%) — Crgstal plane

Figure 2.1 Planar channeling of a charged particle between two crystal
planes. 'The initial normalized position and momentum are x1 and Yi'

os M A R
' D=tp/a,s ¢
A ' 1
0s H

0.4 ‘ A /// ;.:
3 Yl

0.1

]
MOLIERE POTENTIAL ¢
00l . | I
00 02 06 06 08 10

(NORMALIZED POTENTIAL)Y: w(X)B=[v(x)n)®

NORMALIZED POSITION: Ton/(ay/2)

Figure 2.2 Universal curves of (Ht) versus normalized position X for
the Moliere potential obtained from reference [5]. The different
curves are for different normalized separations D.
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Here U(y) 1is the planar continuum potential. For convenience the
following notation will be used for defining the normalized distance

and normalized planar separation:

X = 2x/d =
p and D dp/a 27?0
For the Lindhard potential

V0 = KL 21231401 + L0433 -0-01) 2.11a

or
V(x) = K W(X,D) : 2.11b

where W(X,D) 1is the normalized form of the continuum potential, X is
the normalized position in the channel, D is the normalized planar
spacing, K 1is the parameter scaling the magnitude of the potential

which is given by
K = lezzeszp 2.12

The normalized potential versus normalized position is shown 1in

Figure 2.2 for the Moliere potential [13].

2.2.3 Phase Space Representation

If we define the normalized position along the channel as Z=2z/dp,

the equation of motion (equation 2.8) becomes

d2X g
dzz * zg W'(X,D) = 0 2.13

where the prime denotes differentiation with respective to the first

argument X. This equation can be written as two first order equations
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dx

az = (k/E)Y 2.14a
dy

4z = wx/E) W (x,D) 2.14p

If y(z) is the angle the particle trajectory makes with the plane at a
distance Z, the transverse velocity of thg particle is
Ve = v sin y(z) = v dx/dz and the corresponding transverse energy is
Et = E[y(z)]2%. The correspondingv energy of an equivalent two
dimensional system transverse to the particle motion is defined as the
transverse energy. S;nce dx/dz is related to transverse momentum,
equation 2.14a defines the normalized transverse momentum Y and the

solutions of equation 2.14 are of the form

X

0:1(2,X;,Y4) 2.15a

o
]

¢2(Z,Xi,yi) 2.15b
where Xi and Yi are the initial normalized coordinates of the channeled
particles. Further equation 2.13 can be written in the form

H/EE) + wen] = 0 2.16

which implies that the motion is governed by a conservation law and the

conservation of transverse energy will be given by the equation
Y2 + W(X,D) = e 2.17

where e (=Et/K) is the normalized transverse energy.

These potentials (W(X,D)) are symmetric ( i.e.W(X)=W(-X) ),

therefore the solutions X(Z,X,,y,) are periodic functions, and the
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transverse motion of each particle has a uniquely associated amplitude

A where the amplitude is given by the equation
W(A,D) = e 2.18

The wavelength Q of the oscillation depends on the amplitude A such
that Q(A,D) is a monotonically decreasing function of A where Q(A,D)

can be written as [5]

A
Q(A,D) = j[w(m).—w(x.m]-* dX  for A = 0 2.19a
- w[2w"(0,D) 1% for A = 0 2.19b

where W" is the second derivative of W with respect to X and the

wavelength can be written as [5]
A 2dp(KJ Q(A,D) : 2120

For each amplitude A, equation 2.14 defines a curve in phase space
(X,x) which are called integral curves. The integral curve 'e' in
Figure 2.3 shows the path in phase space of an arbitrary particle which
has an amplitude A. For standard potentials like Lindhard and Moliere
these integral curves form a family of concentric ovals about the
origin. When a beam of par;icles is channeled through a plane in a
crystal, they move in phase space along the integral curves in the
clockwise direction. . The larger ampl;tude particle moves faster around
its own integral curve.

For example, curve 'a' in figure 2.3 represents the initial

positions and velocities (t=0) of the particles incident parallel to
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the crystal plane and 'b' and 'c' represent the positions and
velocities at some depths at time t, and t, into the crystal.

Let us define the critical distance of approach to be X, such that
normalized critical distance X - 2xc/dpf For a particle to be channeled
through the plane its amplitude A must be 1less than or equal to

xc (A s Xc). The critical transverse energy is defined by
E, = V(xe) 2.22

and any particle which has a transverse energy E>Ec is assumed to be

dechanneled.

2.2.4 Phase Space Density

All the information for the continuum model planar channeled
particles is contained in the phase space density o¢(Z,X,Y). Let
Oo(o»xi,Yi) be the initial phase space density andv o(Z,X,Y) be the
phase space density at a depth Z. By the Liouville theorem in
classical mechanics it can be shown [4] that ¢ is a constant along the

curves in X,Y,Z space determined by equation 2.14. i.e.
0(2,X,Y) = oo(O,xi,yi) 2.23

Since the equation 2.14 does not depend explicitly on Z, the phase
space point (X,Y) must move back to (xi'Yi) in -Z units if we reverse

the motion of particles. Hence the inverse relation of equation 2.15

is

X; = ¢,(-2,X,Y) 2.24a
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T = 9,(-2,%,Y) 2i2Mb
and the phase space density at (X,Y,Z) can be rewritten as
o(Z,X,Y) = 00{0,¢1(‘Z,X,Y),¢z(‘Z,X,Y)} 2.25

Since ¢, and ¢, are periodic, equation 2.23 tells us that for a fixed X
and Y phase space density o is also a periodic function of Z with the
same wavelength and therefore the statistical equilibrium phase space

density o is the depth average of o over one period.

A _
ka,x) =.} J 0610,¢,(-Z,X,¥),¢,(~2,X,Y) }dz 2.26
0

Once the phase space density 1is evaluated, spatial density Bé and

momentum density p_ can be written as

Le,-W(X)]

ﬁé(x,n) = 2[ EKX,X,D)dY 2t27a
]
Xy

P (X,D) = 2[ ‘F(X.Y.D)dx 2.27b
1]

where e, is the critical transverse energy and w(xy) = e,-Y2.

For Moliere or Lindhard potentials there are no solutions to ¢,
and ¢, in terms of elementary functions. Therefore, equation 2.26 can
not easily be solved analytically. In a channeling experiment or in
reality the initial spatial density is uniform and the initial momentum
density is Gaussian. . For an example let us assume a parallel incident

beam of initial momentum distribution

05 = % 6(Y-Y,) 2.28
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Xz~ /

]

Figure 2.3 Phase flow at various crystal depths (curves a, b and c¢) for
particles incident parallel to the plane. e 1is an integral curve for
an arbitrary particle. .

time t20

Figure 2.4 Phase flow at various crystal depths for particles incident
at an angle to the plane. These particles never enter the darked
region defined by E)Y’.
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where § denotes the Delta function and Y, is the incident angle. An
initial spatial distribution of 1/2 1is assumed between planes

(-1 < X < +1). Now equation 2.26 can be reduced to the simple form [5]
0,= 0 , for e<Y? and eXW(A ) 2.29a
= [2Q(A,D) W'(X,)]_? for other values of e 2.29b

where A 1is the. amplitude corresponding to transverse energy e,
Ac (= X;) is the critical amplitude for channeling and X, is defined by
W(X,) = e-Y2. Any particle is considered to be dechanneled if its
amplitude is greatef than or equal to the criticalAamplitudef It is
easily seen that once A, is chosen o depends only on Y, and D.

Figure 2.4 showes the phase flow in the phase plane for various
depths for particles starting along the line Y = Y,. The particles

never enter the region where E <Y2,

2.3 Bending of Planar Channeled Particles
The characteristios.of planar channeled particles were discussed

before. Steering of charged particles by bent planes will be discussed

below.

2.3.1 Equation of Motion

Let us now consider a charged particle, channeled between two
crystal planes and ehtering a bent region of curvature k(z) as shown in
Figure 2.5. If x and z are two perpendicular axes in the lab frame as
shown in Figure 2.5 then the curvature of the central plane is defined

by X = £(z) and the the curvature k(z) can be written as
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Figure 2.5 Planar channeling of a charged particle between two bent
crystal planes of constant curvature k. xc is the critical distance

for channeling and X_ is the distance of the equilibrium plane from the
center of the channef.
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Figure 2.6 Universal curves of W' versus normalized position X for use
in determining X for a given k or T (obtained from reference [13]).
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k(z) = £7(z)/(1+21(z)2)2). 2.30

Introducing the generalized coordinate (x,z) where z is the arc
length along the central plane and x is the distance perpendicular to
the central plane, the Lagrangian for a particle in a curved channel

can be written [12] as

L = g((dx/dt)z + (1-xk)2(dz/dt)?) - V(x) 2.31

where m is the mass of the particle and V(x) 1is the continuum
potential. Using dz/dt = (2E/m)i and for relatively smaller curvatures

1 >> dk(z) the equation of motion will be reduced to [12]

2
R MCOREETES 2.32

Using the normalized definitions in equation 2.10 the above equation

can be written [13] as

dx* ¢
azz * pylW'(X,D)-T) = 0 2.33

where T=pvk/2nwZ,Z,e?N. A particle is defined to be rechanneled by the

bend if ~X, < X(Z) < X, for all z and is dechanneled if X(Z) 2 X, for
some z. The XC is related to the critical transverse energy for
channeling by Ec = v(xc).

The equilibrium solution X=Xe of equation is defined by
V_\I'(Xe’D) =T v 2.-3‘4

The non-negative geometrical parameter Xe depends only on the two

physical parameters D and I', and is a monotonically increasing function
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of T. The equilibrium path is shown by the dashed line 1in Figure 2.5.
The universal curves of the normalized potential are shown in
Figure 2.6. For a given k or T the equilibrium position can be
determined from Figure 2f6f

The equation of motion (equation 2.33) has an associated

conservation law given by
Y% + W(X,D) - TX = e 2.35

where Y=(E/2K)*dX/dZ‘ and e- is the normalized transverse energy.
Equation 2.35 implies ‘that e is constant along a given solution as in
the case of T=0 (section 2.2.3). The solutions define a set of
concentric ovals about X=X  and Y=0 in the phase plane as shown in
Figure 2.7, The motions of tﬁe particles are periodic and oscillate
around X=Xe. As the particle moves down the unbent channel, it moves
clockwise along the phase space curve '¢'. When it enters the bent
channel at 'L', it changes its motion from 'c¢' to 'd' and starts to
oscillate around X=X . This arbitrary particle, according to the
Figure 2.7, will be dechanneled at 'M'. If the particle moves along
the phase space curve 'e' in the unbent region and enters the bend
region at N, then it continues channeling along the phase space curve

'f' in the bend region.

2.3.2 Dechanneling due to a Constant Curvature
In Figure 2.7 the phase space of the particles before entering the
bent channel is represented by the region inside the curve 'a' and they

oscillate around the center X=0. As they enter the bent channel, the
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Figure 2.7 Phase flow at various crystal depths for planar channeled
particles (ovals centered at X=0) and bent crystal planes (ovals
centered at X-Xe).
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Figure 2.8 Universal curves of F versus TI' for the two cases X =1 and
X,=1-2/D using the Moliere potential (obtained from reference [?33).
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oscillation center shifts to x-xe and the region inside the curve 'b'
represents the phase space of bent channeled particlesi Therefore, the
particles in the region a-b are dechanneled at the bend and the
dechanneled fraction F can be written as

F=J/ o(X,Y) dX dY 2.36

(a-b) - . :

As discussed in section 2.2.4, there are no analytical solutions
available for o and, therefore, no analytical solution can be found for
Ff Ellison[13] has done some computations of_ I' using the Moliere
potential and has obtained the universal curves for dechanneling
fractions. These curves are shown in Figure 2.8 for different values

of D.
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CHAPTER 3

DESCRIPTION OF THE BEAM LINE

3.1 Introduction

The purpose of the crystal septum application was to show that a
bent crystal could bé used to replace a magnetic element in a beam line
to bend a charged particle beam. The Meson area M-Bottom (Meson
Bottom) secondary beam line was used for this demonstration. The two
septum magnets (MB2D) which are located about 160 feet downstream of
the ptoduction target deflect the secondary beam by 8.9 milliradians in
the downward direction. It was suggested to replace the above septum
magnets by a bent crystal to operate the beam iine. This chapter

describes the M-Bottom beam line and its normal beam properties.

3.2 Beam Line Transport System

During the period of this experiment the primary beam of the main
accelerator was 400 Gev/c protons. Figure 3.1 shows the schematic of
the M-Bottom beam line elements. The primary proton beam which is bent
vertically doﬁnward by 1.46 milliradians by the MC1D bending magnet is
incident horizontally on an aluminum production target. The target can
be remotely adjusted to cause 0.1% to U.0% of the incident protons to
interact in it. The M-Bottom beam line is a secondary beam line which

has been designed to accept secondary particles produced at an angle
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2.5 milliradians. This beam angle was largely set Dy the septum
character of the MB2S and MB2D magnets. They were specially built to
get as close as possible to the primary beam directioni Clearly a
crystal septum could get much closer so that secondary beam lines of
smaller beam angles would be possible. This beam is deflected downward
by 8.9 milliradians by the MB2D septum magnets for normal operation.
The magnetic septum consists of two dipole magnets each 3.05 m long and
operating at a maximgm field of 9.6 kG at a momentum of 225 Gev/c. The
septum magnets are located in enclosure-2 which is called Front End
Hall (FEH). Because of the magnetic septum limit this beam line can
not normally be operated at energies higher than 2é5 Gev.,

Another vertical upward bending magnet (MB2U) at U400 feet
downstream of the target brings the beam back at 8.25 milliradians
relative to the horizontal direction and sends it through the M-Bottom
beam line to the experimental location about 1600 feet downstream of
the production target. Table 3.1 shows the component floor layout and
gives a description of all the elements in the beam line.

The quadrupole triplet MB2Q1, MB2Q2 and MB2Q3 in the beam
transport system gives the first stage of point to point focusing and
momentum recombination at the horizontal (MB3CH) and vertical (MB3CV)
collimators at an intermediate position about 600 feet from the
production target. The second quadrupole doublet MBUQ1 and MBUQ2 gives
the final point to point focusing and momentum recombination at the

experimental location.
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Table 4.1 M-Bottom component floor layout and their nominal values for
200 Gev secondary beamn. 'B' in column six represents the magnetic
fields of dipole magnets in kGauss and magnetic field gradients of
quadrupole magnets in kGauss per inch. Respective current settings are
shown in the last column. ’

B/ (KG)

Z X Y ELEMENT POWER OR CURR.
feet inch inch SUPPLY (KG/IN) (AMPS)
-40.5 0.00 0.00 BENDING MAGNET MC1D 16.000 880.0
-14.0 0.00 0.00 EPB 0.1%-4% TARGET MBTGT =~ ’

94.3 0.00 -.27 R1 SEPTUM ELEC.MODE  MB2S 1400.0

1334 0:00 -:37° PB CONV. ELEC. MODE MB2MT
138.5 0.00 -.39 SEPTUM MAGNET 4-2-123 MB2D 9.518 3210.0
155.4 0.00 -.51 . SEPTUM MAGNET 4-2-123 MB2D 9.518 3210.0

192:5 0.00 -.92 NEUTRAL BEAM DUMP - MB2BD

245:6 0.00 -1.53 QUAD 3Q120 MB2Q1 -3.145 60.3
256.6 0.00 -1.66 QUAD 3Q120 MB2Q2 U4.7125 79.0
379.5 0.00 -3.06 VERT COLLIMATOR MB2CVv o ’
384.2 0.00 -3.11 HORI VERNIER 4-4-30 MB2H

392:0 0.00 -3:20 QUAD 3Q120 MB2Q3 -1.372 26.3
403.0 0.00 -3.32 EPB DIPLOE 5-1.5-120 MB2U 6.926 672.0
649.4 0.00 -5.36 VACUUM BEAM STOP - MB3BS ’ ’
656.8 0.00 -5.42 VERT COLLIMATOR MB3CV

661.7 0.00 -5.46 HORI COLLIMATOR MB3CH

691.0 0.00 -5.70 HORI VERNIER 4-4-30 MB3H

665.7 0.00 -5.49 VACUUM SWIC MB3WC

1020.3 0.00 -8.42 QUAD 3Q60 MBU4Q1 -3.882 74.3
1026.8 0.00 -8.47 QUAD 3Q60 MB4Q1 -3.882 T4.3
10341 0.00 -8.53 QUAD 3Q60 MBUQ2 3.801 72.8
1040:6 0.00 -8.59 QUAD 3Q60 MB4Q2 3.801 72.8

1046.6 0.00 -8.63 HORI VERNIER 4-4-30  MB4H
1050.1 0.00 -8.66 VERT VERNIER 4-4-30  MBA4V

1598.0 0.00 -13.18 AIR SWIC MB6WC

1700.1 -.01 -14.03 EPB DIPOLE 5-1.5-120 MB6EW 12.005 1165.0
17111 -.07 -14.12 EPB DIPOLE 5-1.5-120 MB6EW 12.005 1165.0
1761.:1 -.60 -14;53 EPB DIPOLE 5-1:5-120 MB6EW -12.005 1165.0
1772:.5 -.66 -14.62 EPB DIPOLE 5-1.,5-120 MB6EW -12.005 1165.0

Figure 3.2 shows the beam optics of the M-Bottom beam line for a
200 Gev/c secondary beam. The solid lines are the paths of two rays

which are starting from the target on the axis of the beam 1line with
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maximum horizontal and vertical angular divergence of 0.35 and
0.20 milliradians, respectivelyf The maximum horizontal and vertical
angular acceptance of the system is determined by the apertures of the
MB2S dipole magnet and the quadrupole doublet (MBNQ? and MB4Q2),
respectively. The broken line shows the momentum dispersion for a 4%
change of momentum. The momentum dispersion is limited to 4% by the
vertical apertures of the MB4Q1 and MB4Q2 quadrupole magnets.

