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ABSTRACT

A recent experiment has demonstrated spin precession using a
bent channeling crystal for the first time. The experiment studied
the precession of 375 GeV/c E* hyperons in silicon crystals bent
through 1.6 mrad. In the course of carrying out the experiment
defect dechanneling was studied and dechanneling from dislocation
slip planes was observed for the first time. System spatial and
angular resolution was good enough to examine crystal distortions
and observe their impacts. New insights were gained concerning
techniques for implanting detectors on channeling crystals.
Sophisticated pre-alignment schemes were used to set crystal
bending angles and orientations using x-ray diffraction techniques.
The experiment was one of the first channeling experiments to
employ multiple crystals. The ramifications of this experiment for
trans-TeV channeling are explored.



1. INTRODUCTION

In the last several years possible applications of particle
channeling in bent crystals have attracted attention in different
fields of high energy physics. These have included the possibili%y
of forming secondary beams', beam extraction from accelerators '
beam focusing elements®, and a measuring instrument to determine
beam emitance®. Now a recent experiment5 has demonstrated the
possibility of applying bent crystal channeling to the measurement
of the magnetic moments of short-lived particles.

Bent crystal channeling could potentially play a significan
role for beam extraction from multi-TeV accelerators such as LHC
for fixed target experiments and for the measurements of magnetic
moments of short-lived particles such as charm baryons. However
these applications require new understanding of accelerator
extraction’, as well as a greater depth of understanding of the
technical aspects of channeling including new challenges for
crystal quality, goniometers, and experimental apparatus.

During the preparation and execution of the experiment to
observe the spin precession of the :* hyperon measurement at
375 GeV many systematic investigations of the technical elements
related to channeling were carried out. These included development
of techniques for selecting crystals and testing crystal quality,
processing and precisely orienting crystals, and implanting diodes
used as particle detectors on the oriented crystals. New methods
were devised for supporting bending crystals. In addition, a
precision goniometer system was designed, built, and operated.

As the channeling precession experiment is unique both from
the standpoint of precision and the approach, it is useful to
review the experience gained in its preparation and performance.
It is also interesting to examine that experience in light of the
requirements for future channeling applications at trans-TeV
accelerators like the LHC. A condensed version of this article
will appear in Nuclear Instruments and Methods



2, THE ' EXPERIMENT

Shortly after Tsyganov9 first noted that channeled particles
moving in a curved crystal should be deflected, Baryshevskii'9 and
Pondrom' pointed out that the magnetic moment of a channeled
particle should precess in a bent crystal. The detailed theory has
been treated by Lyuboshits'? and Kim! . In a curved crystal the
net electrostatic field of the atomic planes deflecting the
particle transforms into a magnetic field in the particle's rest
frame. The spin precession angle ¢ is:

¢ = yw(g-2)/2 (for y»>>1) (1)

where y is the Lorentz factor, g is the g factor, and w is the
deflection angle of the channeled particle. Since the values of ¢,
w, and y are known, g can be determined. The magnetic moment is:

¥ = (gg/2mc)-S (2)

where q, m, and S are respectively the charge, mass, and the spin
of the particle. For a 375 Gev/c &* hyperon and a deflection angle
of w = 1.65 mrad, ¢ should be 1 rad. For a 45 mm crystal the
equivalent laboratory field is 45 Tesla. Channeling could be
preserved for bends up to twenty times as large leading to
equivalent fields of order 1000 T.

In the E761 experiment we studied the rotation of the
polarization vector of channeled &* hyperons in bent crystals using
a general-purpose spectrometer system (Fermilab E761) in the
Fermilab P-Center beam. The spectrometer system was employed for
a variety of other investigations including measurements of the
polarization of the =*, the asymmetry parameter15 for Polarized
L’»py, and a conventional I* magnetic moment measurement'®

The top portion of Fig. 1 shows a schematic of the experiment.
A vertically polarized &* beam!’ was produced by deflecting the
800 GeV/c proton beam on to the production target (T) horizontally
at 3.7 mrad. The beam polarization of 12+1% was obtained by
measuring the £*»n°p decay asymmetry in the baryon spectrometer for
non-channeled sigmas. Sequential runs were taken with alternating
polarizations. The hyperon beam at the crystals was 18 mm high
(FWHM) with a vertical angular extent of 1.4 mrad. The beam 10 m
from the production target consisted of about 1% &t hyperons mixed
with protons and relatively long-lived particles such as pions.
The spectrometer system operated with a beam flux of 100 KHz.

The hyperon spectrometer18 consisted of a system of silicon
planes and a magnet. This was followed by a 14 m decay region and
a baryon spectrometer of magnets and proportional planes. The
resolution in the hyperon spectrometer (o) at the crystals was 7
prad for the vertical angle and 15 um in space, set mainly by the
50 ym spacing in the silicon strip detectors.
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The channeling apparatus is shown in the lower part of Fig. 1.
An array of silicon crystals with (111) planes close to the
horizontal was positioned after the hyperon spectrometer near the
upstream end of the decay region. A remotely-controlled goniometer
capable of 1.8 prad steps in ¢y (the projected angle of the
crystal) was used to orient the array. The bends in the upper
crystals deflected down -1.649+0.030 mrad while the lower crystals
deflected up by the same amount. Deflection angles were measured
using long-lived, channeled particles. Crystal curvature around
the horizontal axis (the x axis) perpendicular to the beam
direction (z) produced an equivalent magnetic field B, which
precessed the hyperon spin in the (y,z) plane. Eight diode
detectors each 2.5 mm long in the beam direction were implanted
along the 45 mm long, 400 um thick crystals to measure energy loss.
The crystals were aligned by varying ¢, to find the anomalously low
energy loss characteristic of channeied particles and the large
angular deflections due to channeling in the bent crystals.

The fraction of the beam area subtended by the active area of
one crystal was 0.4%. The fraction of the beam on a crystal that
channeled depended on the phase space matching to the channeling
critical angle'’ and dechanneling effects. The critical angle is
about 10 prad for a 375 GeV/c £* hyperon moving between the wide
(111) planes in silicon. The vertical angular divergence of the
portion of the beam incident on a crystal was 72 prad FWHM.

The observed transmission of channeled:?articles through the
crystal was 50% of the expected transmission<®. However the error
on the estimate amounts to a factor of two. In a future experiment
straight-forward improvements could improve the spatial acceptance
by a factor of twenty-five.

