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Abstract

Transmission of 3.0 MeV protons through Si single crystal foil has been studied.
From the energy spectra of transmitted protons, stopping powers of Si along <111>
axis and {110} plane have been found to be 0.54 and 0.65 times that of random direc-
tion, respectively. Photographs of the transmission patterns observed on a ZnS screen
are shown, and some interesting features are pointed out.

1. Introduction

Transmission of charged particles through thin crystals is one of the
interesting experiments of channeling. Many experiments have been made on
the detailed energy loss spectrum!~*’. Reviews of this subject have been given
by Datz ef al.*® and Nelson®'. It has well been established that when the
ions are incident parallel to the channeling direction the energy loss due to
electronic stopping is smaller than that in amorphous medium. The specific
energy loss along the channeling direction becomes approximately 50 % of
normal one!>%%7,%11~18,18,30,81  Thig effect is larger in axial channeling than
in planar channeling. Planar channeling, however, is easier for theoretical
treatment due to the capability of reduction to two-dimensional problem, and
series of extensive studies on planar channeling have been made by Datz et '
al. and Robinson ef al.’,%0:24,38,34,35,38)

In this paper, is reported the experiment on the energy spectra of protons
transmitted through Si single crystal foil in the direction of <{111>> and {110}
channels, and are shown the photographs of the transmission patterns observ-
ed on a ZnS screen.

* Institute of Atomic Energy, Kyoto University.
** Department of Nuclear Engineering.
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2. Experimental Procedures

Fig. 1 shows schematically the experimental arrangement. Monoenergetic
beams of H* or H,* jons were obtained from the Van de Graaff accelerator of
Kyoto University. These beams were collimated to reduce the angular spread
to less than 0.05° by using two identical two-dimension-slits which were two
meters apart. The opening of the slit 1 and silt 2 were finally adjusted to be
1x1 mm? and 0.5x0.5mm? respectively. The movable slit 3 having the aper-
ture of 0.2 mm in diameter was placed at 5cm in front of the target, and was
used to adjust the beam current on the target. A Si single crystal foil with
specific resistance of 1000 £-cm was mounted on a goniometer which has two
independent angular variables (6, ¢) with accuracy of 0.025°, Two solid-state
detectors, SSD1 and SSD 2, were used to detect the transmitted protons (0°)
and the back-scattered protons (135°), respectively. SSD 2 was a monitor de-
tector for the incident ion beam. SSD1 has a vertical slit of width 0.5 mm.
The energy resolution of the detecting system was approximately 30keV.
Energy spectra for transmitted and back-scattered protons were analysed with
a 256-channel pulse-height-analyzer (PHA). The accurate orientation of the
single crystal target with respect to the incident beam axis was determined
by measuring the variation of the yield of transmitted protons for the con-
tinuously varied angle of rotation ¢. The noise-level of the measuring system
was approximately 20keV. The scattering chamber and the beam duct were
evacuated to pressure of 8 x10™" Torr and 2x10-% Torr, respectively.
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Fig. 1. Experimental arrangement.

In case of observation of the transmission patterns, SSD1 was removed
and a ZnS screen with diameter of 40 mm was placed at the glass window of
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the scattering chamber. The ZnS screen was about 20cm apart from the
crystal foil. Transmission patterns on the ZnS screen were observed through
the glass window and photographed with ASA 100 films under f=1.8 and an
exposure time of 20 sec.

The effective area of the Si single crystal foil was approximately 5x5 mm?,
and the crystal surface was almost parallel to a {111} plane. In order to make
a thin crystal foil, we used the surface etching technique as shown below.
The mixture of two kinds of acid HNO; and HF with the ratio of 5:3 was
cooled to 0°C. A thick Si single crystal was put into this etching solution,
and was taken out after 1~2min. As the crystal must not be exposed to the
air in the midst of etching, the etched crystal was washed in the purified
water as soon as possible. It is recommended to agitate slowly the etching
solution in order to prevent the sticking small voids on the crystal surface.
The etching solution after use is colored light brown, and must not be used
for mirror polishing of the crystal. It is important to renew the etching
solution frequently.

In order to make a thin crystal foil with a firm frame, the following
method was tried. First, a slice of a silicon crystal of about 0.5 mm thick
was processed by mirror polishing on both sides. This polished slice was
stuck to a teflon plate with melted paraffin on the fringe of the slice (Fig. 2
a)), and was steeped in the etching solution. In this way a target foil of
about 5mm in diameter with a firm frame was easily made. Paraffin is re-
moved completely by a bath of the boiling ethanol.

a)
PARAFFIN Si CRYSTAL,
TEFLON PLATE.
%
b)
Si CRYSTAL /

Fig. 2. Production of a thin crystal foil with a firm frame.