The MB2D and MB?U are the momentum selection magnets in regular
operation. MB2D can only be operated up to 225 Gev/c while MB2U can be
operated up to 500 Gev/c. In crystal septum operation (in the absence
of MB2D), the MB2U dipole magnet would be the momentum selection magnet
in the beam line and the maximum possible beam momentum would be
500 Gev/c. Four beam trim magnets (MB2H, MB3H, MB4H and MBUV) are
available at different positions along the beam for beam position

tuning.

313 Beam Tuning

The user has complete access to control all the elements in the
beam 1line downstream of the production target through the beam line
control system called Experimental Physics Interactive Control System
(EPICS). For beam tuning the currents of all magnets (quadrupoles and
dipoles) have to be set to their correct values for a given energy.
These values are calculated by the computer program TRANSPORT
(section 3'5f?) by - requiring the necessary focusing and momentum
recombination. The calculated currents of all magnets together with

other devices and their specifications are stored in a file called
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'PAGE FILE' for a given energy. Stored values of devices can be set at
once by calling the 'PAGE FILE', using a control command. In addition
to that, contrcl commands can be used to change the device currents and
collimator sizes. Fine adjustments can be done by tuning quadrupoles
and verniers (trim magnets). Two segmented wire ion chambers (SWICs)
MB3WC and MB6WC are located in the beam line at the first focus and the
experimental pit o assist fine tuning. Horizontal and vertical beam
profiles at the SWIC positions can be monitored at the end of each

spill via a television screen in the control room.

3.4 Regular Secondary Beam Properties

The normal accelerator cycle time was 40 seconds and the spill
time was 5 seconds (5 second flat top) during the 400 Gev/c operation
of the accelerator. At 800 Gev/c operation the cycle time was the same
and the spill time was 20 seconds (20 second flat top). The primary
beam intensity at the production target is of the order of 1.0x10%!
particles per spill. This primary beam produces about 1.6x10°% 7+
particles per spill due to the interaction with the aluminumr target
(2.5 cm long). A 7+ production cross section of 12 millibarns was used
in the above calculation. It was assumed that the total p-p cross
section 1is Y40 millibarns [18], 90% of the products isvpions in the Gev
range and one-third of the pions is nw+. According to the -empirical
model given in reference [19], the secondary particle production yield
at an angle © per unit solid angle (dQ) per unit fractional momentum

(dp/p) is given by

- 3 _ 2
d2N -4 _g e Bp/po] (2C1-|- e c(p@) ] 3.1
dQdp/p 0 .
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Figure 3.3 The circles represent the observed secondary particle
yield in the experimental pit for 1.0x10!! particles incident on the
target. The solid 1line 1is the calculated yield using the empirical
formula given in equation 3.1.



30

where p, is the primary beam momentum in Gev/c, p is the secondary beam
momentum in Gev/c and © is the production anglef A, B and C are
constants which depend on the kind of the particle and the primary
energy. For m+ production at 400 Gev/c, A=1.2, B=9.5 and C=5.0 are the
best fit values for the above empirical formula from the experimental
data in reference [19].

Figure 3.3 shows the observed yields in the experimental pit at
800 Gev/c primary begm momentum. The data was obtained over a range of
secondary beam momentum in the M-Bottom pit. The 400 Gev/c values of
A, B and C were 'used to calculate the yield at 800 Gev/c and the
results are also shown in Figure 3.3. The flux was calculated over a
solid angle of 0.2 microsteradian around the 2.5 milliradian production
angle. The horizontal and vertical beam divergence of Of35 and
0.20 milliradian, respectively, were used to calculate the solid angle
of 072 microsteradian. Decay of w+ has also been taken into account.

The Cerenkov detector 1located at the upstream end of the
experimental pit was used to find the hadron composition in the beam.
The primary beam momentum at the time was 400 Gev/c. Figure 3.4 shows
threshold curves made at a beam energy of 200 Gev. The relative counts
in the upstream counter in the Cerenkov chamber was plotted against the
gas pressure of the chamber. Calculated hadron composition at this
energy is about 27% protons, 61% pions and 2.?% kaonsf

At 200 Gev/c¢c the observed beam divergence is about 100
microradians (half width) in both horizontal and vertical directions

and the beam size is about 1.0 inch in diameter.

{
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3.5 Calculation of Beam Element Parameters and Beam Characteristics

The following discussion covers the two programs that beam 1line
designers use to calculate element parameters and characteristics when
designing a beam line.transport systemt These two programs will be
used 1in Chapter 7 to calculate beam parameters and to compare with the
observed values. The input beam for the crystal septum mode will be

discussed in section 7.3 of Chapter T.

3.5.1 Computer Program 'TRANSPORT'

The computer prdgram 'TRANSPORT' [20] is wused to calculate the
beam element parameters in a beam line transport system. This is a
first and second order matrix multiplication program. At any position
in the beam 1line an arbitrary charged particle is represented by a
single column vector of six components which is called the 'coordinate
vector!'. These components are the horizontal and vertical positions
and divergences, path length difference and fractional momentum
deviation of the charged particle. Elements in a beam liné such as
dipole and quadrupole magnets and drift spaces are represented by
square matrices (6x6) which are called 'transfer matrices'.

Passage of a charged particle through a component of the beam line
is represented by the multiplication of transfer matrix and the
coordinate vector. If X, is the coordinate vector of the input beam

then the coordinate vector X, after passing through the first element

is given by
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where R, is the transfer matrix of the first element. If there are n
elements in the beam transport system with transfer matrices RI,RZ,..Rn

then the coordinate vector at the end of the beam line is given by

X, = Rp-+-Rz Ry Xg 3.3

Provision has been made to impose various constraints according to

the need of the user when calculating the parameters in the elements of

the beam transport system. These constraints are momentum
recombination, horizontal and vertical focusing, horizontal and
vertical parallel and so on. For an existing beam 1line, magnetic

fields (e.g. quadrupoles) can be calculated according to the given
constraints at any position of the beam. When designing a beam 1line
the positions of magnets and collimators can also be calculated in

order to get the desired characteristics of the beam one needs.

3.5.2 Computer Program 'DECAY TURTLE'

DECA¥ TURTLE (Trace Unlimited Rays Through Lumped Elements) is
another computer program [21] designed to simulate charged charged beam
transport systems. It allows one to examine chromatic aberration and
the effects of nonlinearities in magnetic fields and to evaluate the
effects of slits and apertures. In DECAY TURTLE, provision has been
made to 1include particle decay, following the parent particles and up
to two kinds of daughter particles through the beam line. In order to
use the DECAY TURTLE program one has to calculate the The number of
rays one wishes to run through the system can be set in the input data.

The beam phase space of these arbitrarily generated rays can be
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examined at any point in the system. The distributions of components
of the coordinate vector can be represented by one or two dimensional

histograms.
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CHAPTER 4

EXPERIMENTAL SET UP IN THE M-BOTTOM PIT

4.1 Introduction
The purpose of this chapter is to discuss the basic experimental
set up used in the M-Bottom experimental pit, located at the downstream
end of the beam line. This set up has been used for the following
parts of this experimental program
1. aligning the septum crystal before installation,
2. setting up the correct bend angle in the septum crystal,
3. studying the through-put of the septum crystal at different
energies,
4, studying scanning techniques and
5. studying the feeﬁing-in and dechanneling properties of unbent
crystals made with several detectors.
Chapter 5 deals with the bend angle set up and the through-put studies
of the septum crystal. Crystal alignment and scanning techniques will
be discussed in Chapter 6. Feeding~in and dechanneling studies will be
examined in Chapters 8 and‘9.
Apparatus set up, detectors and data acquisition will be discussed
in this chapter. A detailed description of the detectors can be found

in reference [11].
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Figure 4.1 Experimental set up used in M-Bottom pit for the crystal
studies. Upper numbers indicate the distances between Y sense wire
planes of drift chambers and lower numbers for X sense wire planes.
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4,2 Apparatus Setvgg

Figure 4.1 shows the schematic of the apparatus set up which was
located in the upstream end of enclosure-6 (the experimental pit) of
the M-Bottom beam line. D1, D2 and D3 are three drift chambers and T1,
T2, T3 and T4 are four scintillation detectors. Detector T2 has a hole
of 1.0 mm by 5.C mm and has been used as a veto to the trigger system
to require particles passing through the crystal. Very close to the
downstream end of the drift chamber D2 is the Chalk River goniometer
box which was wused for feéding—in and dechanneling studies. Next to
this is the septum sﬁand.

A vacuum pipe between D1 and D2 and a helium bag between the
crystal and D3 were used to reduce the multiple scattering of particles
in the range where the measurements were taken. Without the helium bag
the angular width of multiple scattering is 15 microradians and with
the helium bag it reduces to 2.6 microradians, leading to
26 micrometers resolution at drift chamber D3 at 200 Gev/c. The
angular width due to the multiple scattering is inversely proportional

to the momentum of the particles.

4.2.1 Drift Chambers

Each drift chamber has two horizontal sense wire planes and two
vertical sense wire planes to measure y and x coordinates,
respectively, of the charged particle tracks as shown in Figure 4.,2.
Each sense wire (anode wire) is surrounded by a set of cathode wires.,
Figure 4.3 shows a drift chamber wire plane of two sense wires. High

voltages are applied to field wires to produce the electric field
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Figure 4.2 Schematic diagram of the two X and two Y planes in a drift
chamber "module. The signal (sense) wires are shifted by half of the
distance between them in alternative planes.
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Figure 4.3 Two wire planes of a drift chamber module showing the
relative positions of the sense wires. All the wires are perpendicular
to the paper and the beam direction' is upward. The equipotential
surfaces are also shown. ' ,
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necessary to collect the charges produced by ionizationf Cathode wires
are connected to uniformly decreasing potentials starting from ground
in front of the anode. The equipotential surfaces are shown in
Figure 4.3. A gas mixture of 50% argon and 50% ethane bubbled through
ethyl alcohol at atmospheric pressure was made to flow through the
drift chambers for better ionization and collection t22,23,24,25].

Passage of a charged particle 1ionizes the gas molecules and
creates electrons gnd ions. These electfons are drifted towards the
nearest sense wire (anode wire) by the electric field surrounding it as
shown in Figure 4.3} Multiplying the time of flight by the drift
velocity, the distance to the track of the charged particle from the
corresponding sense wire can be found. An independent measurement of
the drift velocity had been done in the previous experiment [11] and
the measured value of 0.0505 mm/ns will be used in calculations.

The time of flight is measured by an electronic unit called 'Time
to Digital Converter' (TDC- LeCroy model 2228A, 8-channel). Collection
of the charged particles creates an electric signal at the sense wire.
Each sense wire signal is amplified by a separate amplifier circuit to
an analog signal of -5.0 Volts. These signals are sent to separate
channels of several TDC modules in the CAMAC c¢rate through low
impedance cables. These units start counting when a fast coincidence
(section U4.3) occurs in the logic (corresponds to the time at which the
ionization is produced), stop when the sense wire signal reaches the
unit (corresponds to the time at which the charge is collected at the
sense wire) and convert the time difference to a digital number. All

the channels of all the TDC units were calibrated for zero counts and
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conversion factors (counts to time)t The zero count is defined as the
digital number that the TDC unit registers if an ionization occurs
right next to the sense wire. The conversion time of a TDC channel 1is
about 100 nanoseconds and the time resolution is of the order of 0.5

nanosecond. Details of the TDC calibration are given in reference

111l

Table 4.1 Drift chamber parameters.

Draft Number Wire Operating Efficiency Resolution
Chamber Wires Separ. High Jan. June uM
/pln mm ’ Voltage run’  run
D1 X =4 30.2 3400 87%  93% 200

) x'= 4 30.2 3500 84% 88%
y =4 20.0 3000 684 91% 300
y'= 14 20.0 3050 65%  91%
D2 x = U 30.2 3200 95%  93% 300
x'= 4 30.2 3200 93%  95%
y = U 20.0 3200 qug 96% 300
yt= 4 20.0 3200 96%  96%
D3 x =11 60.4 4350 61% 92% 500
x'=10 60.4 U450 78% 95%
y =11 20.4 2850 87%  92% 250
y'=10 20. 4 2850 86% 94%

The minimum time difference between two successive events that the
drift chamber can resol?e is of the order of 100 nanoseconds. The
event rate of the experiment is of the order of 1.0x10% per second
which 1s well within the time resolution of the detectors.

The operating high voltages were -established by making voltage

curves as shown in Figure 4.4. The percentage of single hits for each
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wire plane is plotted against the applied high voltage. Table 4.1
shows the sense wire configuration, operating high voltages,
efficiencies and resolution of sense wire planes, The efficiency of a
wire plane was defined as the percentage of single wire firings. The
overall good event percentage in the January run was 10% and the June
run was 42%. A good event was defined as an event which has one wire
fired in all twelve drift planes. The January run was for the septum
crystal through-put, studies and June run was for the feeding-in

studies.

4.2.2 Scintillation Detectors

The basic principle of a scintillation detector [26,27] 1is the
following. When a charged particle passes through the detector,
electrons in the scintillation material get excited. When they decay
to the ground state, photons are emitted. The photomultiplier tube
collects this light and produces an electrical signal proportional ¢to
the amount of light collected, by electron multiplication in a series
of dynodes. Figure 4.5 shows the base circuit used to operate the
photomultiplier tubes. This signal is transfered to the fast logic by
cables with 50 ohm impedance. The cable lengths have been adjusted
such that all signals due to a beam particle passing through all three
detectors, reach the coincidence unit in the counting room at the same
time. The fast coincidence for the computer trigger is selected from
these scintillation detector signals. Normally, scintillation
detectors have resolution Qf the order of a few nanoseconds.

Table 4.2 shows the dimensions of all the scintillation detectors



44

O J
Rl = 300kohm R6 = 150kohm J)J qu
R2 = 75kohm R7 = 51 ohm
R3 = 94kohm R8 = Skohm L o
R4 = 113kohm Cl1 = ,00LmF (3kV) = ANODE
‘ R5 = 132kohm C2 = .00S5aF (3kV) 7
CATHODE C3 = .0033uF (1kV) DYNODE - SHV
) L" ]
FORCUSING -
ELECTRODE SHEILD ,
l ]
117 10 -
]
= ' 1 1 2 153 14 4 13 5 12 6 |8 L
G ‘s 6 7 8 9 10 11 |12R8% SR
i - NN T = e ~
e '] ~

ZR7

C3
H 4 HH HH

R1 R2 R2 R2 R2 R2 R2 R2 R2 R3 R4 R5 R6

Figure 4.5 Photomultiplier base circuit used in scintillation
detectors. The wunderlined numbers indicates the pin numbers of the
photomultiplier. tube (RCA 8575).



45

used and corresponding photomultiplier tube high voltages. The high
voltages of the photomultiplier tubes have been set to their optimum

values by making voltage plateau curves.

Table 4.2 Scintillation detector parameters

Scintillation Dimension High

Detector mm xmm Voltage
T1 50x50 (2"x 2") - +1460
T2 50x50 (2"x 2") +1420

(1.x 5. mm hole) )

T3 50x50 (2"x 2") +1420
TU 178x710 (7"x 28") -1620
T5 2 x 2 mm +1500
T6 50x50 (2"x 2") +1450

T7 2 x 2 mm +1500

4,2.3 Surface Barrier Semiconductor Detectors

The silicon crystal used for the septum application had a surface
barrier semiconductor detectors [28] incorporated directly 1in the
crystal to measure the energy loss of the charged particles passing
through the detector. The detector 1is a diode consisting af an
extremely thin (less than one micrometer) p-type layer on the sensitive
face of the n-type silicon crystal. The two electrical contacts to
this diode are made (T) to the p-type surface through a thin
(approximately 40 pg/cm? thick) gold film and (2) to the n-typé silicon

on the back surface through a non-rectifying aluminum metal contact.
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Figure 4.6 Schematic diagram of a crystal with a surface barrier
semiconductor detector. The electrical contacts to the diode are made
through the gold and aluminum pads. Aluminum side is grounded and a
reverse bias voltage (negative) is applied to the gold side to operate
the detector.
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The schematic of a typical crystal with a detector 1is shown in
Figure U4.6.

The description of detector operation is as follows. When a
charged particle passes through the detector it 1loses energy by
creating electron and hole pairs at a rate of 3.6 electron volts per
electron-hole pair for silicon and 2.9 electron vélts for germanium.
When a reverse bias voltage is applied externally to the -electrodes
(aluminum grounded 'and negative voltage on gold), electrons and holes
are attracted towards opposite electrodes under the influence of the
electric field. For silicon the minimum bias voltage necessary to

deplete the detector can be calculated from the following equation
t = 0.5(P y y? 4.1
~'n'b ..

where Pn is the room temperature n-type resistivity in ohm/cm, Vy is
the applied bias in volts and t is the thickness of the detector. The
resulting net current represents the energy 1loss of the charged
particle passing through the detector. The charge collection by the
gold electrode which gives a negative pulse signal is amplified by a
preamplifier at the first stage. Figure 4.7 shows the electronic set
up used for crystal detector signal amplification.

The fast signal is generated by the Timing Filter Amplifier as
soon  as the charge collection has been started by the detector. This
signal was used to trigger the data acquisition system. The amplifier
signal 1is very slow (about 2 microseconds latter) and its pulse height
is proportional to the total charge collected. This signal was used

for energy loss information for charged particles passing through the
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crystal at the detector.
The pulse height of the slow signal is converted to a digital
value by a CAMAC unit 'Analog to Digital Converter' (ADC- Ortec model

AD811, 8-channel).

4.3 Trigger System

Figure 4.8 shows the block diagram of the fast and slow logic of

the trigger system u§ed for
1. Drift chambers only mode.
2. Drift chamber and crystal mode.
3. Crystal scan mcde.