A special trigger significantly enhanced the number of
channeled particles recorded on tape. The trigger required a
signal greater than 1/20th of the most probable random energy loss
from an upstream crystal diode in coincidence with a hyperon
spectrometer count and in anti-coincidence with a downstream veto
counter (DF). The height of DF in the beam after the baryon
spectrometer was adjusted so that the channeled &* decay proton
would not pass through it but most beam-associated particles would.
A remotely-controlled and precisely-aligned anti counter (A)
upstream of the goniometer with holes over the crystals reduced the
trigger rate and thereby increased the data collection rate.



3. SELECTING AND TESTING CHANNELING CRYSTALS.

Channeling can be quite sensitive to various defects in

crystal structure. These include macroscopic defects (disloca-
tions, twins, and stacking faults) as well as micro-defects
(agglomerations of point defects) and also swirl defects?!, As

a result, in preparing a channeling experiment it is important to
devote special attention to the investigation of defects in the
starting material. Typically this starting material is a single
crystal of silicon.

With increasing particle energy the requirements for perfect
crystal lattice structure becomes more crucial. The existence of
any defects causes distortion of some region of the lattice and,
correspondingly, dechanneling in the region around the defect. The
size of this region effectively depends on the incoming particle
energy. Fig. 2 from a discussion by Samsonovzz, illustrates this
process for dislocations. Dechanneling of particles on disloca-
tions results from the fact that dislocations cause local deforma-
tion of the crystal lattice (bending, in particular). When
particles moving in the channel get into the deformed region of the
crystal they are subjected to the effect of a centrifugal force and
are scattered at large angles at the point of interaction with the
center of the dislocation. One of the characteristics of such a
process is the size of the so-called "dechanneling cylinder" around
the dislocation. That is the region of the deformed lattice where
the channeling particle cannot stay in the channel and leaves it,
that is, dechannels (Fig. 2). The radius of the dechanneling
cylinder in the case of planar channeling is different for
different types of dislocations--edge dislocations, screw disloca-
tions, dislocation 1loops, etc. Assuming that all types of
dislocations are present in the crystal and their locations are
averaged in all directions relative to the trajectory of the
pag%icle, the radius of the generalized dechanneling cylinder will
be“?:

ry = A/2 = 1/2(1E,/kyz ze?N;) /2 (3)
Here E, is the energy of the particle, ez; is the charge of the

incoming particle, Z, is the atomic number of the element forming
the lattice, 1 = d(y1y) = 3.14 Angstroms is the magnitude of the

Burgers vector for the dislocation, N, = 0.161/A, is the atomic
density in the plane and k, = 8.6 is the constant coefficient (for
edge dislocations k, = 4.5, for screw dislocations ky = 12.5).

From this equation one can easily estimate that for Ep = 375 GevV,
the energy of the Fermilab E761 channeling spin-precession
experiment, the size of the forbidden zone is 2r = 6.5 microns.
For E, = 20 TeV it will be 2r = 47 microns. For this reason the
selecgion of the starting silicon for crystal preparation is very
significant for high energy channeling experiments.



For the E761 experiment, single crystal n-type phosphorus-
doped silicon with a resistivity in the range 5-20 KQ+cm was used.
This material was produced at Zaporozhie Metallurgical Company
(Ukraine) by the float-zone melting technique. The starting ingot
was grown with a <111> axis along the axis of the ingot. It was 62
mm in diameter, 100 mm in length, and weighed 710 g. Along a
radius of the ingot the resistivity variation was less than 35%
while along the axis the variation was in the range 5-20 KQ-+cm

(Fig. 3). According to the manufacturer, the minority carrier
lifetime ranged from 2200 to 2400 us. The manufacturer also
specified that the oxygen and carbon concentrations were less than
10* cm~. High resistivity silicon was necessary because of the

requirement that the crystal also serve as a semiconductor with a
400 pum depletion depth‘.

The silicon ingot was cut into 40 round wafers with their
large faces parallel to a (111) plane. Each wafer was 450 microns
thick and 62 mm in diameter. These wafers were then investigated
for defects. Two methods were used:

. a traditional chemical selective-etching technique to
reveal dislocations and clusters;

. a new Si-H film decoration technique (designated FDT
below) to observe dislocations, clusters, impurities, and
structure defects.

The chemical selective etching method showed that none of the
starting wafers had dislocations appearing at their surfaces.

The application of this new FDT has already shown its
effectiveness for the analysis of silicon crystals used in photo-
electrical device fabrication??. The method consists of forming
both a macro and micro pattern that is obtained as a result of the
color contrast made by the product of the chemical reaction between
Si and the decorating solution. The rate of such a reaction is
rather sensitive to the structure homogeneity of the silicon
surface and has different values in regions that have defects or
are free of defects. Variations over different wafer regions with
different inhomogeneities can be easily evaluated by the color
differences of the reaction products, which arise from the
interference of the light reflected from the internal and external
boundary of the silicon-film system.

The film substance is more chemically active than the silicon
due to Si-H bonds. It can be easily removed from the surface

Note that the need for high resistivity was not con-
nected with the requirement for an absence of crystal
structure defects.



without any material destruction except for a thin silicon layer of
600-800 Angstroms involved in the film formation.

The FDT method used here has an advantage over the widely used
selective etching technique due to its high sensitivity. In
addition, it is a non-destructive technique. Wafers examined in
such a way can be used later for production of devices. The FDT
method has been used for the dev%lopment of the technology and
production of microstrip detectors?’. At present we are continu-
ing the investigation of other possible applications of this
technique.

The film decorating results for four starting silicon wafers
are shown in Fig. 4. Concentric rings are visible in several of
the wafers. These are due to inhomogeneous distributions of point
defects and clusters during the growth of the crystal. The
visibility of the small inhomogeneities illustrates the potential
of this technique to select samples free of problems. For high
resistivity silicon wafers we have succeeded in revealing mechan-
ical surface defects such as scratches, marks, and micro-cracks
with the same technology as with low resistivity silicon. However,
sometimes we are not able to reveal surface inhomogeneities of high
resistivity silicon in detail due to an impurity content that is
lower (by several orders of magnitude) in comparison to low
resistivity wafers. The impurity inhomogeneity values shown in
Fig. 4 indicate the difference in the distribution of doping
impurities, which is in agreement with SHF (Super High Frequency
method)-profiling measurements of resistivity (p)and minority
carrier lifetime (t) (Fig. 5). Thus, for the most homogeneous
wafer (#3) the p variation is 16% and the t variation is 8% while
for the wafer with the swirl inhomogeneities (#4) the variation of
p and t is equal to 69% and 40%.