3. Results

Fig. 3b) shows the energy spectra of transmitted protons whose incident
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Fig. 3. Energy spectra of transmitted 1.0 MeV protons through the Si
crystal foil.

energy was 1.0 MeV, and whose angles of incidence were given in Fig. 3a).
The directions of the incident beam were parallel to the <111>> axis for A
and to the {110} plane for P. On the other hand, R corresponds to the random
incidence, and R’ to the slightly inclined direction to the <{111> axis. As
was expected, energy loss at A is the smallest of all directions. Energy losses
4Ep, 4Ep and 4FER are given as follows:

Exr=Sad =0.46 (MeV)
Ep=>5Spd sec 5.0°=0.56 (MeV)
Er=_Sgd sec 5.0°=0.86 (MeV),

where d is the thickness of the crystal foil, and Sa, Sp and Sy are stopping
powers of Si crystal for 1.0 MeV protons at A, P and R directions, respective-
ly. From these equations we obtain Sa/Sr=0.54 and Sp/Sg=0.65. By using
Sr=43.5 (keV/um), we obtain S5=23.5 (keV/um), Sp=28.3 (keV/um) and d=
20 pm.,

Transmission patterns of 3.0 MeV protons observed on the ZnS screen,
are shown in Photos. 1-8. In these photographs, the part of high density of
transmitted protons become white. Therefore, channeling lines are white,
while blocking lines are dark. Each photographs were taken under the fol-
lowing conditions as for the incident direction of proton beam.

Photo. 1: parallel to the <111> axis,

Photo. 2: 2.2° to the <{111>> axis and parallel to the {110} plane,

Photo. 3: 0.2° to the <{111>> axis and parallel to the {110} plane,

Photo. 4: 0.9° to the <111>> axis and parallel to the {110} plane,
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Photos. Transmission patterns. For the incident direction, see text.
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Photo. 5: 0.4° to the <{111> axis and off the {110} plane,
Photo. 6: 0.8° to the <{111> axis and off the {110} plane,
Photo. 7: random direction,

Photo. 8: parallel to {112} plane.

It is clearly seen in Photo. 1 that the axially channeled spot has a sixfold
symmetry corresponding to leakage of protons into six {110} planar channels.
When the angle of incidence is increased, the axially channeled spot fall out
in its center region and becomes a white ring with radial streamers of leakage
(Photos. 5 and 6). And, finally, axial and planar blocking appear as a dark
spot and dark lines on the background of random protons (Photos. 2, 7 and
8). In this case, white lines are apparently observed on the one side of dark
lines.

4. Discussion

Since the random component results from a series of statistically inde-
pendent deflections of the incident protons, energy and angular distributions
of this component are expected to be Gaussian type. We find from Fig. 3b)
that the energy spectrum at R is not pure Gaussian. This deviation is mainly
due to the channeled component through {110} channels, which could not be
rejected by our vertical slit of SSD2. Fortunately, the contribution of this
channeled component is not so large as to shift the peak position of the
energy spectrum. On the other hand, the energy spectrum at R’ contains
too many components to be analyzed. In order to obtain the significant in-
formation about energy spectrum in this direction, a pin-hole slit, for example,
is necessary to define distinctly the outgoing direction.

As for transmission patterns, there are many interesting features to be
considered. Leakage of axially channeled protons to planar channels and
spreading of the planar channeled protons along that plane should give the
valuable information about the motion of channeled protons. The ring spot
obtained in case of small incident angle to the <111> direction may be ex-
plained by considering the motion of incident protons in an approximately
cylindrical potential®*. Asymmetrical white-dark contrast observed in planar
blocking raise the problems on the random-to-channel transition. Before to
treat these problems quantitatively, one must measure the energy and angular
distribution of transmitted particles at every local positions on the patterns.
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Errata:Transmission of Fast Protons through Si

Single Crystals, Kazuho Sone and Fumio Fukuzawa

(Memoirs of the Fucdlty of Engineering, Kyoto

Univ., 34. Part 3, 325 (1972))

(i) Photos. :Turn upside down Photos. 1 and 4. And
then interchange 1 and 5 labels,

(i) The expression “E =S,d=-- Ep=--, Ep=---
on page 328 (i. e., the seventh line from tKé

top ) Should read “AEA:......’ AEP:......, AER: ...... ”