The trigger system was developed to accomplish all three modes in
one logic system. The "drift chamber only" mode was used without the
crystal for alignment of scintillation detectors anq drift chambers.
The event trigger »is produced by the coincidence of the fast trigger
counters T1 and T4,

The second "drift chamber and crystal" mode was used for data
acquisition. Scintillation detector signals and the crystal fast
signal were used to trigger the detection system on particles through
the c¢rystal, The coincidence signal was T1.T2.T4.X, where X denotes
the crystal fast signal and T2 denotes the anti-coincidence of the T2
3ignal. TDC counts of drift chamber sense wires, the ADC value as well
as counts of the crystal detectors and several scaler values were
recorded for each eventf

The "crystal scan" mode was used to trigger the system when

scanning crystals to locate the planes or axes. In scanning only upper



50

fast esigmal
amm— i e—

slow sigmal
eas—i—

gl nim start p——ap

gate generator

A fan tdc start
R 1 in e £ CRBMC
; - out -
ator
n gate gensr:
T —— A fan tdc clear
3 - W— start delje—fe—eed {n . g
2 Q) blank out to camac
cdm. int
- . . .
to Bison box
gate generator
s es—
const. fra.disc. 30 ne __._‘h aim fan
c 5 pa start 901 g h't
in out "o ) -1 me o
gate generator
eget scaler
gate stretcher gate generator start pre
. nin .1 me in
in gate pe——u— ::: start el
out fredine—m - nim
nim coa. busy
from Bison box
to camac adc
| . 12 -
b to camac adc strobe
sing.cha.analyser
. to camac scaler
.chan.analyser upper is s
=t —- window o ttl o
onergy
loas -‘J
aistri sing.cha.analyser
1 r to camac scaler
. owe ttl nim
L’— window - -

Figure 4.8 Logic

diagram of trigger system used for data acquisition
and scanning of crystals.



51

window counts, lower window counts and crystal orientation are
recorded. The trigger used for scanning was T1tT§}TM.X. Window
settings and different triggers used for scanning will be discussed in
Chapter 6. Table 4.3 gives the changes to be done in the fast logic

when switching modes in the trigger system shown in Figure 4.8,

Table 4.3 Changes need to be done in the fast logic when switching
modes of the event trigger.

1. Drift chamber 6nly mode
a. select fast coincidence in unit 'FC!'
b. disable input 'A' of unit 'E'
¢c. enable input 'A' of unit 'J°
d. enable only input 'A' of unit 'D'
2. Drift chamber and crystal mode
a. select fast coincidence in unit 'FC'
b. enable input 'A' of unit 'E'
c. disable input 'A' of unit 'J’
d. enable only input 'C' of unit 'D!'
3. Crystal scan mode
a. select fast coincidence in unit 'FC'
b. enable only input 'B' of unit 'D'
c¢. disconnect unit 'H' input from preset scaler
d. connect upper window counts to input of preset scaler

e. connect computer busy TTL gate to 'reset'of preset scaler
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4.4 pata Acquisition System

Figure 4.9 shows the block diagram of the data acquisition system.
The computer was a PDP-11/34 processor with 28K words of core memory
and 100K words of upper memory. Other peripheral devices used were

1. user terminal to communicate with the computer (decwriter 11 -
Digital Equipment Corporation), -

2. line printer for hard copies (Versatec - Xerox Company),

3. graphic display screen for online histogram and scatterplot
displaying and updating (Tektronix 611),

47 magnetic tape ﬁo store the data (decmagtape TU 10 9-channel -
Digital Equipment Corporation) and

57 disc drive with RKOS5 disk which has the data acquisition program.
(decpack RKO5 - Digital Equipment Corporation)

All the event information is sent to the corresponding TDC, ADC,
or scaler regiSters in the CAMAC crate. Each event contains 74 TDC
words from all drift chamber wires, and ADC word from the crystal
detector pulse height and several scaler values (one word in PDP-11 is
16 bits).

The CAMAC unit 1s basically a register-control unit which
communicates with the computer through an interface called the BISON
box (Fermilab computer document HN-3) developed at Fermilab. When an
event interrupt 1is given to the BISON box from the logic system, it
enables the computer to read all pre-defined registers of CAMAC unit
into the computer memory in order to transfer them to magnetic tapes or
to analyze them on-line. The corresponding CAMAC registers are defined

in the file 'CAMAC.DEF' (Fermilab computer document PN-110). The data
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logging rate by the computer was about ?OO events per second (an event
was about 80 sixteen bit Words)t The limiting factor of the data
acquisition rate 1is the computer busy time which is about
1.2 milliseconds.

MULTI is the computer program used for data acquisition and
analysis on PDP-11 computer system which was developed to satisfy the
basic requirements needed for high energy experiments. User written
analysis programs can be added and the 'MULTI' program can be rebuilt
according to the requirements of the experiment. The utility programs
are available in the Fermilab computer department. ('MULTI system
generation' in document PN-98 and 'MULTI programing references' in
document PN-106). This is a FORTRAN-BASED program having well defined
interfaces through which it obtains data for analysis, 1logs the data
into magnetic tapes, performs user data analysis and makes graphic
displays. The basic algorithm in the user routine is the construction
of the incident and outgoing tracks of the particles.

The basic constants necessary to calculate the coordinates are
stored in the file INIT.MCM. When MULTI is loaded the initialization
sequence includes reading the files CAMAC.DEF, INIT.MCM and other user
defined histogram definition files. The basic commands described in
the document PN-97.5 are used to control on-line data acquisition

program via the user terminal.
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CHAPTER 5

CRYSTAL SEPTUM

5.1 Introduction
The purpose of this chapter is to discuss the following.

1. the crystal septum and phe control system.

2. setting the correct bend angle of the crystal.

3. through-put studies of the septum crystal.
The septum magnets steer the beam by 8.9 milliradians downward. This
bending angle can normally be adjusted by changing the magnet currents.
But in the case of the crystal septum we did not have the remote
control Dbending angle adjustment. Once the crystal was installed
frequent access to the Front End Hall (FEH) was not permitted.
Therefore it was necessary to set the correct bend angle prior to the
installation of the crystal septum. The experimental set up discussed
in Chapter 4 was used to set the 8.9 milliradians bending angle. After
that, through-put studies of the septum cryétal were carried out at

different energies.

p——

5.2 Crystal
A silicon crystal 0.8 mm thick, 12.0 mm wide and 27.0 mm long with
a sgurface barrier semiconductor detector fabricated near the upstream

end of the crystal was used in this application. The crystal with the
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parallel to the major face of the crystal. o
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detector which covers an area of 370 mm by 870 mm, is shown in
Figure 5.1. The crystal was cut such that (j?O) plane was nearly
parallel to the major face of the crystal slab. This silicon crystal
was supplied to Fermilab by CERN, Switzerlandf

When selecting the correct crystal one has to think about the
following: .

1. the crystal plane which has a higher angular acceptance, and

2. the material which gives a higher bending fractionf
Table 5.1 shows some calculated critical angles for different crystal
planes and axes of different materials at several energies. These
values have been calculated by using equation 2.6 for the planar case
and equation 2.7 for the axial case. Ellison [13] has numerically
calculated the dechanneling fractions for different crystal planes for
different bend radii as a function of a wuniversal variable
I (= pvk/27wZ,Z,e?N). Figure 5.2 shows the comparison of dechanneling
fractions for tungsten (110) and silicon (111) planes. Crystals of
higher atomic numbers have higher bending fractions and angular
acceptances for a given energy and bent angle as shown in Table 5.1 and
Figure 5.2.

Thg_critical angle and dechanneling length are laﬁger for axial
channelingdéihan planar channeling for a given energy. Nevertheless
planar chamhreling was chosen here because in the axial case particles
are fed into many planes which are bent in different directions and
result in different total bend angles [10]. Further, the angular
acceptance perpendicular to a plane is infinite and the crystal only

needs to be aligned in-one direction in the planar case. The septum
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crystal is needed to be aligned in the experimental pit in order to set
the correct bending angle prior to the installation in FEH. A crystal
with a detector is easier to align in the experimental pit by using the
familiar energy loss scanningr method (Chapter 6). As far as the
physics is concerned, the results of silicon crystal can be scaled to
other materials. For the future it is 1important to pursue other
materials such as germanium and tungsten. However the availability of
silicon crystals and, the fact that germanium had to be cooled in order
to get the detector working and tungsten is not a semiconductor
material in order to.have a surface barrier detector, we were 1limited

to use silicon crystals.

Table 5.1 Critical angles in microradians for different planes and axes
of différent materials at 100 Gev. Since critical angle scales as 1/vp
where p is the momentum oné can calculate it for any.given energy. For
fece-diamond (111) planes 'n' and 'w' represent the narrow and wider
planes respectively.

Material Planar critical Axial critical
angle (ur) angle (ur)

(100) (110) (111) <100> <110> <111> <112
Si(z=14) 13.3 15.8 10.1n 38.5 45.8 41,5
fce-diam. =~ - T 17.:5w ’ ) T
Ge(z=32) 16.7 19.9  12.7n 57.1  67.9 61.3
fee-diam. = - o 22.0w o ’ T
W(z=Th)_ 28.3 33.6  21.4 116.00 97.6  124.7

Pt(z=78) 27.5 32.7 35.2n 107.10 127.3 81.3
(fee) ‘ ' ~ SRR
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5.3 Bending Device

A four point bending device was used for crystal bending.
Figure 5.3 shows the bending device and the crystal mounted on it with
the detector outside the pin region. So far there is experience with
three point and four point bending devices. In both cases in addition
to the forward peak and fully deflected peak, there is a prominent peak
due to the center pin for the crystal bent by a three point bender and
two small but signif;cant peaks due to the two center pins for the
crystal bent by a four point bender [11,15,30,31]7 These peaks
correspond to dechannéled particles due to the local distortion of the
crystal at the pin positions. This effect was examined in detail as
the local curvature effect in references (11] and [30].

The ;tress per unit length (along the width) on the crystal due to
the pins of the four point bender can be derived using the theory of

elastic bending of beams, as

P = Ten) b o) 5.1
where E is the Young's modules, 9 is the Poisson ratio, t 1is the
thickness, L 1s the distance between outer pins, b is the distance
between—genter pins and @ is the bend angle. Note here for t<<h, E 1is
replaced by the effective modules E/(1-v?) [32], where h is the width
of the crystal. Figure 5.4 shows the stress on the crystal by the pins
of a fbur point bender as a function of b/L. For the crystal septum
four point bender of L=19 mm and t=0.8 mm (shown in Figure 5f3) the
calculated stress on the crystal for 8.9 milliradians is O..85x10s

dynes/cm. assuming E=1.3x10!'° dynes/cm? and v=0.386 for silicon. The
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three point bender is a special case of the four point bender in which
b=0. The calculated stress due to the <center pin of an equivalent
three point bender case (same L and Dbending angle) is
1.29x10° dynes/cm. The local stress distribuﬁion due to the pressure of
the pins was discussed in references [11,33,34]. According to
reference [11] the local curvature distribution along the thickness is

p(y) =8P [ ¥, - 1n(0.824 ) | 5.2

ﬂxO.141Ep2 : :
where p(y) is the local curvature at a distance y across the thickness
of the crystal frdm the pin position. Figure 5.5 compares the local
curvature distribution across the thickness of the crystal for both the
four point and an equivalent three point bender oasef

Equation 5.2 and Figure 5.5 show that higher pressure causes
higher 1local curvature effects near the pin poéitions of the crystal.
Less pressure on the crystal corresponds to a smaller effective
distorted regions and smaller local curvatures and therefore cause less
dechanneling at the pin positions according to the Figure 5.2.
Therefore, a four point bender was used instead of a three point
bender. From Figure 5.4 one can decide the ratioc of b and L when
designing a four point bender. A reasonable value of b/L is 1/3.

A di{gggential screw fixed to the two center pins of the four
point bender— was used to change the bending angle of the crystal as
shown inAFigure 5.3{ The differential'scfew set up provides a finer
movement than a regular screw since the distance per turn is equal to
the difference between the two pitches of both outer and inner screws.

The thread sizes of both screws used are 28 turns/inch and 32



64

4 four point bender

e three point bender

AL CURVH%URE (1/CM)

LOC
2.00

-

o® —— }
0.00 .12 .25 .
_— FRACTIO

.50 .62 75 ;
OF THE CRYSTAL WIDTH

w
zud

Figure 5.5 Local curvature distribution across the thickness of the
¢rystal for the four point bender and an equivalent three point bender
(same length between outer pins and bending angle).




65

turns/inch and the resultant thread size of the differential screw 1is

(1/28-1/32)1 = 224 turns/inch.

5.4 Septum Stand

A special stand was designed for the septum as shown in
Figure 5.6. This Figure shows the schematic view when looking upstream
of the beam. A linear motion in the vertical direction and a
rotational motion gbout a horizontal axis perpendicular to the beam
direction were possible in this design. The rotational motion 1is for
crystal alignment and the vertical motion is for moving the crystal in
and out of the beam.

The bending device with the horizontally mounted crystal is fixed
to the goniometer shaft by a set-screw as shown in Figure 5.71
Repositioning of the bending device by tightening the set-screw does
not change the previous orientation of the crystal with respect to the
shaft and also to the beam direction. Since the c¢rystal detector 1is
very sensitive to 1light, the c¢rystal was covered by a light-tight
aluminum box with thin aluminum foil (5.0 mils thick) windows for the
beam to go through. The goniometer arrangement is fixed to the holder
which can be moved vertically up and down. Two reference base plates
were insgié&ed in the M-Bottom pit and FEH to hold the septum stand.
The stand._can be locked on to the reference base plate at the correct
horizontél position by the adjustable 1lock. Table 5.2 shows the

specifications of both motions of the crystal septum stand.
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Table 5.2 Operating parameters of the crystal septum.

Rotational Vertical
range of travel 12 degrees . 3.0 inches
step size 4,8 microradians 2.5 micrcmeters
maximum speed 1000 steps/sec 1000 steps/sec
motor voltage 28 volts -25, 12 volts

5.5 Septum Control System

Figure 5.8 shows the schematic of the c¢rystal septum control
system. Both motions can be controlled manually by the control box
front panel buttons or remotely by EPICS control commands. An
interface box 1links the control box and the two Fermilab made 'Ou44M’
CAMAC modules. These two units were assigned as two beam line devices
with the names MB6SIR (for rotational motion) and MB6SIV (for vertical
motion). In the remote control mode the following EPICS command can be
used:

SET device = value
where 'device' is the name of the device (MB6SIR or MB6SIV) and 'value'
is the final position. When a command 1is given to make a certain
number of steps in either one of the stepping motors, the corresponding

QUM moddig generates the required number of pulses and sends them to

the control box through the interface box and enables the control box
to drive the corresponding stepping motor. The final position of
either motion (read-back value) 1is displayed and stored under the

specified device name in M-Bottom PAGE FILE (section 3.3).
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5.6 Septum Crystal Scanning Set Up

The septum control system was discussed 1in section 5.5. The
trigger system used for regular scanning is shown in Figure 4.8, 1In
addition to that, the following set up as shown in Figure 5.9 was used
for septum crystal computer scanning. The two 'O44M' modules are
basically EPICS compatible CAMAC units. They can be controlled only by
EPICS commands as discussed above. Therefore both computers had to be
linked together to fgrm the septum scanning system. The EPICS program
named 'SEPTUM.BAS! written in Basic language had to execute
simultaneously with the regular 'MULTI' scanning program.

The MULTI scanning program in the PDP-11 is first started by the
command "RUN MULTI"™ and then the SEPTUM program in EPICS is executed
using the command "RUN SEPTUM". Once the MULTI is loaded the following
commands

SET YESRUN='140000

SET NORUN='140000
are typed in the regular MULTI terminal. These two commands generate
BISON box Daout-14 output signals (TTL) when 'BEGINRUN' and 'ENDRUN'
commands are given in MULTI. The 'SEPTUM.MCM' file contains the above
two SET cgmmands including the other SET commands for the scanning
modef Th%2££ype the starting position and the increment of the
goniometer_In EPICS terminal (responds to "RUN SEPTUM" command)f

The two EPICS CAMAC scalers MB6SI1 and MB6SI2 were assigned to
assist the SEPTUM program execution. When the BEGINRUM command is
given in MULTI, the BISON box Daout-14 generates a signal which goes to

the EPICS MB6SI1 scaler to initiate the SEPTUM program. This TTL
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Figure 5.9 Schematic of the septum crystal computer scanning logic used
in the M-Bottom experimental pit. This has bean done by linking the
beam line control system and the on-line scanning system.
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signal is converted to a NIM signal before it goes to MB6SI1, In the
regular scanning set up the BISON computer interrupt 'A' is generated
from the logic set up when the number of upper window <counts reaches
the set value in the preset scaler. The goniometer is then advanced to
the next position before starting the window counts. In this scanning
set up the computer interrupt 'A' is sent to MB6SIZ‘scaler register in
addition to the BISON box to enable the SEPTUM program to make the
goniometer increment. For each goniometer increment the EPICS terminal
displays the position of the crystal and the MULTI program prints the
ratio of window counts and updates the display scatter plot. An ENDRUN
command in MULTI sends a DAOUT-14 signal to MB6SI2 again to terminate
the execution of the SEPTUM scanning program. The ENDRUN command

itself terminates the regular 'MULTI' scanning program.

5.7 Setting the Bending Angle

The experimental set up was discussed in chapter 4. The septum
stand was placed on the base plate which was surveyed parallel to the
beam direction in the M-Bottom pit. The regular energy loss technique
was used to align the crystal.

DaEa was accumulated for some time to see the outgoing angular
distributioa at 100 Gev/c. On-line data analysis was used to display
the outgoéééz—angular distribution. Necessary readjustment of the
bending éngle was done by turning the differential screw.