The FDT technique confirmed the absence of dislocations in the
starting silicon wafers but revealed significant concentrations of
point defects and clusters especially for wafers from the higher
resistivity (7-20 KQ-cm) portions of the ingot.

The E761 channeling crystals consisted of 25 mm * 45 mm plates
with eight implanted detector diodes spaced along the 45 mm length.
Each detector was 13 mm wide and 2.5 mm along the beam direction.
Wafers were selected which were homogeneous enough in resistivity
so that they were suitable for the preparation of diode structures
of the needed dimensions. Twenty samples were selected with
resistivity in the 5-6 KQ-.cm range.

On the basis of these investigations we believe future
experiments on beam extraction from the SSC and LHC accelerators
could choose starting material silicon with a resistivity of
1-2 KQ+cm. It is possible to have silicon of this resistivity



without any dislocations and, apparently, with minimal inhomoge-
neity in the distribution of point defects and clusters. This
material is less expensive than silicon in the 10 KQ-.cm range.



4. PROCESSING, ORIENTING, AND CHARACTERIZING THE CRYSTALS.

The nature of the E761 experiment and apparatus required that
the (111) plane be closely aligned with the major face of the
crystal. With that in mind, careful attention was paid to aligning
the crystal planes with the body of the crystals.

Before cutting the crystals an X-ray spectrometer was used to
determine the orientation of the ingot (111) plane which was almost
perpendicular to the <111> axis of the ingot growth. The direction
of one of the (110) planes perpendicular to the (111) plane was
also determined. The accuracy of the plane direction measurement
was (1-2)*10"% radians. The determination was limited by the
precision of the spectrometer.

Next a small slice was made along the whole ingot along the
(110) plane. The aim of this procedure was to have an absolutely
fixed orientation of the crystal structure relative to the surfaces
of all the slabs. After that orientation the ingot was sliced
along the (111) plane. The alignment was periodically tested and
the cutting procedure corrected.

The angle 6 (see Fig. 6a) between the (111)-plane and the
surface of the processed plates was also measured with an X-ray
spectrometer. These measurements showed that for the main group of
wafers (30 plates) the divergence in the angle 8 was <0> < 3%10%
radians (see Fig. 6a). For the rest of the wafers 6 ranged from
5%¥10"% to 10°3 radians.

The plates were polished to a thickness of 40020 microns.
Variations of thickness were less than *1 micron (see Fig. 6b for
a schematic picture). This set an upper limit on the non-paral-
lelism of the surfaces of the plates and for determining the
parallelism of the plates in the multiple plate bending system of
the goniometer. The wafer surface roughness depended on polishing
quality and was approximately equal to 0.05-0.1 pm (Fig. 6¢c). Note
that practically the wafer processing didn't change the angle 9.

The accuracy of the crystallographic plane orientation and
nearly parallel surfaces were important for this experiment and is
also important for many other channeling experiments. There are a
variety of edge effects. For example, if 8=3*10"4 radians for the
E761 crystal, planes leak out the sides of the plate for a 27 um
band. For the 400 um thick E761 crystals this results in a non-
functioning portion of 7%. As a result of this non-functioning
region, feeding-in and loss of particles from the channels will
occur along almost the entire length of the crystal. This will
imitate the real processes of volume capture (feeding-in) and
dechanneling. In addition, if the crystal incorporates implanted
semiconductor detectors and the detectors are not fully depleted,
some beam particles passing through the inefficient region due to
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the incomplete depletion will have 'small" energy losses and will
imitate the low energy loss behavior of channeled particles.

The accuracies mentioned for the parameters discussed above
satisfied the requirements of E761 but would not satisfy the
requirements for SSC and LHC beam extraction and future experiments
at higher energies. It is possible to improve the accuracy and
achieve a smaller value for the angle ® and better surface
parallelism with modern polishing techniques but it will be
necessary to work with more precise measuring systems. For
instance, instead of the usual x-ray diffractometer it will be
necessary to use a precise two-crystal diffraction device (Fig. 7)
in which the first crystal serves as a monochromator and the second
is the crystal under investigation. 1In addition, in this device an
optical auto-collimator would be useful to check the position of
the crystal surface. With this approach it should be possible to
achieve orientation accuracies such that 6 would be less than +5
urad.

The next stage in the E761 alignment process was to orient
other faces of the crystal inside the (111) plane. It is important
to not have an accidental alignment of the beam direction (taking
into account the beam angular divergence and crystal bending angle)
and the directions of other crystallographic planes and axes. This
is to rule out the possibility of channeled particles being
redistributed from channeling in the (111) plane to channels of
other planes and to also exclude the possibility of channeled
particles being captured (edge capture as well as volume capture)
and channeled by other planes or axes simultaneously with the
(111)-plane.

To illustrate this situation, Fig. 8 presents a partial map
of the stereographic projection gf the intersections of different
low index crystallographic axes? (corresponding to the intersec-
tions of the crystallographic planes perpendicular to these axes)
on the (111) plane and inside of a 15 degree limit relative to the
(111) plane.

As a result of these facts the orientation of the plates was
chosen as shown in Fig. 9. The short edge was cut in a direction
rotated 7 degrees to the <110> axis. A fragment of the atomic
lattice in the (111) plane relative to the edges of the plate is
also shown in this figure.

Because we planned to implant semiconductor detectors on the
surfaces of the plates, using the small slice made earlier along
the whole ingot in the (111)-plane helped us to orient the plate in
the proper way. 1In the photo-lithography process for making the
detectors it was easy to orient the topology of the detectors and
plate edges at 7 degrees to this direction and cut plates with the
proper orientation from the wafers.

11
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After implanting the detectors and cutting the plates we
measured the reverse currents of the diodes and selected ten
samples. These samples had the following parameters for the
crystallographic plane orientation: 8 < 5%10~4% radians, n < 5%10°4
radians, and ¢ = 7+0.5 degrees. These are shown in Fig. 10.

After all the technical steps of cutting and orienting the
crystals and implanting the detectors the next step was the
analysis of the silicon material quality using the film decoration
technique. At that point evidence for many new macro-defects
appeared on the edges of the plates.

Fig. 11 shows the film grown on the surface of one of the
crystals after chemical etching of a 30 um thick layer. As seen in
Fig. 11, the films reveal such structure defects as slip lines.

The slip lines?’ are connected with the existence of edge
dislocations and their slip at the (111) planes in the <110>
directions. The planes and the slip directions compose the slip
system. There are four (111) planes and three <110> directions in
the silicon lattice. The slip of the dislocations results in the
formation of steps on the crystal surface. These steps are exposed
on the film as the slip lines. These lines are spaced 60° apart
and aligned with the <110> directions. These lines are in good
agreement with the slip line directions revealed on the film and
the orientation of the crystal cuts established with the X-ray
alignment (see Fig. 11).

There can be several reasons for the appearance of the slip.
To check the influence of plastic deformation of the crystal in the
bending device we used the Si-H film technique to select two eight-
pad detectors without slip lines. These were placed in a bending
device for several months. No dislocations appeared after bending
for two months.

Note that there are slip lines around the edges of the
crystals (see Fig. 11). This is probably due to the fact that the
edges of the unprocessed wafers serve as a source of slip lines.
Mechanical disturbances connected with the preparation of the
wafers can serve as sources of slip dislocations under high
temperature conditions. We have repeatedly observed such edge slip
lines with Si-H films.

The presence of these defects on the edges of plates was
probably caused by a technique often used in semiconductor
manufacture. 1In this technique a line is scribed on the silicon
and the plate is broken along the line. At this stage it is
probably important to use special cutting equipment and then to
polish the edges of the plates.

In spite of careful selection of the starting material and
strict attention to preparing and processing the plates there is
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still a possibility of missing internal defects which have not
appeared at the plate surface. This happened for one of the seven
crystals prepared for the E761 experiment. It was only during the
course of the experiment that we discovered significant dechannel-
ing at the downstream end of this crystal. After completing E761
this plate was analyzed by microscopic observation of the surface
after a selective chemical etch to remove a 100 um thick surface
layer. Fig. 12 is a photograph of the plate decorated with the
Si-H film. In the central part of detectors 7 and 8 a cluster of
different macro-defects and inhomogeneities from impurities was
visible. Defect studies wusing the two-crystal diffraction
spectrometer at PNPI confirmed the crystal structure distortion in
that part of the crystal. This plate was used as the analyzer in
the two-crystal spectrometer (Fig. 13). First this Laue-Laue type
spectrometer was tuned for diffraction from the (404) plane. The
diffraction line width was then measured at different points along
the crystal as the plate was shifted parallel to the first crystal.
The dashed 1lines in Fig. 14 show the exposed regions of the
crystal. The solid lines show the cross-section of the x-ray beam
on the surface of the plate.

Fig. 15a shows the two-crystal lines for two positions of the
x-ray beam on the crystal surface (L=0; L=42.5 mm). The width
(FWHM) of the two-crystal line measurements for all measured x-ray
positions on the crystal surface are presented in Fig. 15b. It can
be clearly seen that the diffraction peak in the region of L=30-45
mm (pads 6-8) is about four times wider than in the upstream
portion of the crystal.

13



5. IMPLANTING DETECTORS ON THE CRYSTALS.

After a wafer was oriented and its surface was prepared,
semiconductor detectors were implanted on the wafer surface. The
detectors were prepared at the research institute and production
facility "Electron" (St. Petersburg, Russia) with the technique
that is normally employed for production of electronic components
utilizing low resistivity silicon technology.

A schematic layout of the detector array is shown in Fig. 16.
The array consigted of eight sensitive elements, each with an area
of 2.5 x 13 mm“ and with a 3 mm separation bgtween each of the
pads. The array was fabricated on a 45 x 25 mm® slice of silicon.

The layout of the sensitive elements and the signal outputs
from them was chosen to eliminate any contact with the bending
device used in the E761 experiment.

The cross-section of the detectors is shown in Fig. 17. The
p-n junction was prodgced by boron diffusion from a boron-doped,
poly-silicon layer Si (B). The n*-layer was made by phosphorus
implantation on the obverse side with an implantation energy of 110
KeV and a fluence of 3.0%10'3 particles/cmz. An aluminum layer with
a thickness of about 1 um was evaporated in vacuum on both sides
for the contacts.

The electronic response of these detectors was unexpected.
The electronic behavior of the silicon was significantly changed in
the process of implanting the detectors.

Fig. 18 shows typical volt-ampere (VA) and volt-farad (VF)
characteristics for one of the diodes. While the resistivity of
the starting material was in the 5-6 KQ-:cm range, the VF charac-
teristic analysis indicated that the resistivity of the materials
after processing was lowered to the 0.5-1.0 KQ+:cm level. This
lower resistivity resulted in a smaller depletion depth of 140 to
200 pym for an applied 150 V reverse bias.

The low resistivity and the resulting incomplete depletion was
a problem in carrying out the E761 experiment. It resulted in a
decrease of the useful crystal thickness by a factor 2-3. The
signals from particles passing through the layer that was not
depleted had anomalously small amplitudes due to incomplete charge
collection. This distorted the amplitude spectra of the channeled
particles that passed through that region of the crystal. Since
the E761 apparatus had a precise tracking system based on micro-
strip detectors, it was possible to reject these events from that
portion of the crystal. The two dimensional plots in Fig. 19
illustrate the distribution of the amplitudes from one of the
detectors for different depths (Y-direction) in the crystal.

14



With a view toward future experiments we have investigated the
circumstances that caused this effect and searched for a way to
improve the technical process so that it could be used for high
resistivity material. After the experiment was completed an
analysis was carried out to determine the cause of the resisti-vity
decrease during the production process. New sets of Shottky
barrier detectors were implanted on new silicon wafers from the
same ingot used for the experiment. As they were produced the
material resistivity was monitored after each stage of the
production process using deep level transient spectroscopy (DLTS).
This method was developed by Langz8 in 1974. It makes it possible
to determine the main parameters of deep energy levels of electri-
cally-active centers at concentrations of 2 2:10~'3 atomic percents.

The measurements were made using an automatic relaxation DLTS
spectrgmeter developed at the Petersburg Nuclear Physics Institute
(PNPI)49, With this spectrometer it is possible to study the
relaxation of diode capacity produced by deep levels with time
constants from 10™% to 10°' s. This can be done over a temperature
range of 77 to 300 °K. In order to do this, the Shottky Si-Au
barriers were made at room temperature to avoid introducing any
defects. DLTS and resistivity measurements were made after the
technical operations connected with the high temperature treatment.
Each sample was successively passed through all the technical
stages of the high temperature treatment used in the initial
fabrication (Table I)

Table I - Technical Stages in Preparing the Detectors

I) The unprocessed materials.