Since the upstream end of the crystal was not clamped, realignment
of the c¢rystal was needed after changing the bending angle. A laser

arrangement as shown in Figure 5.10 was used in addition to the regular
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Figure 5.10 "Schematic of the laser arrangement used to assist
realignment of the plane when a readjustment of the bend angle was
done. ) ‘



74

experimental set up described in chapter Mt

A reflected laser beam from the upstream surface of the crystal
shows a sharp spot on the screent Once the crystal was well aligned,
the spot position was used as the reference position and after each
bend readjustment, the crystal was rotated manually to get back to the
original orientation. After that, scanning the crystal manually in a
short range would be enough to realign the crystal plane. The crystal
reorientation was done several times during the bend angle setting.
Crystal reorientation using the laser spot was always found to be
within 100 microradiéns.

Figure 5.15 shows the outgoing-y angular distribution after the
correct bend was set on the crystal at a beam momentum of 100 Gev/c.
Outgoing particles of low energy loss at the crystal detector were
selected for the above figure. Figure 5.11 shows the scatter plot of
outgoing-x and -y angular distributions. This figure shows that the
particles are bent only in the vertical downward direction.
Miss-alignment of planes will be discussed in section 6.5. The
measured value of the bend angle was 9.8 milliradians. Figure 5.12 was
taken by relaxing the bend by one third of a turn in the differential
screw. The measured bend angle 1in this configuration was 8.0

milliradiang according to the above figure. These two bending angles

i

imply that——one turn of the differential screw corresponds to a change

of 2.7 milliradians.
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100 Gev/c, 1low energy loss cut
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Figure 5.12 Bent particle distribution of the septum crystal at
100 Gev/¢  after the bend angle was relaxed by one third of a turn of
the differential screw. Low energy loss particles at the detector were
selected for the spectrum.
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5.8 Through-put Studies of the Septum Crystal

After setting the correct bend angle data was accumulated for beam
energies of 60, 100, and 200 Gev. The drift chamber data and the
energy loss information of the crystal detector were recorded for each
event logged. This experiment was done during the January 1984 running
period. Table 5.3 shows the summary of through-pué data. Off-line
analysis has been done to find the transmission properties of the

crystal at these energies.

Table 5.3 Summary of data logged during crystal septum application.

Energy Events logged Comments

160 Gev 25,000 , random orientation of the crystal.

100 Gev 100,000 drift chamber calibration.

100 Gev 95,000 8.0 mr bend angle.

100 Gev 114,000 8.9 mr bend angle through-put studies.
200 Gev 110,000 8.9 mr bend angle through-put studies.
60 Gev 110,000 8.9 mr bend angle through-put studies.
200 Gev 63,000 beam studies during septum operation.

5.8.1 B;ggigg Efficiency (f)

Figure 5.13 shows the energy loss distribution of the beam
partiéles at the detector for 100 Gev/c. The region A in Figure 51T3
represents the channeled particles at the detector. Figures 5.14, 5.15

and 5.16 show the outgoing-y (vertically downward) angular distribution

of particles which were channeled at the detector for 60, 100 and
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Figure 5.13 Energy loss distribution of the particles at the upstream
end of the crystal (before the bend region) measured using the crystal
detector. Data was acquired at 100 Gev/c and the energy scale is
arbitrary. ‘ ‘
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Figure 5.14 Bent particle distribution of the septum crystal
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100 Gev/c, low energy loss cut
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Figure 5.15 Bent particle distribution of the septum crystal at
100 Gev/e, used for through-put calculations. Low energy 1loss
- particles at the detector were selected. :
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200 Gev/c. These particles, channeled at the initial (unbent) portion
of the crystal were selected by energy loss discrimination. The
'bending efficiency’ (fb) of the septum crystal is defined as the
totally bent fraction of initially channeled particles. Therefore

according to the Figure 5.16, f, is the ratio of counts in the region B

to the total counts in the whole distribution (B+C).

fy, = B/(B+C) 5.3

The bending dechanneling of particles is due to the curvature of
the bent regions and the local curvature near the pin positions. Both
ordinary dechanneling and bending dechanneling of the septum crystal
are included in the calculation of the bending efficiency s0 that these
fractions need not to be calculated separately for the through-put
studies of the crystal septum. It should be noted that in this
calculation the pin effects have been taken into account. Since the
pin effects depend on the bend angle and the pin positions, it is a
complecate process to scale the results of bending fractions to an

arbitrary case.

51872 Cgpture Efficiency (fc)

The 'capture efficiency' [35] (fc) of a crystal plane is defined
as the —imitial channeled fraction of incident particles within the
channelihg phase spéce. Incident angular data and the energy loss
information of the particles are needed for the calculation of fc’

The measured widths of the 1incident-y angular distribution of

channeled particles at the detector were several times larger than the
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Figure 5.16 Bent particle distribution of the septum crystal at
200 Gev/c, used for through-put calculations. Low energy loss
particles at the detector were selected.
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critical angle aﬁ that energy. This was due to the poor resolution of
the y-coordinate measurement of the drift chamber DTf The efficiency
of the wire planes 1Y and 1Y' (section M12fj) was about 60% and the
wire planes were not fired at all about 30% of the time. Therefore,

the incident-y angular selections were not possible for the calculation

of capture efficiency.

Since in both runs (January and June 1984) the crystal plane used
were 8i(110), June. data was used to calculate the initial capture
efficiency. The summary of June 1984 run data is shown in Table 9.1,

Figure 5.17, 5.f8 and 5.19 show the energy loss distributions of
the ﬁarticles incident within the critical angle for the plane of
8i(110) at 60, 100 and 200 Gev/c, respectively. The initial channeled
fractions for particles incident within the critical angle to the plane
are calculated theoretically 1in section 8.7 and experimentally in
section 9.4.3. The results are only presented in this section. The
experimental values of f, and f, are shown in Table 5.4 for the above

energies.

Table 5.4 Bending efficiencies and capture efficiencies of the c¢rystal
septum. -

Energy Critical Bending Capture
= Angle Efficiency Efficiency
?g¥_ | ur (f,) (£5)
60 ) 20.6 0.26 0.55
100 16.0 0.23 0.55

200 11.3 0.07 0.55



900

300

700

600

500

400

300

200

100

84

N Energy loss distribution at the detector
cut on incident angle, 60 Gev/c
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Figure 5.17 Energy loss distribution of the particles at the upstream
end of ‘the crystal (before the bend region) incident within the
critical angle to the plane in both directions. Data was acquired at
60 Gev/c and the energy axis 'is an arbitrary scale.
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Figure 5.18 Energy loss distribution of the particles at the upstream
end of ‘the crystal (before the bend region) incident within the
critical angle to the plane in both directions. Data was taken at
100 GCev/c and the energy axis is an arbitrary scale.
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5.8.3 Spatial Acceptance (rs)
The 'spatial acceptance' (fs) of the crystal is defined as the

fraction of the beam going through the crystal. If the horizontal and
vertical beam widths are x and y and and horizontal and vertical widths

of the crystal are a and b, then

£ = 3%?- 5.4

As one can see in equation 5.4, f_ depends only on the geometry of the

beam and the crystal.

5t8t" Angular Acceptance (fa)

For planar channeling the angular acceptance perpendicular to the
direction of the bend assuming the crystal 1s bent perpendicular to the
plane, is infinite. The angular acceptance in the direction of the
bend is determined by the critical angle of the planet Therefore if ec
is the critical angle and @, is the half width of the beam in the

direction then the 'angular acceptance! (fa) is defined as
fa = 80704, for 8,40, 5.5a
£, = 1 for 8,20, 5.5
51875 Traﬁgiission Fraction (f.)

Taking all the fractions together the 'transmission fraction' of

the septum crystal can be written as

fp = fp.fo.fg.fy 5.6
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If we assume a typical beam of 1.0x10° particles per spill,
vertical divergence of 0.1 mr and diameter of 1.0 cm, Table 5.5 shows
the number of particles one would expect to be bent at different

energies.

Table 5.5 Efficiencies and particles transmitted for 1.0x1.0® particles
incident on the septum crystal. R

Energy Critical Angular Spatial Bending Capture Number Of
Angle Accept Accept Effici. Effici. bent

Gev ur £, fs fy fo Particles
60 20.6  0.M 0.10 0.26 .55 6000

100 16.0  0.32 0.10 0.23 .55 4000

200 1.3 0.23 0.10 0.07 .55 900
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CHAPTER 6

SCANNING OF CRYSTALS

6.1 Introduction

In channeling experiments we always deal with particles that are
incident nearly pa%allel to the crystal planes or axes. Therefore,
crystal alignment plays a major role in high energy channeling. In the
multi-Mev energy region back-scattering techniques are used but in the
multi-Gev region these yields are very small. Normally low energy loss
techniques are used with the assistance of a surface barrier
semiconductor detector incorporated in the c¢rystal. However, this
method 1is 1limited only to semiconductor materials. Heavy materials
like tungsten have higher bending efficiencies and angular acceptances.
A method has been suggested to scan this kind of bent crystalsi This
chapter discusses the above scanning methods and techniques to improve

the efficiency of scanning.

6.2 Energy Loss Scanning Method

This mgghod can be used for bent or unbent crystals with built-in
detec;05§.<;:4%e crystals are normally made such that a major plane or
an axis is nearly parallel to the major face of the crystal slab.
Since the region outside the two ends of the detector pads are not
completely depleted, the charge collection from that region 1is poor.

Therefore, the pulse height due to the particles passing outside the
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detector pads does not give the correct energy loss information. The
energy loss distribution due to these particles smears over the low
energy side of the regular energy loss distribution (Landau
distribution). Use of a scintillation detector with a hole of length
shorter than the width of the crystal detector as a veto to the fast
coincidence avoids this problem and gives a cleaner Landau
distribution. The detector hole can be aligned with the crystal by
using the drift chamber D2.

The normal random direction energy loss spectrum for 100 Gev
particles through a 3.0 mm path 1length in silicon 1is shown in
Figure 6.1. Figure 6.2 shows the energy 1loss distribution when the
incident beam direction is aligned with the crystal (110) plane. The
low energy loss shoulder corresponds to the channeled particles. In
this scanning method two windows are set, one around the channeled peak
and the other one at the high energy side of the Landau distribution as
shown in Figure 6.2.

The crystal is first scanned with step sizes of 5—10 milliradians
while observing the ratio of window counts to find the physical plane
of the crystal. This scan is called a 'macroscan'. Figure 6.3 shows
the seEFum_crystal macroscan spectrum at 100 Gev/c. The macroscan dip
position cqgsesponds to the c¢rystal orientation where the physical
plane of $he crystal 1is parallel to the beam direction. When the
crystal is at a certain angle to the beam direction, particles travel
shorter or longer distances within the detector region than the
distance they travel when the c¢rystal 1is parallel o the beamn.

Therefore, the energy loss distribution is flatter and wider which
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Figure 6.1 (Left) Energy loss distribution of 100 Gev/c charged
particles at the crystal detector for an arbitrary incident direction.

Figure 6.2 (Right) . Energy loss distribution of 100 Gev charged
particles at the crystal detector when a (110) plane is parallel to the
beam direction. Channeled particles appear at the low energy shoulder.
In both figures the scales for the horizontal energy axes are
arbitrary.

10E1)

X
0

(
-0

T.
3

}
T

OW CON
2.00
—
L]

i
LI

.00

}
A

00

RATIO PF WIND
A

0.
4

N

5.00 45, 5.0
A C ¢

- Figure 6.3 Macroscan spectrum of septum crystal. The vertical axis is
the ratio of lower window'and upper window counts in the energy loss
distribution. The vertical arrow shows the position of the (110) plane
found later in microscanning.
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causes the window ratio to be higher as the crystal is more and more
tilted away from the beam direotionf

Once the crystal orientation is understood, the crystal is scanned
around the macroscan minimum until a peak ratio of lower window counts
to upper window counts is found. The angular step size of the scan is
kept smaller than one third of the beam divergence éo that the c¢rystal
plane is within the beam for at least three successive orientation
positions. The steprsizes are normally of the order of 50 microradians
for a beam of angular divergence of 200 microradians. This type of
scan 1is called a 'microscan'. Figure 6.4 shows the microscan spectrum
of the septum crystalf The trigger level selected for both these scans

is T1.T2.T4.X where X denotes the crystal fast signal.

6.3 Efficiency Tests

After the (110} plane of the septum crystal was found, the

following tests were performed at a beam energy of 100 Gev.

(a) It is obvious that the ratio of counts is very sensitive to the
position of the upper level of the lower window. This position should
be set to catch as many of the channeled particles as possible during
scanning_wi;hout including too many unchanneled particles. The c¢rystal
was rescanqgg over the plane for two different lower window settings as
shown' in Eigure 6.4, About one third of the height of the Landau peak
on the lﬁw energy side was found to be the better position of the two
for the upper level of the lower window. A point to notice is that in
both spectra the increase of the ratio from background to the peak has

not been changed very much. However, the peak in the lower spectrum is
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Figure 6.4 Rescan spectra of the bent crystal for two different
settings of lower window. Lower window settings are shown next to each
scan spectrum. (a) upper 1level of the lower window is at about
two-thirds of. the height of the Landau peak. The measured ratio at the
peak 1s about 1.6 times higher than the ratio of the background. (b)
Upper level of the lower window is at about one-third of the height of
the Landau peak. The measured ratio at the peak is about 3.5 times
‘higher than fAe ratio of the background. :
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more prominent over the background.

(b) When scanning a bent crystal, selection of the correct trigger
system is important. When the bent crystal is aligned, a fraction of
channeled particles follows the bent path. This fraction depends on
the bend angle and the energy of the beam (Figure 5.14 through 5.16 in
Chapter 5). If the system is unable to trigger on these particles, one
may have a hard time finding the scan peak. Therefore, in order to
improve the scanning efficiency one has to make sure that the
downstream trigger counter catches the bent particles, also. After the
plane was aligned, energy 1loss distribution was accumulated for
T1.T2.T3.X and T1fT§lT4fx fast coincidence levels where the area of T4
was T"x 28" and T3 is 2"x 2"f Missing bent particles in the T3 counter
accouﬁt for the difference between the two Landau distributions in
Figure 6.5. Figure 6.6 shows the rescan spectra with these two fast

coincidence levels.

(c) As a test the T2 anti-detector was replaced by a small

scintillation detector T5 (Table 5.2) of the size equal to the hole of
the T2 detector. There was no significant difference observed between

the regular scan of T1.T2.T4.X and T1.T5.T4.X.

(d) The T5 Fetector was moved about 10 cm downstream of the erystal and

aligned—t.5 mm below the crystal so that most of the straight going
particles miss it, but the bent particles pass through it. Figure 6.7
shows the scan spectrum and Landau distribution obtained in this fast

trigger T1.T2.T75.T4.X. The most significant point to notice concerning
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Figure 6.5 Energy loss distributions of charged particles at the
detector for two different trigger settings. The figure at the 1left
shows the distribution when the large counter was used downstream of
the crystal. The figure at the right shows the distribution when the
small counter was used instead of the large counter.
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Figure 6.6 Rescan spectra of the bent crystal for two different trigger
systems ‘of T1.T2.T3.X and T1.T2.T4.X. In the first trigger system the
measured ratio at the peak is about 2.1 times higher than the ratio of
the Dbackground. When the small trigger counter was used, the ratio at
the peak is only about 1.3 times higher than the ratio of the
background because of the missing bent particles.
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this method is that the ratio at the peak is very much larger than the
background compared to the other methodsi In reality this method is
very slow because the system triggers only on the particles hitting the
TS5 detector. If the regular scanning rates were about two points per
spill, this method would take a couple of spills to get one point.
This method 1is somewhat similar to the Kim techﬁique which will be

discussed in next next section.

6.4 Kim Scan Method

This method was‘proposed by I. J. Kim for bent c¢rystals without
the assistance of a crystal detector. If we scan a bent crystal, it
can deflect particles only if it is aligned. Thus by monitoring the
deflected particles a bent c¢rystal can be aligned.

The bent septum crystal was used to test this technique. The
detector T3 accepts only the forward scattered unbent particles and T4
covers the whole range of the bent spectrum. Therefore, the counts of

fast coincidence level T1.T5.T3.T4 should show the deflected particles.
The ratio of T1.T5.T3 and T1.T5.T3.T4 counts was observed while the
crystal was being scanned. This had been done in parallel to the
regularﬂscanning to compare the efficiency of this method. Figure 6.8
shows the gresults of Kim scanning. Detector T5 was used in front of
the cry§§ar:;nstead of T2 (anti) in this part of the experimeht. The
observed peak height was about 1.4 times higher than the the background

in Kim method and the number is 1.8 in regular scanning.
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Figure 6.8 Scan spectrum of the bent crystal using Kim method. 'Ratio
of window counts' are defined as the ratio of coincidence levels of
T1.T5.T3 and .T1.T5.T3.T4.
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6.5 Some Important Points About Scanning

If an axis is oriented very close to the beam direction acoideﬁtal
alignment of another nearby plane could occur. This can not be
identified by the Landau distribution. For an unbent crystal this can
be 1identified by measuring incident or outgoing angular distribution
widths of channeled particles. For a bent crystal the orientation of
the plane can be identified either by the above method or by looking at
the bent particle direction. If a drift chamber 1is not available
downstream of the crystal, a small counter can be used to find the bent
particle direction. Moving the counter along the expected bend
direction and watching count rates would show whether the correct plane
was found or not. In fact, this method can be used to measure the bend

angle also.

"
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CHAPTER 7

CRYSTAL SEPTUM OPERATION

7.1 Introduction

The crystal septum installation in the Front End Hall (FEH) and
its operation at energies of 200 and 400 Gev/c are presented in this
chapter. At 200 Gev/c the beam properties in the experimental pit have
been observed. Two computer programs 'TRANSPORT' and 'DECAY TURTLE!
which have been written to design beam transport systems, are used ¢to
calculate beam element parameters and beam properties. At 200 Gev/c
beam broperties in the experimental pit are calculated and compared
with the observed results. The possibility of momentum recombination
and focusing the beam in the experimental pit at 200 Gev/c and

400 Gev/c is also discussed in this chapter.

7.2 Crystal Septum Installation Procedure

The drift chamber set up in M-Bottom experimental pit was used to
set the 8.9 milliradian bend on the septum crystal as discussed in
section 6.3. The next step was the crystal alignment‘in FEH after the

installation of the septum stand.

T.2.1 Base Plate Alignment

The technique described below was used in order to make crystal
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alignment easier in FEH. The base plate in FEH was aligned at an angle
of 2.5 milliradians to the horizontal plane and parallel to» the beam
direction. The other base plate in the M-Bottom pit was also aligned
at an angle of 8.25 milliradians to the horizontal plane and parallel
to the beam direction. The two angles 2.5 milliradians and 8.25
milliradians are the beam directions with respect fo the horizontal
plane at the FEH and M-Bottom pit respectively. When the septum stand
is transfered from one base plate to the other, the crystal orientation
with respect to the beam direction at the second location should remain
the same as that at the first location. In other words, if the crystal
is aligned 1in the M-Bottom pit then it should be aligned in FEH also.
However, in practice because of the uncertainty of the base plate
alignment the crystal may have to be scanned in a short region the size
of which depends on the above uncertainty. This is about
i}fo milliradian for each base plate so that crystal scanning would be

required only over an angular region of +2.0 milliradians.

T7.2.2 Background Studies in the FEH

During the period of the septum crystal tests in the M-Bottom pit
another c¢rystal with a surface barrier semiconductor detector was
installed in the beam line at the septum magnets location in the FEH.
The particle energy loss in this detector displayed the expected Landau
peak but it was superimposed on a large background coming from nearby
beam lines. These beam lines are located within several feet of the
septum magnets of the M-Bottom beam line. Figure 7.1 shows the energy

loss spectrum obtained when the primary beam intensity was 1.0x10%°
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peak of the expected
Landau distribution

-

Intensity

4

Energy loss dE/dx.

Figure 7.1 A sketch of the energy loss spectrum of the crystal detector
mounted in between the two septum magnets (MB2D) during the crystal
septum tests in the FEH, The small hump at the center is the expected
Landau peak but it had been superimposed on a large background due to
the particles that are coming from other beam lines.
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particles per spill on the upstream target of M-Center beam line. Note
that the detector was located about ?60 feet downstream of the target
at an angle of 2.5 milliradians to the incident beam direction on the
target. The count rates of the detector Qas of the order of 5.0x10°%
per spill (5 seconds long).

The background in the energy loss distribution was due to
particles that were coming from outside the M-Bottom beam line. They
would travel across the detector and the lengths of their paths within
the detector were shorter than the length of the detector along the
beam line. Therefore these particles would deposit low energies in the
detector. One possibility that was considered was to install a
scintillation detector upstream or downstream of the septum crystal, so
that the coincidence of both detector signals (scintillation detector
signal and septum crystal fast signal) could be used-to eliminate the
background. If this method c¢ould c¢lean up the low energy side of
Landau distribution, the energy loss technique which has been described
in section 6.2 could be used to perform the rest of the alignment of

the septum crystal.

T7.2.3 Decision to Use Kim Technique

Another possibility was to ﬁse the Kim technique in which the flux
through the M-Bottom beam line itself is used to align the crystal.
This method which has been explained in section 6.4 does not need the
assistance of a detector incorporated in the crystal. 1In view of the
complications caused by the background in the energy loss distribution

in the energy 1loss scanning method it was decided to use the Kim
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technique first. However, the following arrangements were made to use
the energy loss scanning method with certain modifications in case the

Kim technique failed.

7.2.4 Preparations to Use Energy Loss Technique

The scintillation detector TS5 (Table 4.2) was attached to the
septum stand about 10 cm downstream of the crystal along the bent
direction. The dimensions of this detector are 5.0 mm, 1.0 mm and
3.0mm in x, y and z directions, respectively, where the x and y axes
are the horizontal .and vertical axes perpendicular to the beam
direction and z axis is along the beam direction. Another crystal with
a detector called the 'fixed detector' was fixed vertically inside the
septum goniometer box. The surface barrier semiconductor detector was
1.0 mm thick, 5.0 mm long and 3.0 mm wide along the x, y and =2
directions, respectively. A second scintillation detector T7
(Table 4.2) of 1.0 mm thick, 3.0 mm wide and 5.0 mm long along x, y and
z directions, respecti&ely, was installed about 30 cm upstream of the
Septum crystal. Figure 7.2 shows the schematic of the apparatus set up
in FEH after the crystal septum installation. The dashed line shows
the central beam line when the septum magnets are 1in operation. The
central beam line for crystal septum in operation is shown by the solid
line. The separation between the two central beam lines were
calculated to be 0.5 inch at the crystai location. All the detectors

were aligned along the central beam line for crystal septum operation.
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7.2.5 Installation

The septum crystal was first aligned in the M-Bottom experimental
pit using the 1low energy loss method discussed in section $.2. Then
the septum stand was moved to FEH and installed on the prealigned base
plate between the septum magnets. The control system was reinstalled
in the MS2 service building which is the nearest service building ﬁo
the FEH. New cables were 1laid from the MS2 building to the septum
location in FEH for two stepping motors, two scintillation detectors
and two crystal detectors. All power supply units for detectors and

electronic units weré also installed in the MS2 building.

7.3 Input Beam for Crystal Septum Applications

The two computer programs 'TRANSPORT' and 'DECAY TURTLE' were
discussed in Chapter 3. These two programs have been used to calculate
beam element parameters and beam characteristics for crystal septum
operation and the results have been compared with the observations.
This section will discuss the input parameters to the above programs.

The crystal position is used as the input beam position in both
programs. Crystal dimensions of 0.8 mm thiékness and 12.0 mm width are
used as the horizontal and vertical widths of the input beam. The
angular acceptance normal to the c¢rystal plane for channeling is
determined by the critical angle of the crystal plane. Bent particles
are assumed to be the channeled particles along the bent crystal
length. These particles maintain their transverse energies constant
while Dbeing channeled between the c¢rystal planes. When channeled

particles are transmitted through the channel their transverse energies



107

are still less. than the critical transverse energy for channeling,
therefore, the angular divergence normal to the crystal plane of the
deflected particles is also determined by the critical angle. The half
width of the vertical angular divergence ofAthe input beam 1is assumed
to be the critical angle at a given energy. Note here that the crystal
is bent vertically downward. Since the angular acceptance parallel to
the crystal planes for channeling is infinite, the half width of the
horizontalrdivergence of the input beam is assumed to be the same as
that of the horizontal angular divergence of the regular beam at the
erystal location. This has a value of 0.35 milliradian (half width)
which 1s determined by the horizontal aperture of the MB2S magnet for
all energies, as discussed in Chapter 3. Table 7.1 gives the summary

of the input beam parameters discussed above.

Table 7.1 Input beam parameters for c¢rystal septum runs, used in
'TRANSPORT' and 'DECAY TURTLE' programs.

Horizontal beam width 12.0 millimeters

Vertical beam width 0.8 millimeters

Horizontal angular divergence (half) 0.35 milliradians

Vertical angular divergence (half) critical angle
Initial beam x-coordinate 0.0

Initial beam y-coordinate -0.415 inches
Initial beam z;coordinate | +146.75 feet
Initial beam horizontal angle 0.00

Initial beam vertical angle -11.414 milliradians
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7.4 Operation at 200 Gev/c

The first operation of the c¢rystal septum at 200 Gev/c 1is
discussed in this section. The primary beam momentum of the
accelerator during the time of the following parts of the experiment

was 400 Gev/c.

7.4.1 Crystal Alignment

After the instqllation of the c¢rystal septum in the FEH the
crystal was aligned using the Kim method as follows:

Beam trim elements were tuned with the septum magnets on for the
regular 200 Gev/c Dbeam. Then the septum magnets and the quadrupole
magnets were turned off and the c¢rystal was substituted. All the
collimators were opened to their maximum slit sizes of 3.0 inches.
When the crystal septum was in operation, the energy of the transmitted
beam was determined by the vertical bending magnet MB2U (section 3.2).
The crystal was rotated in steps of 40 microradians (8 goniometer
steps) while recording. the yield in the experimental pit. The
coincidence of T1 and T3 (Figure 5.1) trigger counters were used to
record the number of transmitted particles.

The scanning was continued until a peak was obtained 1in the
spectrum. Alignment of the crystal was found to be about 500
microradians away from the expected position (installed position) as
shown in Figure 7.3. The beam intensity at the peak was about 10 times
higher than the background. The average number of particles outside
the peak was always less than 5 per spill. The intensity on the

M-Center target was of the order of 3.0x10!! particles per spill. The
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Figure 7.3 Scanning spectrum of the septum crystal in the FRONT END
HALL at 200 Cev/c. Transmitted yield into the experimental pit was
normalized +to .the intensity of the particles on the M-Center target.
The arrow indicates the installed orientation of the crystal. ‘
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angular width of 250 microradians in Figure 7.3 is determined by the
vertical angular divergence of the beam at the crystal location.

The program TRANSPORT (run nofj) was used to calculate the beam
properties for a 200 Gev/c secondary beam without the quadrupole
magnets. The vertical beam divergence at the crystal septum location
was calculated to be 240 microradians. This aérees well with the
observed vertical angular width of 250 microradians in crystal

scanning.

7.4.2 Beam Divergence and Width Studies

Drift chamber data was recorded during the 200 Gev/c¢ operation of
the c¢rystal septum (Table 5.5). About 60,000 events were logged on a
magnetic tape using the T1.T3 trigger. Results of the off-line
analysis are shown in Figure 7.4 (angular distributions), Figure 7.5
(spatial distributions) and Table 7.2 (observed beam properties). Also
given in Table 7.2 are the beam properties calculated using the DECAY
TURTLE program. According to ‘the Figure 7.5 both beam widths are
2.0 inches (~50 mm) each. But that is the dimension of the T1 and T3
trigger counters used (Table 4.2). Therefore the beam size could not
be determined from the data. The only thing certain was that both
widths were lager than 2.0 inches.

The DECAY TURTLE program (run No.2) was used to simulate a beanm
transport system identical to the above case in which all quadrupole
magnets were turned off and all collimators were fully opened (3.0
inches each). The input beam was described in section 7.3 for all

crystal septum runs. The program was executed for 10,000 pions at
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200 Gev/c with 5% momentum spread. The histograms of angular and
spatial distributions are shown in Figures 776 and T7.7. Table 7.2
(calculated without quadrupoles) shows the results. Observed angular
divergences are in good agreement with the ‘calculations. Calculated
beam widths showed that they were greater than 2.0 inches. But exact
comparisons are not possible as the <trigger counters were only 2.0

inches wide.

Table 7.2 Observed and calculated beam properties in the experimental
pit at 200 Gev/c crystal septum operation. Calculated values were
obtained using DECAY TURTLE program. ’

Observed Calculated Calculated
without with tuned
Quadrupoles Quadrupoles

horizontal angular 0.22 mr .23 mr 40 mr
divergence (FWHM) : ' o
vertical angular 0.24 mr .28 mr .20 mr
divergence (FWHM) : ' :
horizontal beam width 50.0 mm 95. mm 25. mm

vertical beam width 50.0 mm 105. mm 17. mm

7.4.3 Momentum Studies

Momentum studies were also carried out during 200 Gev/c crystal
septum operation. Horizontal momentum spectrometer magnets (MBOEW)
downstream of the egperimental set up were used in this part of the
experiment as shown in Figure 7.8. A scintillation detector T6
(Table N72) 6.0 mm wide (horizontally and perpendicular to the beanm

direction) was located about 15.25 m downstream of the first two MBO6EW
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Figure 7.6 Calculated (a) vertical and (b) horizontal angular
distributions using DECAY TURTLE program for 200 Gev/c crystal septum
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opened to their maximum aperture sizes. Fraction of pions reaching the
experimental pit was about 40% for a +5% momentum dispersion.



115

(A)
o
o
. )
g-- ° o o o ©
o~ ' 3
=
s T o
o
Ug ‘o
g-_ —_— % |OS. mm
~ °
o
o ®
Py + t } } —+ + ]
-80. -40.00 0.00 40.00 80.00
VERTICAL SPATIAL DISTRIBUTION (MM)
o
e (B)
o
=1l
T
P= o
o . ]
o4 0 e ®
z LI
88 0 ’ @ ° 0 ° °e °°
[ . ]
o
o
. —n 0 - 4§, mm
g-r o Qo
-~ ]
gl :
otse— % % % .l ‘ —e-ep
-80.00 -40.00 0.00 40.00 80.00
HORIZONTARL SPATIAL DISTRIBUTION (MM)
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the experimental pit was about 40% for a +5% momentum dispersion.
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Figure 7.8 Schematic of the apparatus set up used for the momentum

studies.” The spectrometer magnets MB6EW bend the beam by

11.0 milliradians in regular operation. T6 is a scintillation detector

that is 6 mm wide along the bent direction. D1, D2 and D3 are the’
three drift chambers and T1 and T3 are the trigger counters used in

data acquisition.
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magnets so thaﬁ it was centered at an average angle of 11.0
milliradians to the straight beam directiont

The momentum acceptance of the c¢rystal for channeling 1is very
large. The vertical bending magnet (MB2U) contrcls the mean momentum
of the transmitted beam. Figure 7.9(a) shows the distribution of on
axis off momentum particles 1in x-Ap space where x is the horizontal
axis perpendicular to the beam direction and Ap is the momentum
deviation from the mean. After passing through MB6EW magnets
(horizontal bend) the same distribution 1is shown 1in Figure 779(b).
Here x=0 always refér to the central beam line. The x position of the
T6 counter is also shown in Figure 7.9(b). Changing the current in the
magnets by an amount of AI would move the distribution across the
detector (along the x-direction) by a distance Ax as shown in
Figure 7.9(c). Then the horizontal displacement Ax with respect to the
T6 detector causes the beam particles of momentum deviation Ap to hit

the detector. The relationship between AI and Ap can be written as
§{Ap) = 0.1717 Al 7.1

where p is the momentum of particles which are bent at an angle of 7110
milliradians (along the central beam line) and I is the corresponding
current in MB6EW magnets. This equation was obtained by using the
field integral of MB6EW magnets.

By changing the current in the magnets and measuring the yield of
particles hitting the T6 detector the width of the momentum dispersion
can be measured. A coincidence of T1.T3.T6 was used to measure the

fraction of the number of particles hitting the detector with respect
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Figure 7.9 (a) Momentum distribution of 'on axis' rays of the beam
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ap is the deviation of momentum from the mean. (b) The same
distribution after passing through the spectrometer magnets. The
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current change of Al in the spectrometer magnets.



119

Momentum acceptance of the crystal

1

- 20

1

RELATIVE YIELD

. 80

<« 20 Gev/c

.40

.00

+

Figure 7.10 Momentum distribution for 200 Gev/c crystal septum
operation measured using the momentum spectrometer magnets MB6EW.
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to the total number of particle transmitted to the pit which was
measured by the coincidence of TTTT3T For a fixed value of the current
in the magnet, the momentum p 1s inversely proportional to the
deflection (y) of the beam at the detector position, therefore the
momentum resolution due to the thickness of the the detector can be

calculated by
8(ap) = (ay/y)p 7.2

where Ay (=6.0 mm) 1is the thickness of the detector. This value is
2.5 Gev/c at a mean momentum of 200 Gev/c. The data 1is shown in
Figure 7.10 according to which the observed fractional momentum
deviation is about +(5.00£1.25)%.

The vertical bending magnet MB2U as shown in Figure 7.11 disperses
the momentum vertically. Then the momentum collimator MB3CV determines
the momentum acceptance of the transmitted beam into the experimental
pit. The aperture size of this collimator was 0.5 inch during the data
acquisition for momentum studies. TRANSPORT (run No.3) was used to
calculate the momentum dispersion for 200 Gev/c crystal septum
operation. The results showed that the fractional momentum deviation
was +5% for an opening of 0.5 inch on the momentum collimator slit
(MB3CV). This agrees with the observed deviations. Figure 7.11 shows
the beam optics for crystal septum operation at 200 Gev/c with all the

quadrupole magnets off.
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7.4.4 Momentum Récombination and Focusing

‘ TRANSPORT (run No.4) was used to calculate the magnetic fields of
quadrupole magnets for momentum recombination and focusing the beam for
crystal septum operation at 200 Gev/ci

The half width of the vertical angular divergence of the input
beam for crystal septum operation is the critical angle of the crystal
plane as explained in section 7.3. The critical angle at 200 Gev/c 1is
11.3 microradians which is very small compared to the regular vertical
divergence of 250 microradians at the cryStal location. The calculated
vertical dispersionA due to the vertical angular divergence of 11.3
microradians is 0.4 inch in the experimental pit at 200 Gev/c. Since
all vertical apertures in the beam line are greater than 0.4 inch (the
minimum is 1.5 inches), focusing of 'off axis' rays in the vertical
plane is 'not necessary as far as the beam intensity is concerned.
Since the horizontal angular acceptance of the c¢rystal 1is infinite,
focusing in that plane would increase the transmitted yield. Also in
principle the c¢rystal c¢an transmit a large spread in momentum.
Therefore, it should be possible to improve the crystal septum momentum
acceptance and the transmitted yield by proper tuning of the quadrupole
magnets.

The input beam for crystal septum operation was discussed in
section 7.3. The following cohstraints were applied when executing the
TRANSPORT program:

17 Intermediate horizontal focusing at momentum collimators (MB3CH)
by using the quadrupole triplet MB2Q1, MB2Q2 and MB2Q3.

2. Final horizontal focusing and momentum recombination 1in the
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experimental pit by using the quadrupole doublet MB4Q1 and MB4Q2.