II) Oxidation at 1000°C in a '"wet" oxygen atmosphere with
chlorine dopants for three hours to form a 0.6 um thick
oxide layer for the contact plates.

III) A repeat at 1150°C in a dry oxygen atmosphere for one
hour to form a 0.2 um oxide layer to separate the diodes.

IV) Boron diffusion at 1150°C in an oxygen-nitrogen mixture.

V) Annealing in a hydrogen atmosphere at 900°C for five
minutes.

VI) Annealing in H, at 450°C for thirty minutes.

Fig. 20 shows the variation of resistivity and electron
concentration for two wafers with starting resistivities in the
range of 2 and 4 KQ+cm, after each of the thermal treatment stages
I - VI discussed above. Resistivity monitoring was done using the
standard four-point method. A significant decrease of resistivity
appeared after the V stage when the samples were annealed in Hy, at
900 °C. This was due to the appearance of new electrically-active
centers with a concentration of approximately 1013 em™

Fig. 21(a, b) presents the results of DLTS measurements for
the same samples after the high temperature treatments in stages
II-VI. Each peak of the spectrum refers to one deep level. The
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peak height characterizes the concentration of the level. The
shape and the temperature peak position determine_the level's
ionization energy and electron capture cross section®".

Six levels have been identified in the spectrum (designated by
arabic numerals 1-6). The ionization energy (E) and electron
capture cross sections (o,) for the levels are given in Table II:

Table II - Energy Levels Identified by DLTS

Level Ion. Energy Capturg Cross Section
(Ev) (cm4)
1 -0.16 610713
2 -0.22 2.10°14
3 -0.26 3.10°16
4 -0.36 7.10-14
5 -0.44 4.10°13
6 -0.49 2-10°16

The test results for the wafers before processing (stage 1I)
indicated that the unprocessed material was rather free of deep-
level centers. A single level observed in the wafer b spectrum
(level #6 in Fig. 21) was due to a center with a concentration of
2:10'0 em™3. a comparison of the parameters for this with known
silicon data suggests that the unprocessed material contained iron

as a residual impurity at a concentration of less than 5% compared
to the main doping impurity.

Several new levels appeared in the spectral analysis after
each temperature treatment in stages II-VI. Nevertheless, their
concentration remained negligible compared to the main dopant up to

stage V. After stage V a new level appeared in all the wafers
(level #2 in Fig. 21) with a concentration several times more than
the dopant concentration. The appearance of this new level

resulted in an abrupt decrease of the material resistivity. The
concentration of level #2 is exactly equal to the increase of the
electron concentration resulting from doping the a and b samples
after the V stage.

It is known that atomic hydrogen cannot produce any kinds of
deep levels in silicon. However, estimates show that none of the
known impurities other than hydrogen can penetrate silicon to
depths of 150 - 200 um in 5 minutes at 900°C. This suggests that
the level with E, = 0.22 eV is formed as a complex between hydrogen

and an electrically inactive impurity contained in the starting
material.

After the DLTS analysis revealed the impurity level problem
the implantation technology was altered. The hydrogen anneal at
900°C was changed to a low temperature anneal in a nitrogen
atmosphere. This prevented the creation of the centers that
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decreased the resistivity of the material and significantly
improved the volt-ampere characteristics of the detectors.
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6. ALIGNING AND BENDING CRYSTALS

The bending device is an important element of high energy
channeling experiments. At energies of hundreds of GeV the angular
acceptance for capture into the channeling regime are on the
microradian scale. Bending angles span the hundred microrad-
ians-milliradians regime. This means the bending device has to be
precisely formed. The device is further complicated because it is
necessary to take in to account different types of aberrations

accompanying the crystal bending and try to compensate these
effects.

The majority of bending devices being used can be schemati-
cally classified under two approaches to bending a crystal31 (see
Fig. 22).

The first approach (Fig. 22a) is called the "concentrated load
P at the center" method or the three-point method of bending. The
second one (Fig. 22b) is called the "couple M at the free ends" or
moment (sometimes called the four-point) method of bending.

The shape of the plate is different for each case. For

instance, the equation of the surface for the variant in (Fig. 22a)
has the form:

y = (28x2/L)(1-2x/3L) (4)
where 8 is the angle between the tangent to the curve at the point
x = L/2 and the x axis, and L is the distance between the outer-
most points of the crystal support. For this shape of the plate,
the radius of curvature changes substantially as a function of x.
R(x) = L2/(468(L-x)) (5)
The maximum sagitta 6 at the crystal center is:
6 = LOy/3 (6)
For a bending angle of 1.65 mrad (the case for the E761 experiment)
and L = 4 cm the maximum sagitta is equal to 11 um and the radius
is Rpjn = 12 m.

For the variant shown in Fig. 22b the equation of the
surface, the radius of curvature, and the sagitta are:

y=6x’/L ; R=1L/26 ; & =Lo,/4 (7)

For the E761 bending angle of 1.65 mrad, 6 = 8.3 micrometers and
R = 24 m for this variant.

18



These formulas are right in the approximation of the two
dimensional case and an isotropic body. The situation is more
complicated for the three-dimensional case particularly if the
anisotropy of the elastic properties is taken into account. For
example, for elastic bending of a crystal plate through a cylin-
drical curve of radius R with the moment method (Fig. 22b) the
stresses are:

o, = Sss¥/(R(S%35-5338s55)) (8)
Oxz = S3s¥/(R(5%35-533855)) (9)
Ox = Oy = Tyy = Ty, = 0 (10)

where o; is the normal component of stress, Tijx are the shear
components of stress and S,; are the coefficients of elasticity
which characterize the anisotropy of the elastic properties of the
crystal. The values of o, and t,, depend on the orientation of the
crystal structure relative to the crystal body and bending geometry
as well as the type of elastic symmetry of the crystal.

For the orientation used in E761, these formulas give Oy 2> Ty,
and o, = 512y KG/cm* for R = 24 m. The maximum values occur at
the crystal surface. At y = -T/2 (on the convex surface where T is
the thickness) the crystal is stretched but at y = T/2 the crystal
is compressed. The value for o, for T = 0.4 mm is equal to +10.2
KG/cm“. This value is signifjicantly less than the ultimate stress
of silicon under compression?4, olz < 947 Kg/cm?, For the three-
point bending scheme the value o,,,, ® 20 Kgm/cm* is also signifi-
cantly less than o-,.