Figure 7.12 shows the beam optics constructed from the results for
horizontal point to point to point focusing and momentum recombination
at 200 Gev/c. The vertical 'off axis on momentum' ray is defocused by
the quadrupole triplet and gives a dispersion of 0.25 inch per +5%
momentum dispersion at the momentum collimator. The horizontal ‘'off
momentum on axis' ray gets focused in the experimental pit while the
vertical 'off axis on momentum' ray gets focused about 100 feet
upstream of the pit as shown in Figure 7.12. This can be explained by
beam optics. Here the quadrupole doublet acts as a convex lens ¢to
focus both horizontal and vertical rays. Since the vertical ray has a
larger object distance than the horizontal ray it converges at a
shorter distance than the horizontal ray. Table 7.3 shows the magnetic

fields and corresponding currents in quadrupole magnets.

Table 7.3 Magnetic field gradients and corresponding currents of
quadrupole magnets for horizontal point to point to point and momentum
recombination at 200 Gev/c crystal septum operation.

Quadrupole Magnetic Field Current
Magnet B(KG/IN) (Amperes)
MB2Q1 +0.669 12.8
MB2Q2 +1.087 20.8
MB2Q3 +0.667 12.8
MB4Q1 -3.556 68.3

MB4Q2 +3.665 70.0
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The calculated magnetic fields were used to run DECAY TURTLE
program (run No.5) to find the beam distributions in the experimental
pit. The program was executed for 10,000 pions starting from the
crystal. Figures 7.13 and 7.14 show the angular and spatial
distributions one should expect if the quadrupole magnets were properly
tuned. The momentum dispersion was assumed to be #5% from the mean
momentum of 200 Gev/c. The observed and calculated (with and without

the quadrupoles) beam characteristics are shown in Table 7.2,

7.4.5 Beam Intensity Studies

According to the TRANSPORT run  No.l (section 7.4.1) beam
properties at the crystal location are shown ip the second column of
Table 7.4. The horizontal and vertical spatial acceptance of the
crystal are determined by the physical width and the thickness of the
crystal. The vertical angular acceptance for channeling is determined
by the critical angle at the given energy while the horizontal angular
acceptance for channeling is determined by the angular divergence of
the beam at the crystal location (the crystal was bent vertically) as
discussed in section 7.3. The third column of Table 7.4 shows the beam
acceptance of the crystal at 200 Gev/c (0.08 spatial and 0.09 angular).
From the through-put studies of the crystal septum in the M-Bottom pit
the bending efficiency and capture efficiency are 0.07 and 0.55 at
200 Gev/c (Table 5.4). Therefore, the fraction of particles
transmitted into the beam line is equal to 0.00027 (=.08x.09x.07x.55).

During the momentum studies beam intensities were recorded for

regular and crystal operation under the identical beam element
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Figure 7.13  Calculated (a) vertical and (b) horizontal angular
distributions using DECAY TURTLE program for 200 Gev/c crystal septum
operation with tuned duadrupole magnets. The fraction of pions
reaching the experimental pit was 80% for a +5% momentum dispersion.
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settings. The collimators MB3CV and MB3CH were set for a half aperture
gize of 0.5 inch for both cases and Table 7.5 shows the recorded data
for T1.T3 coincidence setting. According to the data the transmission
fraction for crystal operation with respebt to regular operation was

0.00039 (= 7.30x10"10/ 1.88x1070),

Table 7.4 Beam divergences and widths at the crystal location and
crystal "acceptances for channeling at 200 Gev/c.

Beam at Crystal Fractional
Crystal Acceptance Acceptance
Location
horizontal width 1.00 cm 1.00 cm 1.00
horizontal divergence 0.30 mr 0.30 mr 1.00
vertical width 1.00 em 0.08 cm 0.08
vertical divergence 0.24 mr 0.022 mr 0.09

Table 7.5 Recorded beam intensities in the experimental pit for regular
operation with tuned quadrupole magnets and crystal operation without
quadrupole magnets at 200 Gev/c.

MC1SEM T1.T3 T1.T3/MCISEM
regular operation  2.465x10%!! 4.63x10°5 1.88x10 ®
crystal operation  3.384x10%! 2.47x102 7.30x10 *°

DECAY TURTLE run No.2 and run No.5 were discussed in sections
7.4.2 and 7.4.4., Run No.2 was executed without quadrupole magnets and
Run No.5 was executed with tuned quadrupole magnets. In both cases the

horizontal half angular width of the input beam and the horizontal half
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aperture size of the MB3CH collimator were 0.35 milliradian and 0.5
inch, respectively. According to the calculations about 40% of
particles are found to be transmitted in the 'without quadrupole' case
while 80% of particles are found to be transmitted in the 'tuned
quadrupole' case. About 5% of the pions decay before reaching the
experimental pit and the rest are stopped due to the apertures of the
elements in the beam line which is a factor of two higher. On the
other hand, according to the Figuré 7.11 the horizontal angular
acceptance (half width) of ﬁhe system is 0.08 milliradian for the
0.5 inch half width'size of MB3CH. This scales to be 0.24 milliradian
for a value of 1.5 inches half width of MB3CH. This change in angular
acceptance of the system would increase the yield by nearly a factor of
two, which agrees with the above calculation.

The observations (without the quadrupoles) were made in an area of
50mm x 50mm (area of T1 and T3 counters). However, the calculations
(run no.2) show that the beam should be about 100 mm x 100 mm which is
a factor of four higher than the area of T!1 detector. Therefore,
taking the above two factors into account the properly tuned quadrupole
magnets should deliver a yield of about a factor of eight greater than
the number observed on the detector T1. This means the crystal septum
operation at 200 Gev/c would transmit about 2000 particles per 3.0x10!!

MC1SEM.
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7.5 Operation at 400 Gev/c

Of the two bending magnets (MB2D and MB2U) of the M-Bottom beam
line the first, namely the MB2D septum magnet, has an upper limit of
225 Gev/c. Therefore, even though the upper 1limit of the second
bending magnet MB2U (upper limit 500 Gev/c) is above 225 Gev/c the beam
line can handle energies up to 225 Gev only. By réplacing the MB2D
septum magnet with a c¢rystal it would be possible to increase the
operational limit of the beam line to about 500 Gev/c. With this in
mind the performance of the crystal septum was tested at an energy of

400 Gev.

7.5.1 400 Gev/c Beam in M-Bottom Beam Line

With all the quadrupole magnets off and the MB2U dipole magnet at
the M400 Gev/c setting, the crystal was scanned while recording the
particle yield in the experimental pit using the coincidence of the TI
and T3 counters. The resulting spectrum is shown in Figure 7.15.

Unlike the previous case of 200 Gev/c¢c in the present case of
400 Gev/c the number of particles that enters the secondary beam are
the scattered protons due to target nuclei. Therefore, the elastic
scattering has to be taken into account in the computations. The
elastic scattering of protons by those of the target nuclei obeys the

relation [36].
do -bt
dt = A e 7.3

where ¢ 1s the -elastic cross section of p-p, A and b are constants,

t = (p0)?, p is the momentum and © is the scattering angle. The values
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Figure 7.15 Scanning spectrum of the septum crystal in the FRONT END
HALL at 400 Gev/c. The arrow indicates the 1installed orientation of

the crystal.
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of the constants.A and b have been determined from experimental data by
different experimenters for different ranges of t [36-“2]t In the
present case of 2.5 milliradians production angle and U400 Gev/c
momentum the value of t is 1.0 (Gev/c)?. It should be noted that the
experimental data was not reported for this combination of ranges.
However, we have been compelled to use values of A and b reported there
as more pertinent values have not been reported. This introduces a
certain degree of uncertainty in to the calculations. The best fit
values for A and b from the above references are A = 100 mb/(Gev/c)?
and b = 11.8 (Gev/c)?z. These were used to compute the scattering
yields and the results are presented in Figure 7.16. The crystal
location 160 feet downstream of the target fqlded with the cross
sectional area of 12.0 mm by 0.8 mm (=9.6 mm?) were used to calculate
the solid angle subtended by the crystal on the target which is
0.004 microsteradian. The scattered yield was calculated over this
solid angle. The important feature that should be noted 1is that the
scattering yield increases drastically with decreasing angle.

It was felt desirable to acquire data at a smaller angle of
scattering because this would cause an increased yield. The angle of
scattering could be reduced by using the MC1D magnet gpstream of the
target. In regular operation it bends the primary beam down so as to
make it horizontal and in this configuration (Figure 3.1) it 1is the
secondary particles produced at 2.5 milliradians that are sent through
the beam line. By increasing the current in MCi1D magnet the primary
beam could be bent down further leading to a reduction of the angle of

deflection of the particles entering the beam line.
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p-p Elastic scattering at 400 Gev/c
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In regular operation the current setting of MCID magnet is 440
Amperes. This value was increased up to the maximum permissible (due
to radiation considerations) limit of 980 Amperes. Figure 7.17 shows
the configuration after this increase wheré the beam line is deflected
from the primary beam (at the target) by 0.7 milliradian instead of 2.5
milliradians in the regular set up. This arrangement resulted in
transmitting about 10,000 particles per spill into the experimental pit
at 3.0x10%! particles on MC1SEM. This yield is about a factor of
hundred higher than the yield observed in the regular set up according
to Figure 7.15. _The calculated yield at 0.7 milliradian is about a
factor of thousand higher than the one at 2.5 milliradians according to
Figure 7.16. This would explain the increase of the particle yield
going from 2.5 milliradians deflection angle to about 0.7 milliradian,
however, the extra factor ten could be due to several reasons, such as
(1.) uncertainty of the values of A and b used in equation 7.3, (2.)
uncertainty of the angle 0.7 milliradian which 1is not very well

understood and (3.) experimental errors.

7.5.2 Momentum Recombination and Focusing

Momentum recombination and focusing for the 200 Gev/c beam was
discussed in section 7.4.4. Similar calculations for 400 Gev/c beam
Wwill be discussed in this section. The input beam for crystal septum
operation was discussed in section 7.3{ The critical angle, which is
8.0 microradians at 100 Gev/c, 1is assumed for the vertical beam
divergence at the crystal 1location. The following constraints were

applied when executing the TRANSPORT program (run No.6).
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1. Intermediate horizontal focusing at the momentum collimators

"~ (MB3CH) by using the quadrupole triplet MB2Q1, MB2Q2 and MB2Q3.
2. Final horizontal focusing and momentum recombination 1in the
experimental pit by using the quadrupole doublet MBUQ! and MBUQ2.
Figure 7.18 shows the beam optics for 400 Gev/c horizontal point
to point to point focusing and momentum recombination. Table 7.6 shows
the field gradients and corresponding currents of the quadrupole
magnets. The second column in this Table shows the maximum possible
currents of these magnets. It shows that, since the calculated values
of the quadrupole doublet currents are exceeding the maximum currents,

this configuration 1s not practicable.

Table 7.6 Magnetic field gradients and corresponding currents of
quadrupole magnets for 400 gev/c crystal septum operation.

Horizontal Horizontal
Point-Point-Point and Point-Point and
Momentum Recombination Momentum Recombination

Quadrupole Maximum Magnetic Current Magnetic Current
Magnet Current Field (Amperes) Field (Amperes)
Amperes  B(kG/in) B(kG/in)

MB2Q1 +3.58 69. +1.,74 33.
MB2Q2 +0.67 13. +1.28 25.
MB2Q3 +0.67 13. +0.87 17.
MB4Q1 80.0» ~7.13 136. -4.32 80.
MBUQ2 80.0 +7.03 134, +3.54 68.

Instead of horizontal point to point to point focusing, horizontal
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point to point focusing was applied when calculating the magnet
parameters again (run NO'7)f Since no intermediate focusing is
required in this calculation, both quadrupcle triplet and doublet are
combined to give the final focus in the experimental pit, which reduces
the magnetic field requirements of each magnet. Table 7.6 shows the

results of this calculations and the Figure 7.19 shows the beam optics.
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PART 2
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CHAPTER 8

THEORY OF DECHANNELING AND FEEDING-IN

8.1 Introduction

The classical theory of channeling was discussed in chapter 2.
There the transverse energy of a channeled particle was assumed to be a
constant of its motion. This assumption 1is not reasonable when
considering channeling depth, typically over a few thousands of
angstroms. As the channeled particles move through the crystal they
undergo multiple scattering by electrons and the thermally vibrating
nuclei of the target, and also by the defects and impurities in the
target. Therefore the transverse energy becomes significantly changed
which causes the transverse energy of some particles to become larger
than the c¢ritical transverse energy for channeling. These particles
escape from their channeled paths to the random beam. This process 1is
called dechanneling. This was first described theoretically by
Lindhard [1].

The reverse process in which a random particle geés trapped into
the channel paths as it moves along the crystal nearly parallel to a
major axls or plane, is called feeding-in. If a random particle is to
be scattered into the channeled path, a close collision of impact
parameter much less than the screening length, is required. The impact

parameter of a channeled particle 1is normally greater than the
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screening length. Therefore the scattering from random beam to
channeled beam is prohibited. This effect of feeding-in is large
enough to be observed [17] for 12 Gev/c protons, however no theoretical
explanations were reported so far. This chapter discusses the
derivation of a simple model to explain the observed feeding-in
effects.

A probabilistic equation governing transverse energy distribution
with depth of an incident beam distribution is derived first in this
chapter. This equation is identical to the master equation of Bonderup
et al.[43] which wés used to derive a diffusion equation for axial
dechanneling. Ellison showed that a feeding-in process is also built
into this basic probabilistic equation and separated the equation into
dechanneling and feeding-in parts. This chapter reviews his work of
deriving the simple model to study the characteristic dechanneling and

feeding-in lengths.

8.2 Derivation of the Probabilistic Equation
Consider a beam of positive particles of energy E, incident on a
crystal nearly parallel to a major axial or a planar direction. If

g<Et,z> is the normalized transverse energy density of the beam at a

depth Z, then
x
f g8(Ey,2) dBy = 1 8.1
) _ .

where, E, is the transverse energy at a depth Z. 1If 6 is the incident

angle with the major direction of the crystal then the initial

transverse energy is Eezf The initial transverse energy density g(Et,o)
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of the beam is determined by the beam divergence outside the crystal.
Let P(E!,E,,z) dZ dE{ be the transition probability for @ particle

with transverse energy Et to scatter to (E£’E£+AEé) on a path length

dZ. Then the change in transverse energy density at Et from Z to Z+AZ

is given by

a[g(E,,2) JaE, = [g(E,,2+42)-g(E,,Z) |dE,

f g(E!,2) dE{ [dZ P(E.,E{,Z) dE]
0

®

- f'g(Et,z) dEy [dZ P(E{,E.,Z) dE{] 8.2

0

where the first term represent the transition from the outside ¢to

(Et’Et+AEt) and the second term from (E.,E +AE.) to the outside. As dZ

tends to zero this equation can be written as

0

d .
Szle(E,2)] = j GB{ [P(E,,E{,2)g(E],2) - P(E},E,2)8(E,, )] 8.3

[}
This equation is discussed in detail by Lindhard et al.[49] and used in

axial case by Bonderup et al.[43].

8.3 Derivation of the Basic Equation

if Etc is the critical ¢transverse energy for channeling, the

channeled and random fractions at a depth Z is given respectively by

Ete
c(z) = J g(E,,2)dE, 8.4(a)
) .
1-c(z) = J g(E ,2)dE, 8.4(b)
! :

te
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By integrating equation 8.3 from O > E_, one gets

4 Ete Bte %
EZ[J 8(E_,2z) dE.] = J dE, deg (P(E,,E{,2)8(EL,2)
0 [} o

- P(E{,E,2)8(E,2)] 8.5

Since the function inside the right hand side integral is symmetric

with respect to Et and E!,

Eteo Ete
j dEy [ dE! [P(Ey,E{,Z)g(E{,Z) - P(EL,E,Z)g(E,2)] = O 8.6
[+] ] .

Therefore equation 8.5 can be written as

Ete
d
azlc@)] = J dEg JdEg P(Ey,E{,2)g(EL,2)
o
Etc
Ete 2
- j dE, deg P(E{,Ey,2)g(E,2) 8.7
° E
te

We now assume that the transition probability P is such that the mean

value theorem applies; thus the first term in equation 8.7 is

Ete
J bt JdEé P(E¢,E{,2)g(E,2)
0 E
te
Eto @
N j dEy P(Ey,E,(Z,Ey),2) jg(Eg,z)dEé 8.8(a)
° E
te ’
where, Etc S E,(Z,E;,) < = and the second term in equation 8.7 is
Etc
JdEg J dE, P(E{,E.,Z)g(E,2)
E,_ 0 A
te
° Ete
= deé P(EL,E,(Z,Ey),2) f dE, g(Eq,2) 8.8(b)
E 0

te
where, 0 £ E‘(Z’Etc) < Etcf Let
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@

Pu(Z.Ey) = [dB] p(EL,E,(Z,Eqq),2) 8.9(a)
Etc
Po(LiByy) = [dB, P(E,,E,(Z,Eqy),2) 8.9(5)
E
te

Then by using equation 8.4, equation 8.7 can be written as
C'(Z) = - p(Z,E ) c(z) + P2 (Z,Bpe)[1-c(2)] 8.10

where, C'(Z) = %ZEC(Z)]. By suppressing. the dependence of p, and p, on

E ., equation 8.10 becomes

3z = - P1(2)C + p,(2)(1-C) 8.1

It should be mentioned that no approximations have been made on going

from the basic probabilistic equation 8.3 to equation 8.11.