In addition the equilibrium shape of the entire plate can be
different when one tries to achieve cylindrical bending as seen in
Fig. 23. 1In particular it will depend on the topology of the (111)
plane (see Fig. 24), the type of elastic symmetry of the crystal,
and so on. This dependence depends on the sign and value of k-°J,
where

k = (S43555-515535) /2R(5%35-S33555) - (11)
These are illustrated in Fig. 24:

This property ?f crystal elastic anisotropy is used in x-ray
diffraction optics3 , but it may cause unwanted aberrations when
it is used for channeling studies with bent crystals. Additional
shape complications can arise due to finite plate dimensions, edge
effects, and unrelieved forces and moments which are present in a
real bending device. For example, in the Leningrad Nuclear Physics
Institute GeV channeling experiment 5 the plate bent around a
cylinder really had the more complicated shape at its ends shown in
Fig. 25. When the bending angle of the plate was equal to 21.7:2.4
mrad for the edge faces it was a' = 9.4:20.3 mrad only.
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Based on these considerations a three-point bending scheme was
chosen for the E761 channeling experiment (see Fig. 22a). For this
case the maximum tension and deformation occurs at the center of
the plate and the minimum tensions are at the ends of the plate.
This means that for the three-point scheme it is possible to have
the minimum aberration at the ends of the plate. For the case of
cylindrical bending there is a sharp change in the deformation

state at the end and, correspondingly, the influence of edge
effects increases.

It was important for E761 to separate the particles captured
at the_crystal edge from those trapped due to the volume capture
effect”®. With the three-point scheme this is easy to do because
the initial portion of the plate is flat. 1In the case of uniform
cylindrical bending these two types of channeling capture occur
practically at the same part of the upstream end of the plate so
that it is difficult to separate the two parts.
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7. THE E761 BENDING SYSTEM.

The E761 bending device is shown in Fig. 26. This device has
several principal parts including a support structure which holds
the seven crystals, two remotely-controlled mechanisms to change
the crystal bending angle for the upstream and downstream ends of
the crystals, and a remotely-controlled goniometer that rotates the
bending device around a horizontal axis.

Fig. 27 shows a plan view of the crystal support structure (2)
as well as cross sections of the central and end parts. The three
upper and three lower crystals were supported on precision 1.5 mm
diameter steel balls (10) at the center part of the long edge of
the crystals. 1In the experiment the upper and lower crystals were
bent in opposite directions. This was aimed at the possibility of
observing spin precession in opposite directions simultaneously.
The ends of the crystals were separated from each other by small
ball-bearings calibrated to 1 um precision. These balls, which
supported the ends of the crystals, were fixed by flexible steel
plane springs (11). Through the movable pivots of the bending
mechanism (7) in Fig. 26, a force pushed down on the ends of the
crystals for the upper crystals and up for the lower crystals. The
center crystal had a fixed support and did not bend like the other
crystals so that it remained flat. Fig. 28 schematically illus-
trates the bending method. It was a typical three-point scheme of
bending as illustrated in Fig. 22a so that the shape of the bent
plate is a cubic parabola. The points of contact on the plate are
also shown.

The location of the terminals for the connections of the
detector signal outputs (13) and the high-voltage inputs (14) is
shown in Fig. 16.

The mechanisms to change the crystal bending angles ((4) in
Fig. 26) were precise, sophisticated devices which provided smooth
motion of the bending pins (7) in the 0-80 um range. This provided
a smooth variation of the bending angles for the end parts of the
crystals over the 0-4 mrad region. DC motors (8) were used for
remote control of the crystal bending. A 20-turn potentiometer (9)
tightly coupled to the motor axis indicated the motor state.
Fig. 29 shows the relations between potentiometer voltage and the
bending angles for upper and lower crystals for the upstream
(Fig. 29a) and downstream ends (Fig. 29b) of the crystals.

The requirement for separate bending devices for the upstream
and downstream parts of the crystal was caused by the specific
geometry of the E761 experiment. The angular orientation of the
upstream ends of the crystals was related to the distance from the
production target to the upstream edges of the crystals. As a
result it was necessary to orient the front ends of the crystals so
they pointed at the target (see Fig. 30a). For example, the
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goniometer position along the beam established a requirement that
the upstream edges of the 2nd and 5th crystals be oriented several
hundred microradians away from the nominal beam center line.
Because of the uncertainty of the crystallographic plane alignment
with the crystal surface (< 500 purad) a large dynamic range (4
mrad) was provided to cover the possible bending required. In
addition, uncertainty in the plate orientation inside the bending
device could also be significant so additional bending dynamic
range was required.

A similar situation held for the downstream ends of crystals
(see Fig. 30b). The deflection angle which could be used was about
1.5 mrad, set by the requirement that the deflected beam had to
pass through a 67 mm vertical hole in the E761 electromagnetic
calorimeter (BGO/LG in Fig. 1). Because of the possible crystal
orientation uncertainties, each of the three crystals in the upper
or lower arrays had the same bending angle.

A two-crystal x-ray diffraction spectrometer geometry was used
to orient the crystals before the experiment. Fig. 31 shows the x-
ray spectrometer scheme used to align the six bent crystals
relative to the central plane crystal. This spectrometer also
measured the curvature of the bent crystals.

Fig. 31 shows a side view of the X-ray spectrometer. An x-ray
source with a silver anode was used. The characteristic K, line
for this anode has a wavelength of 0.5591 Angstroms. The collima-
tor hole was 15 mm high by 7 mm wide. The entire goniometer
bending array was placed at the normal location of the first
crystal in a two-crystal spectrometer. A 6 mm portion along the
crystal (for any of seven crystals) was used as the crystal-mono-
chromator. This region was selected by using a slit collimator 0.5
mm high just after the crystal array in the goniometer and by
vertically shifting the whole bending array. Bragg diffraction off
the (111) planes was used. The same (111) planes were also used
for the channeling experiment.

The diffracted beam which passed through the slit fell on the

crystal-analyzer which was attached to the goniometer. The
diffraction angle could be measured with a precision of 2.5 urad
using the goniometer. The (111) plane was also used as the

Laue-reflection plane for the crystal-analyzer. For this case a
two-crystal spectrometer has no dispersion and the width and shape
of the diffraction 1line depends only on the conditions for
diffraction. After reflection from the crystal-analyzer the
diffracted beam fell on an X-ray detector.