8.4 Analysis of the Basic Equation

In the above basic model p,(Z) and p,(Z) are complicated functions
of Z once E_, is given and depend on the basic probabilistic functions
P(E,,E{,2) and g(E.,Z). All the physics is contained in this function
which P(Et,Eé,Z) which is unknown at this time. For our purpose it is
reascnable to assume that P(Et,Eé,Z) is a slowly varying function of Z,
so we can replace p,(Z) and p,(Z) by two constants 1/i, and 1/Xx,. From

the theoretical point of view these two constants can be defined as

d
1/, é-[ p,(2)dz 8.12(a)

[}

and

d

1/), —.% J p,(2)dZ 8.12(b)

0
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where d is the 1length of the crystal. This might be a crude
approximation but it does 1lead to an easy way of analyzing the
experimental data using the above model. Therefore the -equation 8.11

can be written as
dC = -C dZ/Xx, + (1-C)dZ/x, 8.13

This -equation can be interpreted as follows: if A, and A, are the
characteristic dechanneling and feeding-in lengths, then the two terms
in the right hand side, [-C dZ/i,] and [(1-C)d2/A,] are the increase in
channeled fractions, going from Z to Z+AZ as AZ tends to zero, due to
dechanneling and feeding-in processes. A method of extracting A, and
A, from the experimental data will be discussed in the next chapter.

Now, equation 8.13 can be arranged as
dc/dZ = =(1/x)C + 1/, 8.14

where (1/x) = (1/x,) + (1/r;). Let C(0) be the initial channeled

fraction at Z=0. By intégrating equation 8.14 one gets
C(z) = [C(0)=-A/A,le” 27X + a/a, 8.15

As Z tends to infinity the above equation 8.15 has the limiting steady

state channeling fraction, which is given by,

Co = A Ay = A /(A *A,) ' 8.16(a)
for A,=X,, C,=1/2 8.16(b)
and for A ,<<A,, Co = 2,71, 8.16(c)
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Also if the feeding-in probability is zero (ie., p, = 0 and i,»=) then

equation 8.15 becomes

c(z) = c(0) e~Z/Xy » 8.17

which predicts the observed exponential dechanneling behavior [44,45].

8.5 Alternative Method of Deriving the Basic Equation

The basic equation (equation 8.13) can be derived by wusing the
following two assumptions: '
1. Rate of dechanneling along the length of the crystal is
proportional to the number of channeled particlest
2. Rate of feeding-in along the 1length of the crystal 1is
proportional to the number of random particles.

If C is the channeled fraction at a depth Z then (1-C) is the

random fraction at Z, and the first assumption can be written as,

-(dC/d2) ; « ¢

where (dC/dZ)d is the rate of increase of channeled fraction due to the

dechanneling, and the second assumption can be written as,
+(dC/dz)f « (1-C)

where (dC/dZ)f is the rate of increase of the channeled fraction due to
feeding=-in.

By introducing characteristic dechanneling and feeding-in lengths
A, and A, respectively, the resultant change of channeling fraction can

be written as,
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dc/dzZ = (dC/dZ)y + (dC/dZ)g = -C/Ay + (1-C)/A, 8.18

This equation is the same as the basic equation (equation 8.13) derived

using the probabilistic equation.

8.6 Dechanneling

For a perfect crystal without dislocations and impurities, the
dechanneling is due to:
(1) Multiple soattering by ' electrons. As the channeled particles
proceed into the target, multiple scattering due to the target
electrons increase the transverse energy of incident particles. As the
transverse energy increases, the channeled particles approach the
target nuclei and eventually become scattered.
(2) Multiple scattering by thermally vibrating target nuclei. The
force fluctuations produced by thermal vibrations of the lattice nuclei
contribute to the increase of transverse energy of channeled particles.
The nuclei of a static row or plane do not affect the transverse energy
of channeled particles.

The average rate of increase of transverse energy of channeled

particles can be written as

d<E >/dz = d<E;>,/dz + d<E;>./dz 8.19
The nuclear contribution is given by [U44]

1

d<E. > /dz = s

u2<-dv(x)/dx> 8.20
p) '

and the electronic contribution is given by [44]
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4<E S T2t L (o(r)> 8.21
t>e/dZ"—é"_'- e p ' '

where dp is the planar separation, u is the component of the mean
square vibrational amplitude of lattice atoms normal to the plane, V(x)
is the continuum planar potential, Z, and Z, are the atomic numbers of
the projectile and the target nuclei respectively, e .is the electronic
charge, m is the rest mass of an electron (in eV), p(r) is the electron
density, r 1s the position vector of an electron, density and

Le = 1n(2mv?Y2/I) denotes the 1logarithm in Bethe's formula for the

electronic stopping power where I = 10Z,eV, v is the velocity of the
projectile and Y is the reletivistic constant.

Because of the statistical description of the elementary
processes, the changes of the transverse eneﬁgy distribution can be
described [1] by the planar diffusion equation with a diffusion

coefficient D(Et)’

d
328(Ey,2) = %EtD(Et)-%Et g(E¢,2) 8.22

with the boundary conditions g(Et,z) = go(Et) and
S(Etc,z) = g(-Etc,z) =0 where g,(E;) 1is the initial . transverse
distribution of channeled particles and Etc is the critical transverse
energy.

The diffusion coefficient i3 related to the scattering through the

increase in the average transverse energy by the following differential

equation,

_yd
D(E,) + pD'(E.) = MG, <E> 8.23



150

where Pt is the transverse momentum and M, is the mass of the incident
particlet The prime denotes differentiation with respect to Et'

Once <E,>, g,(E.) and E, are known, the diffusion coefficient can
be calculated using equation 8.23. It should be noted that an
analytical function for D(Et) is difficult to obtain due to the
complicated forms of V(x) and p(r). The transverse energy distribution
can then be found by solving equation 8.22, and the channeled fraction

at a depth z can be calculated using equation 8.4(a).

8.6.1 Planar Dechanneling

Campisano et al.[44] solved equation 8.23 for D(at) analytically
using a polynomial approximation for the planar continuum potential
where‘st is a dimensionless quantity for the transverse energy given by

€. = E./ACa where A = 27Z,Z,e*Nd C=/3 and a 4is the Thomas-Fermi

p?
screening distance. The nuclear and electronic contributions were
treated separately where and found that the nuclear contribution to the
diffusion coefficient is about a factor of twenty 1less than the
electronic contribution in the transverse energy range of channeled

particles. Therefore, by neglecting the nuclear part the obtained

diffusion coefficient can be written as

o M,AZ, e,
) - AT Ly 8.2l
t 16ECa ettt A

where De(et) is a linear function of e, which starts from a nonzero
value at €.=0 and changes by a factor of one or two for channeled
particles.

Because of the complicated procedure of solving equation 8.22 with
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this diffusion coefficient, Campisano etfalﬁ assumed a constant
diffusion coefficient D,, the value of which corresponds to the value
of D(Et) calculated at the average tr;nsverse energy € o Of the
channeled beam. The obtained solution to the equation 8722 showed an
exponential channeled fraction with Z where the dechanneling length is
given by

A, = 162C2%a? E » 8.25
, = 16%C*’a” E

2 2
mZ187Le Delege)

Figure 87? shows their theoretical x% (= 1n(2) x,) depth for MeV range
protons through ' 3i(110), which agrees quite well with their
experimental results. The experimental results of Feldman and
Appleton{l45] are also shown in the figure.

One can extrapolate this nonrelativistic result to the
relativistic region as follows, E in-equation 8.25 is the kinetic
energy of incident particles which is ipv where p is the momentum and v
is the velocity. For relativistic particles pv = E. Therefore E in
equation 8,25 should be replaced by E/2 for relativistic particles.
The calculated dechanneling 1lengths for 100 Gev/c protons through
Si(110) is about 140 mm. According to equation 8.25, for different
materials, dechanneling 1lengths will vary with the fraction az/Le,
which is .0036 for Si, .0024 for Ge and .0016 for W. Using these
results, the calculated dechanneling lengths for Ge(110) and W(110) are
93 mm and 62 mm respectively. The results of planar dechanneling
length determination for Si(110) in this experiment will be presented

in the next chapter.
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8.6.2 Axial dechanneling

Bonderup et al.[43] numerically solved the differential equation
(8f23) for D(Et) where he used the formula derived by Lindhard[1] for
the average transverse energy 1loss of aligned beams in which the

electronic contribution is given by

E8&
d<E,>./dz = s {1‘exp{—<et+eé)}] 8.26a

and the nuclear contribution by

2
62,

]

A<E¢>p/dz [texp(egreg)+3] [1-exp{-(egrep)} ]? 8.260

where e, is defined by ey = E¢/3E8Z, e{=C?a?/r}, mr}=1/Nd, and Z, and
Zn are the characteristic lengths for electronic and nuclear diffusionf

The calculation showed that the electronic contribution to D(Et)
dominates at lower transverse energies, whereas the nuclear
contribution takes over at higher values of Et' Subsequent numerical
calculations of the diffusion equation (8.22) for Si<110> and W<100>
showed that the calculated values of dechanneling fractions were
approximately one third of the experimental values of Pedersen
et al.[46].

The characteristic dechanneling lengths Ze and Zn in equation 8f26

can be extrapolated to the relativistic region and are given by

7 _ (Ca)? pv

T2ur 4re®z,Z,Nd | 8.27a
Z, = A A
2728l Nd, 8.270

where N is the density of the target material and da is the lattice
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spacing aléng the string. The exact relationship between the
dechanneling length A, and the combined characteristic diffusion length
is quite difficult to obtain because of thg complicated form of D(Et)'
However one can use these two characteristic lengths as a guide té
compare the effects in different materials (for example Si with Ge and
W). The calculated values of Z_ and Z, for Si, Ge and W are given 1in
Table 8.1. As one can see, in this table the electronic effect stays
the same for all materials while the nuclear effect 1is higher for

heavier materials.

Table 8.1 Electronic and nuclear diffusion lengths calculated using
equation 8.27 for Si, Ge and W at 100 Gev/c.

<100> <110> <112>

cm cm cm

St Z. 6.4 9.0 7.4

Zg 47 6.6 5.4

Ge 2 1.6 2.1 1.7

Zg 5.6 7.9 6.5
Wz, 1.4 1.0
2o 7.8 5.5

8.7 Initial Channeled Fraction

Consider a beam of charged particles entering a crystal parallel
to a major crystal plane. As the particles enter the crystal their
transverse energies are modified due to the continuum potential between

the crystal planes and are given by

Et = Ep? + V(x) 8.28
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where 9§ is the incident angle, V{x) is the continuum potential and x is
the distance from the point midway between the crystal planes.

The condition for a particle to be channeled is governed by how
closely it can apprecach the atomic plane without large angle
scattering. Lindhard[{1] assumed this distance to be the Thomas Fermi
screeﬁing distance (a = a0f8853(21§*zz§)'&) where a, 1is the Bohr
radius. The condition for planar channeling can therefore be written

as
Etc = V(dp/z—a) > EB2%+V(x) 8129

where E_ . is the critical transverse energy and d_ is the inter planar

p
distance. This can be represented clearly by a phase space diagram as

shown in Figure 8727 8, in the figure is the maximum incident angle a
channeled particle could have at the entrance to the crystal plane.
This 1is defined as the planar c¢ritical angle and 1is given in
equation 2.6. Table 5.1 gives calculated critical angles for different
materials.

All particles satisfying the channeling condition given in
equation 8.29 1lie inside the region surrounded by the solid oval in
Figure 8727 The initial channeled fraction C(0) (called f, in
section 5.8.2) of these particles is therefore given by the ratio of
the areas of the solid oval to the dashed rectangle, where the area

inside the dashed rectangle is the total phase space of the incident

beam. This can be written as

C(0) = w(d /2-a)x8,/dyx28,
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Figure 8.2 Phase space of the crystal acceptance (solid oval) for
channeling of particles incident between two crystal planes and within
the critical angle to the planar direction (dashed rectangle).
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=T
- T(1-2a/dy) 8.30

using the area of an ellipse. This gives a result of .64 for silicon

and .67 for germanium independent of the energy.



158

CHAPTER 9

STUDY OF DECHANNELING AND FEEDING-IN

9.1 Introduction

This part of the experiment was performed during the month of
June, 1984, in the Meson area M-Bottom beamline at Fermilab. As a
result, strong dechanneling and feeding-in effects were observed.
First the experimental set up 1is briefly presented and then the
algorithm of the analysis used to calculate the feeding-in and
dechanneling probabilities is discussed. -Next the results of
dechanneling and feeding-in lengths, the angular dependence of
feeding-in and initial channeled fraction at different energies are

presented.

9.2 Data Acquisition

A detailed set up of the experiment was given in chapter Ui,
Figure 9.1 gives a schematic view of the multi-detector silicon crystal
that was used. The c¢rystal was made and fabricated with five
ion-implanted surface barrier semiconductor detectors at Chalk River
Nuclear Laboratories, Chalk River, Canada. The silicon crystal was cut
-such that the (110)-plane was parallei to the major face of the crystal
and the <112> axis was parallel to the length of the c¢rystal so that

the (110) plane is perpendicular to the major face of the crystal. Out
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of the five surface barrier detectors namely A, B, C, D and E only B, D
and E were in working condition during the experiment, where the
detector positions are shown in Figure 9717

Data was acquired at 30, 60, 100 and 200 GeV/c for silicon (110)
planar channeling and at 60 and 100 GeV/c for silicon <112> axial
channeling. Table 9.1 shows the summary of data logged during the
experiment. For each event, the drift chamber data and ionization
energy losses at the‘three detectors were recorded. Drift chamber
information was used to calculate the incident and exit angles of the

beam particles.

Table 9.1 Summary of three detector data logged during June 1984 run.

energy events logged comments

200 Gev/c 89,000 Si 110 planar.
100 Gev/c 102,000 Si 110 planar.
60 Gev/c 102,000 Si 110 planar.
30 Gev/c 30,000 Si 110 planar.
100 Gev/c 80,000 Si 112 axial.
60 Gev/c 65,000 Si 112 axial.

9.3 Algorithm
9.3.1 Determination of Channeled Particles -

One of the difficulties 1in this analysis 1is to separate the
channeled particles from the random particles. The channeled particles
have lower energy losses than the random particles, because they do not

make close collisions with the target nuclei, so that the most probable
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Figure 9.1 Schematic diagram of the multi detector crystal wused in
dechanneling and feeding-in studies. The positions of the detectors
used during the data acquisition are shown with respect to the upstream
end (Z=0) of the crystal. The detector pads are 3 mm wide along the
beam direction and 8 mm perpendicular to the beam. ‘
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energy loss value of the channeled particles 1is 1less than the most
probable energy loss value of the random particlesf Lindhard [1]
suggested that stopping power experienced by a c¢hanneled particle
should be at most a factor of 2 less than that of a random particle.

Esbensen and Golovchenko [47] have calculated the average energy
loss suffered by the channeled particles as a function of impact
parameter in the Born approximation. The results of the calculations,
which were originally nonrelativistic, have been extrapolated to the
relativistic region by Uggerhoj [48], but no theoretical work has yet
been reported 1in deriving the energy loss distribution of channeled
particles.

The experimentally determined energy loss spectrum for planar
channeling 1is shown in Figure 9.2, Note tﬂat the distributions
corresponding to random and channeled particles overlap each other.
Two Landau-like curves are drawn over the random distribution and the
channeled distribution, respectively, to illustrate the overlapping of
the two distributions. Therefore one can not completely separate the
channeled particles from the random particles; however one can make a
low energy loss window to separate a fraction of channeled particles
from the total beam distribution as shown in Figure 9.2. The lower
edge of the random distribution can roughly be esti@ated by drawing a
Landau like curve as shown in Figure 9.2 whereby the window can then be
set below the random distribution.

In order to find the distribution of channeled particles the
following method was used. By keeping two low energy loss windows at

the first and the third detectors, the energy loss distribution of the
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randam dastribution

channeled distribution

0.25 0.5 0.75 1. 1.25 1.5 1.75 2. 410 °

Figure 9.2 A typical ionization energy 1loss spectrum of positive
charged particles at the detector when the beam direction is parallel
to the major direction of the crystal. The dashed lines are drawn to
show the channeled and random (Landau) distributions separately. A
window W can be set to select a fraction of channeled particles in‘'data
analysis.
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second detector was obtained for particles incident within the critical
angle. Figure 9.3 shows these distributions for the second detector
for Soth planar and axial cases at all energies. Horizontal scales of
all distributions are identical and proportional to the channel number
of the Analog to Digital Converter (ADC) used in data acquisition. The
calibration of the ADC is not necessary and one can use the channel
numbers of the units as an arbitrary scale for the data analysis. The
most probable energy'loss of the random distribution is also shown in
Figure 9.3 by the vertical arrows.

Since the dechadneling lengths and feeding-in lengths are either
of the same order or longer than the length of the crystal at the above
energies, it was reasonable to assume that a dechanneled particle 1is
never fed-in and a fed-in 1is never dechanneled again within the
distance between the first and third detectors. Under these
assumptions the obtained energy loss distribution can be used as the
energy loss distribution of channeled particles at the second detector.
But this method is not valid for the first detector (having low energy
loss windows at the second and third detectors) and the third detector
(having low energy loss windows at the first and second detectors),
because the fed-in and dechanneled particles are also included 1in the
distributions of the first and the third detectors, respectivelyf

Since all three detectors are identical, the distributions of
channeled particles at all detectors were assumed to be identical.
Once the energy loss distributions of channeled particles were known,
the following method was used to determine the number of channeled

particles for a given arbitrary energy loss distribution which contains
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both channeled and random particles: Table 9.2 shows the ratio (a) of
the total number of particles and the number of particles in the region
between A and B in the <channeled spectrum (Figure 9.3A), where B
corresponds to the peak of the channeled distribution. Since the
region AB in any given distribution is normally below the random
distribution as shown in Figure 9.2, the total number of particles in
region AB was multiplied by the corresponding factor a at the given
energy (Table 9.2) ‘to calculate the total number of channeled

particles.

Table 9.2 The factor a used to calculate the total number of channeled
particleés in a given distribution.