When a plate was bent in the bending device the reflecting
(111)-planes changed their orientation relative to the (111) planes
in the crystal-analyzer. A typical diffraction line is shown in
Fig. 31b. This is a case where the angular position of the edge of
one of the crystals was illuminated by the slit. The sharp edge of
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the diffraction line is determined by the angular position of the
plate edge under study. The width of the line results from the
curvature of the portion of the bent crystal that was illuminated
with x-rays. By determining the angular orientation of the crystal
edges the crystals were installed inside the bending device with
the correct nominal initial bending and inclinations for both the
upstream and downstream ends of the crystals.

For the dimensions of the crystals used in this experiment,
the bending scheme shown in Fig. 25-27 did not compensate for
aberrations in shape and the magnitude of the bending in different
regions of the crystal plate. The program ANSYS 4.4A was used to
exactly simulate the geometry used for bending. The ANSYS
calculations showed that these aberration were small for the E761
case. Fig. 32a is a three-dimensional view showing the ANSYS
calculation for a crystal plate with the E761 bend angle of 1.5
mrad. The shape of the bent plate is not exactly a cubic parabo-
loid. Due to the finite plate dimensions the distribution of
stress (in MPa) shown in Fig. 32b is more complicated. Note that
the crystals in the E761 experiment were two orders of magnitude
away from serious strain problems. Fig. 33 shows two (XY)
cross-sections of the plate based on the ANSYS calculation for the
upstream end and the mid-section. Note that most of the change of
curvature comes from the middle section. From Fig. 33 it is
possible to estimate the magnitude of the non-cylindrical behavior
in these parts of the plate. The bending angle in the YZ-plane
ranges from 1.5 mrad in the middle part of the crystal plate to
1.618 mrad at the edges of the plate. The angular resolutions of
the E761 spectrometer system were good enough to observe the
inhomogeneous nature of the crystal curvature. This could be seen
as both a change of the deflection angle and angle of capture to
the channeling regime for different X values across the crystal
face. Because the average value of the deflection angle was large
(1.6 mrad) in comparison with the width (70 prad) of the outgoing
angular distribution observed in the experiment. Since this width
is observed using the integral of the particle distribution through
X there was no significant influence on the average spin precession
angle.

The crystals used for the E761 channeling experiment exhibited
a behavior like that expected for a twisted crystal. Practically,
the channeling angle in the y direction, TY1(channeled), changed
with position across the front edge of a crystal (x in the E761
coordinate system).

There is nothing mysterious about this behavior. While the
major faces of the crystals lay approximately in the x-z plane, no
special effort was made to assure that they were perfectly level.
Indeed there was no way to independently level individual crystals
other than through delicate shimming. During the run uneven shims
were introduced in the systems that could have easily caused
"twists" at the level we observed.
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"Twist" is used with some reservation here because misalign-
ment in the x-y plane could also have been called a rotation.
However it is also possible to have actual distortions in the
crystal as seen in Fig. 32. For example, the bend itself is just
that, a curl around the x axis. Again there is no reason to
believe that a screw-like twist couldn't have been introduced in
the crystal because of the nature of the shimming. This would
result in the deflection angle (DTY below) changing with x. As
noted earlier, there is also curvature in the x-y plane because of
the six-point suspension used to bend the crystal.

Because of the fine spatial and angular resolution of the E761
spectrometer it was relatively straight-forward to measure these
twists. This was done using the very large number of long-lived
channeling events collected during the run. This had to be done
carefully because of the possibility that aperture cuts for the
overall system might bias the corrections. Such aperture cuts
could arise both from the crystal channeling requirement and the
E761 spectrometer.

Channeled particles were selected with an energy loss cut on
the interval 0.55 < E < 0.85 where E is the fraction of the most
probable random energy loss for both the first and the last active
pads on a crystal. In addition, a y cut was used to select the
fully-depleted region of a crystal.

The TY1 angular distributions for the channeled particles were
examined for 8-10 segments in x. Several fitting techniques were
used including straight averages and gaussian fits. The maximum
differences between the gaussian and RMS fits was 5 microradians.

The distribution of TY1 vs x was fitted using these tech-
niques. As seen from Fig. 32, there is no reason to believe the
twist fit should be linear.

Fig. 34 shows the entrance angles (TY1) across the crystal for
the upper crystal. The simulation results in Fig. 33 shows that
most of the saddle curvature (in the z direction) comes in the
middle of the crystal. One can infer from this that the maximum
change in TY1 along the front edge of the crystal in the active
interval of 4 mm should be less than 4 microradians so that the
remaining part is due to twist-like effects. The overall change in
curvature along the crystal as a function of x amounts to 9.5% or
90 microradians. The maximum change as a function of x over a 4 mm
active region in x is about 40 microradians.

The DTY distribution should exhibit more curvature. The total
amount of variation as a function of x depends on the x location.
At the center of the saddle the ANSYS program gives a variation of
about 4 microradians for an x interval of 0.4 cm. For the maximum
curvature case the variation is 40 microradians in the same
interval. Fig. 35 shows the variation of DTY for the upper crystal
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including linear and quadratic fits to the points. The ANSYS
simulation, adjusted to place the minimum curvature at x = 2.05 cm,
is also shown. Both the #2 and #5 crystal linear fits are
consistent with the simulation.
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8. SUMMARY

These technical studies for the E761 channeling spin preces-
sion experiment have led to a number of new insights. This
experiment was one of the first channeling experiments to employ
multiple crystals. For the first time sophisticated pre-alignment
schemes were used to set crystal bending angles and orientations
using x-ray diffraction techniques. New tools were developed for
the studies of defects in channeling crystals. Dechanneling from
dislocation slip planes was observed for the first time. New
insights were gained concerning techniques for implanting detectors
on channeling crystals. System spatial and angular resolution was
good enough to observe crystal distortions and see their impacts
for the first time.

The experiment has shown that sophisticated technical and
crystal quality issues can be solved for channeling applications in
the TeV range. It has also pointed the way to investigating these
issues at levels required for channeling applications in the 10 TeVv
regime prior to the availability of beams.
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Fig. 4. Results from Si-H film decoration of four starting silicon
wafers.
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the E761 experiment.
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—— slip line

~

-
<107>

Fig. 11. Photograph of the Si-H films grown on the surface of a
crystal after chemical etching of a 30 um thick layer. The

films reveal such structure defects as foliation and slip
lines.
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Fig. 12. Photograph of the crystal shown in Fig. 11 after etching
the crystal and decorating with the Si-H film.
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X-ray tube
K« Mo

Fig. 13. Two-crystal diffraction spectrometer geometry used to
confirm the crystal structure distortion in one of the E761
crystals. The E761 crystal was used as the analyzer in the
two-crystal spectrometer. The Laue-Laue spectro-meter was
tuned for diffraction from the (404) plane. The diffraction
line width was then measured at different points along the

crystal as the plate was shifted parallel to the E761
crystal.
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Fig. 14. Diagram showing the exposed regions of the E761 crystal
(compare to Fig. 12). The solid lines show the crosssection
of the x-ray beam on the surface of the plate.
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Fig. 15. a) Two-crystal spectrometer lines for two positions of
the x-ray beam on the crystal surface (L=0, upstream; L=42.5
mm, downstream).
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Fig. 15. b) The width (FWHM) of the two-crystal line measurements
for all measured x-ray positions on the crystal surface. The
diffraction peak in the region of L=30-45 mm (pads 6-8) is
about four times wider than in the upstream portion of the
crystal.
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25

b

Fig. 16. Schematic layout of the E761 detector array. The array
consisted _of eight sensitive elements, each with an area of
2.5x13 mm“ and with a 3 mm separation between each of the

pads. The array was fabricated on a 45 * 25 mm? slice of
silicon.
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Fig. 17. Cross-section of the E761 implanted detectors.
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Fig. 18. Typical volt-ampere (VA) and volt-farad (VF) character-

istics for one of the diodes. The y-axis shows the log of
the current in amps, and the capacitance in pF.
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Fig.

19. Distribution of the energy loss signals from one of the
E761 detectors for different depths (Y-direction) in the

crystal. The energy loss has been normalized to the most
probable random energy loss.
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Fig. 20. Variation of resistivity and the associated electron

concentration deduced from the resistivity for two wafers (e,
A) with initial resistivities in the range of 2 and 4 KQ-cm,
after each of the treatment stages I - VI.

(Resistivity is in KQecm.)
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Fig. 21. DLTS measurements for the same samples as Fig. 21 after
‘the high temperature treatments in stages II-VI. Each peak
of the spectrum refers to one deep level.
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Fig. 22. a) '"Concentrated load P at the center" method, the so-
called three-point method of bending, b) "couple M at the

free ends'" or moment method of bending (sometimes called
four-point bending).

N
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|2 |
~<
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Yo
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Fig. 23. Schematic illustration showing the distribution of stress
over a cylindrically-bent crystal.
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R'=1/2k

Fig. 24. The equilibrium shape of a plate depends on the topo-logy
of the (111) plane, the type of elastic symmetry of the
crystal, and other factors. This dependence is related to
the sign and value of k (see text).

Crystal

Fig. 25. In the Leningrad experiment the plate bent around a
cylinder really had the more complicated shape at its ends
shown here.
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Fig. 26. The E761 device has several principal parts: (1) seven

silicon crystals, (2) a crystal support structure, (3) a
mechanism for manual rotation relative to other parts of the
bending device, (4) two remotely-controlled mechanisms to
change the crystal bending angle for the downstream and
upstream ends of the crystals, (5) a mount for holding the
pre-amplifiers for the semiconductor detectors on the surface
of the crystal, and (6) a goniometer that rotates the bending
device around a horizontal axis.
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Fig. 27. Plan view of the crystal support structure (2) as well as
cross sections of the central and end parts. The three upper
and three lower crystals were supported on precision 1.5 mm
diameter steel balls at the center part of the long edge of
the crystals. The ends of the crystals were separated from
each other by small ball-bearings.
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Fig. 28. Schematic illustration of the bending method. It was a

typical three-point scheme of bending. The points of contact
on the plate are also shown.
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Fig. 29. Relations between potentiometer voltage and the bending
angles for upper and lower crystals for a) upstream and
b) downstream ends of the crystals.
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Fig. 30. a) Angular orientation of the crystals was related to the
distance from the production target to the upstream edges of

the crystals for upstream end.
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Fig. 30 b) Illustrates the situation for downstream ends
crystals.
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Fig. 31. a) Side view of the two-crystal x-ray diffraction

spectrometer geometry used to orient the crystals before the
E761 experiment.
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Fig. 31 b) Typical diffraction line from the spectrometer. The
sharp edge is determined by the angular position of the plate
edge under study. The width of the line results from the
curvature of the portion of the bent crystal that was
illuminated with x-rays.
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1 ANSYS 4 .4A

APR 16 1991
B:22:44
PLOT NO. 17
POST1 DISPL.
STEP=1
TER=1
DMX =0.113E-04
ERPC=0
S +DSCA=1000
S5 XV =-3
(P KK o,
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RIS 557 DIST=0.02805
,;:,:;,,;;':;;,:;;::;;:,';;f:,'g:{ VUP =7
100,305,905 200 02,220,222, 75 -
G
(775
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 Bent crystal simulgtion (ver 2)...R, Carrigan: Apr 15, 1991

Fig. 32. a) ANSYS simulation showing a three-dimensional view of
the crystal for the E761 bend angle of 1.5 mrad. (z on
diagram corresponds to hyperon y, x on diagram to hyperon z.)
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1 ANSYS  4.4A
APR 16 1991
12:19:31
PLOT NO. 1
POST1 STRESS
STEP=1
ITER=1
ymm: ’ E ur—r‘N %p (AVG)
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| =2.639
Bent crystal simulgtion (ver 2)...R. Carrigon. Apr 15, 1991

Fig. 32 b) Distribution of stresses in the crystal. Units are in
megapascals (MPa).
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Fig. 33. (XY) cross-sections of the E761 crystal for the upstream
end and the mid-section. Y values are in um. Most of the
change of curvature comes from the middle section.
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Fig.
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34. Entrance angles (TY1) across the crystal for the upper
Linear and quadratic fits to the data. Angles are

crystal.
in mrad.
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Fig. 35. Variation of DTY (mrad) for the lower crystal including
linear and quadratic fits. The ANSYS simulation adjusted to
place the minimum curvature at x = 2.05 cm is also shown
(with x's).
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