Energy Factor(a)
200 Gev/c planar 2.64+.31
100 Gev/c planar 2.84+.26
60 Gev/c planar 2.81+.29
30 Gev/c planar 2.67+1.0
100 Gev/c axial 2.22+.22
60 Gev/c axial 1.94+.27

In the above procedure when calculating the factor a one has to be
very careful when selecting the low energy loss windows at the first
and the third detecﬁors. First the upper level of the windows are kept
at a reasonable position and the factor a is calculated. Then the

position of the upper level is gradually moved towards the 1low energy
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transmitted through the silicon crystal parallel to 110 plane at 100 Gev/c.
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side while calculating the factor o until a steady number is found. In
this process until the window is completely below the random
distribution the factor o varies because of the acceptance of random
particles in the windows. The window positions of all detectors are
shown in Figures 9.4 through 9.9 for both planar and axial channeling.
The upper level of the windows for the axial case was found at a lower
energy compared to the planar case and the most probable energy energy
loss of the channeled distribution was also found lower than the peak

of the channeled shoulder, as one can see in the above figures.

9.3.2 Calculation of Dechanneling Lengths

Figure 9.10 shows the energy loss distributions for pions and
protons transmitted through the three detector crystal. Figure 9.10
(A), (E) and (I) are the spectra for all the particles at the three
detectors and the vertical lines show the low energy loss windows made
to select the channeled particles, where W1, W2 and W3 are the total
number of channeled particles inside the windows respectively. {(B)
and (C)}, {(D) and (F)} and {(G) and (H)} in Figure 9.10 are the
spectra for those particles which have had low energy losses (cut on
low energy window) in first , second and third detectors respectively.
The shaded areas represent the channeled particle distribution in each
spectra and the total number was calculated by wusing the method
described in Section 9.3.1.

If WiC2, WI1C3 and W2C3 are the calculated total number of
channeled particles in Figure 9.10(B), (C) and (F), then the channeled

fractions d,,, d,, and d,, between the detectors 1 and 2, detectors 1
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and 3 and detectbrs 2 and 3 are given by
d, ,=WiC2/W1, d, ,=W1C3/W1 and d, ;=W2C3/W2 9,1

and the corresponding dechanneling lengths can be calculated by using
Equation 8.17. Let A, be the dechanneling length and t,, t, and t, be
the positions of the detectors with respect to the sttream end of the
crystal then the average value of dechanneling length X, can be

calculated by using the following equation
Ay = 1/73[=(t,=t,)/1n(d, ) ~(t,-t,)/1n(d,,) ~(t,-t,)/1n(d,,) ] 9.2

Note that feeding-in is not included because only particles which were
initially channeled in the first detector are counted 1is subsequent

detectors.

-9.3.3 Calculation of Feeding-in Lengths

Now consider the energy loss distribution at the first and the
second detectors. If C1 and C2 (Figure 9.10) are the total number of
channeled particles and d,, is the dechanneled fraction between the
detectors which are (t,-t,) apart, then the fed-in particles at the
second detector is given by (C2-Ct.d,,). Since (T-C1) was the total
available number of random particles at the first detector, the fed-in
fraction is (C2-C1.d,,)/(T-C1), where T 1is the total number of
particles going thfdugh the crystal.

Let £,,, f,; and f,, be the fraction of fed-in particles from the
random beam between the detectors 1 and 2, detectors 1 and 3 and

detectors 2 and 3 respectively and Ci1, C2 and C3 the total calculated
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number of channeled particles at the three detectors (in
Figures 9.10(A), (B) and (C)) then the feeding-in fractions can be

written as

£, = (C2=C1.d,,)/(T-C1) 9.3a
£,5 = (C3-C1.d,,)/(T-C1) 9.3b
f23 = (C3“C2.d23)/(T‘C2) 9-30

The average value of feeding-in length A, can then be calculated using

the equation
A, = 1/3[=(t,=t,)/1n(1-f,,) =(t,~t,)/1n(1-f,,)

=(ts=t,)/1n(1-£,,) ] 9.4

9.4 Results and Calculations

The results of planar and axial dechanneling and feeding-in are
discussed in this section. The data was acquired at 30, 60, 100 and
200 Gev/c¢ for Si(110) pianar channeling and 60 and 100 Gev/c for
Si<112> axial channeling. A summary of all data is given in Table 9.1.

Figures 9.4 through 9.33 show the energy loss spectra spectra at
the detectors for pions and protons transmitted through the crystal for
both planar and axial channeling at all energies. (A), (E) and (I) in
Figures 974 through 9.33 are the spectra for all the particles at the
three detectors and fhe vertical lines show the low energy loss windows
made to select the channeled particles. {(B) and (C)}, ((D) and (F)}

and {(G) and (H)} are the spectra for those particles which have had
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incident in the angular region 0<¢8<6, with respect to thé plane are selected.
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energy loss spectra at the three detectors for pions and protons
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200 Gev/c. Particles

incident in the angular region 8,<0<20, with respect to the plane are selected.
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Figure 9.14 Ionization energy loss spectra at the three detectors for pions and protons

transmitted through the silicon crystal parallel to 110 plane

at

200 Gev/c. Particles

incident in the angular region 38,<6<kp, with respect to the plane are selected.
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Figure 9.15 Ionization energy loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 110 plane at 100 Gev/c. Particles
incident in the angular region 0<9<90 with respect to the plane are selected. .
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Figure 9.16 Ionization energy ioss spectra at the three detectors for pions and protons

transmitted through

the

silicon

crystal parallel to 110 plane at 100 Gev/c.
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incident in the angular region 60<e<2ec with respect to the plane are selected.
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Figure 9.17 1Ionization energy 1loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 110 plane at 100 Gev/c. Particles

incident in the angular region 29c<9<3e0 with respect to the plane are selecteéd.
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Figure 9.18 Ionization energy loss spectra at the three detectors for pions and protons

transmitted through the silicon crystal parallel to 110 plane at 100 Gev/c.

incident in the angular region 390<9<’Jec with respect to the plane are selected.
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Figure 9.20 1Ionization ener‘gy' loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 110 plane at 60 Gev/c. Particles
Incident in the angular region 8,<8<¢28, with respect to the plane are selected.
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Figure 9.21 JIonization energy loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 110 plane at 60 Gev/c. Particles
incident in the angular region 290<6<39c with respect to the plane are selected.
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Figure 9.22 1Ionization energy loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 110 plane at 60 Gev/c. Particles

incident in the angular region 39C<0<Uec with respect to the plane are selected.
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Ionization energy loss spectra at the three detectors for pions and protons
parallel to 110 plane at 30 Gev/c.

Particles

incident in the angular region 0<6<6, with respect to the plane are selected.
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loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to

30 Gev/c. Particles

incident in the angular region 90<6<26c with respect to the plane are selected.




190

700
600
500
400
300
200
100

10
35
30
25
20
15
10

24
20
16
12

(A) ADCI (2C-3C,CUT),

T T T T

I

(D) ADCt (ADC2,2C-3C,CUT)

“I | |pl“”” | ] |

(G) ADC1 (ADC3,2C—3C,CUT)

Figure 9.25

transmitted through the

SILICON PLANAR 110,

40 |

30
20
10

0]

700
600
300
400
300
200
100

40
35
30
25
20
15
10

AT 30 GEV

1 T Y

(B) ADC2 (ADC1,2C—3C,CUT)

| L1 § | PO M
(E) ADC2 (2C-3C.CuT)

_IFLIHHMLII

(H) ADC2 (ADC3,2C—3C,CUT)

700
600
500
400
300
200
100

(C) ADC3 (ADC1,2C-3C,CUT)

1 "1 “I“l |

(F) ADC3 (ADC2.,2C—3C,CUT)

Mo nm, )

-l e ]

() ADC3 (2C-3C,CuT)

Ionization energy ioss spectra at the three detectors for pions and protons
silicon crystal parallel to 110 plane at 30 Gev/c.
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incident in the angular region 2Bc<9<30c with respect to the plane are selected.
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Figure 9.26 JIonization eneréy loss spectra at the three detectors for pions and protons

transmitted through the silicon crystal parallel to
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Figure 9.28 1Ionization energy loss spectra at the three detectors for pions and protons

transmitted through the

silicon

crystal parallel to 112 axis at 100 Gev/c.

Particles

incident in the angular region 2ec<e<3ec with respect to the plane arée selected.
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Figure 9.29 1Ionlzation energy 1loss spectra at the three detectors for plons and protons
transmitted through the silicon crystal parallel to 112 axis at 100 Gev/c. Particles

incident in the angular region 36,<0<lp, with respect to the plane afe selected.
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Figure 9.30 Ionization energy loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 112 axis at 60 Gev/c. Particles
incident in the angular region 0<9<9 with respect to the plane are selected.
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Figure 9.32 1Ionization energy loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 112 axis at 60 Gev/c. Particles

incident in the angular region 230<e<39‘2 with respect to the plane are selected.
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Figure 9.33 1Ionization energy loss spectra at the three detectors for pions and protons
transmitted through the silicon crystal parallel to 112 axis at 60 Gev/c. Particles
inclident in the angular region 38,<o<lp, with respect to the plane are selected.
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low ehergy lossés {cut on low energy window) in the first , second and
third detectors respectivelyi

Figures 9.4 through 977 are for planar channeling while
Figures 9.8 and 9.9 are for axial channeling. Figures 9.11 through
9.33 are for different incident angle cuts where the cuts are made in
steps of critical angles at the given energy.

Table 973 shows the angular resolution of incident beam at
different incident  particle energies. This 1s due ¢to two parts:
(a) the drift chamber resolution, which is about 10 ur (obtained from
reference[11]) and V(b) the multiple scattering due to the material
between the first drift chamber and the c¢rystal which corresponds to a

total fraction, 0.005 of a radiation length.

Table 9.3 Angular resolution of the incident beam due to drift chamber
resolution and multiple scattering of material between the first drift
chamber and the crystal.

Energy Critical Incident angular
angle(ur) resolution(ur)
200 Gev/c 11.3 15.0
100 Gev/c 16.0 20.0
60 Gev/c 20.6 26.0
30 Gev/c 29.3 42.0

9.4.1 Dechanneling Lengths
The figures labeled (B), (C) and (F) show the strong dechanheling
effects of pions and protons through the crystal. The random particles

in these figures are the dechanneled particles. One could argue that
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these are the random particles which were 1in the low energy loss
window, but the increase of the number of random particles from (B) to
(C) clearly shows the dechanneling effect.

A calculation of dechanneling lengths Qas performed using the data
contained in Figures 9.4 through 9.9. No angular cut was considered in
this calculation. The channeled fractions d,,, d,; and d,, between the
three sets of detectors were calculated using the method described in
section 9.3.2, and the average dechanneling length was calculated using
Equation 9.2, the results of which with the statistical error bars are

shown in Figure 9.34Vfor both planar and axial channeling.

9.4.2 Feeding-in Lengths

The figures (D), (G) and (H) show a strong feeding-in mechanism
which is the important observation of this experiment. The decrease of
the number of random particles from (G) to (H) shows the feeding-in
effect clearly. This was first observed in CERN [17] at 12 Gev/c but
no quantitative results were reported. This experiment has data for
both planar and axial with energy dependence.

The angular dependence of the feeding-in 1length also has an
interesting property in the determination of the process. This is
because the fed-in particles are scattered into a known direction from
an arbitrary direction. This section discusses the results of angular
dependence of feeding-in lengths for different energies.

In order to calculate the feeding-in 1lengths one needs ¢to
determine the total number of channeled particles in each distribution

using the method described in Section 9.3.1. Although not a very
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precise method, one can nevertheless identify the channeled particles
with reasonable accuracy. The data in Figures 9f11 through 9.33 were
used for the calculation as described in section 973737 Figure 9.35
shows the results for different incident angular regions defined in
steps of c¢ritical angles for planar channeling.

The low energy region of the energy loss distribution up to the
peak of the channeled shoulder in all the spectra could be fit with the
channeled distribution found in Figure 9.3 for planar channeling. This
is not the case, however, for axial channeling, as one can see in
Figures 9.8 through 9}9 and 9.26 through 9.33. The peak of the
channeled distribution found in Figure 9.3 does not match with the
channeled shoulder of all detectors (figures labeled (A), (E) and (I))
and, in fact, the channeled shoulders are much wider than the channeled
distributions in Figure 9.3.

The calculated number of channeled particles gave a wide range of
results for axial feeding-in lengths. For example, in some cases the
total number of fed-in particles between the first set of detectors
(namely the first and second) was a negative number while it was a
large positive number between the next set of detectors (namely the
second and third). Because of this uncertainty the calculation of
feeding-in lengths for axial channeling was ignored. It 1is uncertain
whether this effect is possibly due to experimental conditions such as
the noise of the crystal detector.

The angular cut of the incident beam was performed only up to
three critical angles away from the planar direction with good

statistics, except at 30 Gev/c. This can be seen in Figures 9.14,
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9.18, 9.22 and 9.25 and also the increasing of the statistical error
bar in Figure 9.35. For 30 Gev/c because of the low statistics of the
collected data (Table 9.1), it was not possible to make beyond two

critical angles.

9.4.3 Channeled Fraction

The calculated channeled fractions at the detectors with the
statistical error bars are plotted in Figure 9.36 for particles
incident within the critical angle to the silicon (110) plane. The

governing equation (Equation 8.15) can be written as
C(Z) = [C(0)-a/A,Te”2/A + a/a, 9.5

where C(0) is the initial chanﬁeled fraction and A 1is given by
1/xA=1/X,#1/A,. Here XA, 1is the dechanneling length and X, 1is the
feeding-in 1length of particles incident within the critical angle to
the palne.

The data contained in Figure 9.36 was used to calculate the
initial channeled fraction C(0). The least square fit of eqguation 9.5
was used and the results are shown in Table 9.4, The dechanneling
lengths and feeding-in 1lengths for particles incident within the
critical angle to the plane are also shown in Table 9.4. The steady
state channeled fraction which was discussed in section 8.4 can be

written as

Cuo = M1, 9.6

The calculated values are given in Table 9.4.
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Table 9.4 1Initial channeled fractions and the steady state channeled
fractions for silicon (110) planar channeling. Average dechanneling
lengths and feeding-in lengths for particles incident within critical

angle are also given. The error 1s only due to the statistical
fluctuations. ’

Energy Initial Steady state Dechanneling Feeding-in
Channeled Channeled length i, length X,(mm)
fraction fraction (mm) (O<6<ec)

200 Gev/c 0.30+.03 LU4+,03 50.+12, 322.£60.
100 Gev/c 0.28+.03 .13£.03 L, +7. 383.+70.

60 Gev/c O.th.oz
A 064,02 26.+3. 476, +85.

30 Gev/c 0.24+.08 .03+ 17.45. TU5.+130.

The initial channeled fraction as discussed in section 8.7 is
indepehdent of the energy of the incident particles. The experimental
values show the energy independence within the statistical uncertainty.
The measured value of initial channeled fraction is about .30 which is
a factor of two less than the theoretical prediction (section 8.7).
This 1s due ¢to the low resolution of incident angle compared to the
width of the angular cut as shown in Table 9.3. Because of this, some
of the particles actually going outside the region of the angular cut
have been included in the analysis which causes the reduction of the
fraction. This can be treated as follows.

Consider only those pafticles incident on the crystal with e>eC as
shown in Figure 9.37a. A uniform angular distribution is assumed
within a region of several critical angles around the planar direction.
If one measured the above particles, then the observed distribution

should look like Figure 9.37b with a Gaussian type of edge. The shaded
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area in Figure 9.37b represents the particles distributed from outside
into the region of angular cut. This number can be calculated by using

the following integral.

N = H exp(-8%/267) de 9.7

where H 1is the height of the incident angular distribution and er is

the angular resolution of the incident beam. The value of the integral

is about 1329PH and the total from both side (namely 626, and 65-6,)
becomes about 76“9PH. Since the total measured number of particles
inside the region of the angular cut is 290H, one has to subtract a
fraction of .648 H/26 H (=.32 6,/6,) from the tofal incident particles.
With this correction the obtained initial channeled fraction is about

.55 which is in good agreement with the theoretical value of .64.

Table 9.5 Observed feeding-in and dechanneling probabilities for
Si(110), between the first and the second detectors which are 14.mm
apart. The feeding-in probability 1is given for different incident
directions where 8  is the planar critical angle.

Energy Dechanneling Feeding-in probability
probability O<e<8c ec<e<2eC 2ec<e<3ec

200 Gev/c 0.24 .ol3 .038 ©.026

100 Gev/c 0.27 .036 .031 .022

60 Gev/c 0.42 .029 024 .018

30 Gev/c 0.55 .018 .015
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9.5 Conclusion

The theoretical calculations using the diffusion model show a
linear energy dependence of dechanneling lengths for both planar and
axial channeling which agrees quite well with the results of this
experiment with the exception of 200 Gev/c planar case. The
extrapolated Mev Si(110) planar results are about a factor of ‘three
higher than the experimental results in reference [44,45]. The axial
Si<112> dechanneling lengths are larger ﬁhan the S8i(110) planar by
about 30%.

The observed feeding-in of pions and protons through a silicon
crystal (which is the focusing effect of random particles along a major
crystal direction) showé the following interesting properties in high
energy planar channeling: The observed feeding-in probability
(Table 9f5) increases as the energy increases and the incident angle to
the plane decreases. The feeding-in probabilities are found to be
smaller than the dechanneling probabilities in the energy range of this
experiment. The observed feeding-in and dechanneling probabilities
between the first and the second detector are shown in Table 9.5. The
dechanneling probability decreases while feeding-in probability
increases as the energy increases. In the nonrelativistic region (Mev)
one could expect negligible feeding-in effects compared to the
dechanneling. However in Gev channeling this effect 1is not quite
negligible. The 1increase of the steady state channeled fraction
(Table 9.4) with energy 1is due to the increase of feeding-in

probability.





