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This thesis is based on experiments done at Northwestern University,
Evanston, 1ll., U.S.A., during the period 1964-1966. It contains mainly
the following papers

la.

b.

I

Ila.

IV.

VI.

C-J. Andreen, R. L. Hines, W. Morris and D. Weber Channeling of
13 keV D¥ ions in gold crystals. Physics Letters /9, (1966), 116.

C-J. Andreen and R. L. Hines, Channeling of D* and He™ ions in
gold crystals. Phys. Rev. /57 (1966), 341.

C-J. Andreen, E. F. Wassermann and R. L. Hines, Direct observa-
tion of channeling in b.c.c. iron films. Phys. Rev. Letters /6 (1966), 782.
C-J. Andreen and R. L. Hines, Critical angles for channeling of
H*, D" and He" ions in single crystal gold films in the energy
interval 1-17 keV. Physics Letters 24 A (1967), 118.

C-J. Andreen and R. L. Hines, Critical angles for channeling of |
to 25 keV H*, D* and He* ions in gold crystals. Phys. Rev. In print.
C-J. Andreen, Experiments on the channeling of ions through thin
films of different structures. Arkiv for Fysik. In print.

. C-J. Andreen, A simple transparency model for the channeling of

low energy light ions in crystals. Arkiv for Fysik. In print.
C-J. Andreen, Blocking of D* ions in single crystal gold films. Arkiv
fér Fysik. In print.



Introduction

In the early 1960’s investigations on the transmission of heavy and light
ions through matter gained an increased interest. A new effect was observed
for ions which were incident along low index directions and planes in a
single crystal. It was found that the transmission was largely increased.
The effect was called channeling or the string effect. The main part of this
thesis summerizes some investigations on the channeling of low energy H™,
D* and He™ ions in a few materials of different structures. Some experi-
mental information is added here to demonstrate the effects of damage to
the films by bombardment with heavier ions such as C*, Ne* and A* ions.
The investigations are unique in the sense that the incident ion energy is
extremely low (1-30 keV). The transmission of these low energy particles
demands sofisticated film preparation techniques. Single crystal films of
gold, silver and a-iron have been prepared by evaporation. Details about
this part of of the work may be found elsewhere.

The problems with radiation damage and contamination make the inter-
pretation of the transmission profiles sometimes hazardous. A prolonged
irradiation changes the film to some extent. A complete study of the chan-
neling characteristics using one single foil is therefore excluded. The pro-
duction of identical crystals is difficult. The investigations are thus
limited to a few values of some important parameters. In order to be able
to use not only descrete values but to cover an interval of a parameter one
has to lower the vacuum in the target chamber to such a degree that a foil
could be bombarded for hours without any influence from a contamination
layer. The damage may be minimized by using protons of moderately low
energies. Still, an accurate determination of a variable such as the critical
angle for channeling i, as a function of energy E and channel type [hk/]!
is difficult.

The investigations summerized in this thesis deal with thin foils with only
one kind of atom. In the near future a study of films with different kinds
of lattice atoms, like for instance PbS or PbSe films will be undertaken.

The channeling effect has become a working tool in solid state physics as
well as in nuclear physics. In solid state physics one is sometimes interested

! The notation [Akl] is used consequently in the following in stead of the notation

hkl to indicate a group of directions of the same kind.



in the lokalization of an impurity atom in the lattice. The position of the
impurity may be determined by the channeling effect. The doping technique
of semiconductors is developing through the use of forced ion implantation
(channeling). In nuclear physics one may use the channeling effect as a tool
for the determination of lifetimes of the order of 10717—10-18 sec. At
present 10712 sec. is the shortest lifetime which can be measured by con-
ventional methods. As pointed out by Gemmell and Holland [1] care should
be taken when nuclear cross sections are measured using a crystalline target.
The channeling effect in conjunction with the blocking effect discussed
below may easily result in a cross section which is one order of magnitude
smaller.

It is no overstatement to say that the channeling effect has tied closer
together nuclear and solid state physics through all kinds cf particle
accelerators. This means an extention of the use of isotope separators,
van de Graaff generators and other high energy accelerators, a fact which
should be encourageing to physicists in both fields.

Apparatus and foil production

The particle accelerator used in the investigations summerized here has
been described earlier [2]. The goniometer arrangement for orientation of the
crystals and the energy analyzer are shown in Fig. 1. A more detailed
description is found in [Ih]. The detector is a Faraday cage connected to
an electrometer with an ultimate sensitivity of 10714 A. The analyzer is
mainly meant for separating away the ions which have passed through
eventual pinholes in the crystal. It has also been used to measure roughly
the most probable energy loss AE,, as a function of crystal orientation.
Because of the low energy of the ions the width of the peaks due to chan-
neling is relatively large. It was therefore decided that two degrees of
freedom would be enough to build into the goniometer. If the crystal
surface is parallel to the crystal holder. surface this is a correct decision.
In mounting the thin films a circular piece of tantalum with a centre hole
is used to clamp the crystal down against the holder. A remaining misorienta-
tion of the crystal relative to the holder may be checked by looking at the
transmitted intensity I as a function of the azimuthal angle ¢. This function
should be a horisontal line apart from the channeling peaks which may be
superimposed on it. For these low energy particles it is found experimentally
that two degrees of freedom is sufficient. Still, local parts of the crystal may
be misoriented relative to the holder. The influence of such misorientations
on the peak width is estimated in [I5] and found to be less than a few
percent for the best crystals.



It is felt worthwhile to include here some figures showing the mass re-
solving power of the apparatus. Because of the relatively poor vacuum in
the accelerator (~10~5 mmHg), molecular ions of the type Hy and D;
may split up at different places in the chamber. Quite a few combinations
of mass position and energy may occur and it is obvious that one has to be
careful about what kind of particle one uses and their incident energies.
Table | shows the different combinations which may be found in the beam
at the detector. The beam current as a function of the magnet field B
is shown in Fig. 2a—/ for some of the gases used in the experiments. In
Fig. 2a the mass spectrum of He is shown. The intense peak in this
spectrum corresponding to M =4 is used as a calibration point for the rest
of the spectra. The transmission coefficient in the forward direction for
ions with mass number M=5-7 in Fig. 2a is found to be much smaller
than for ions with mass number M=4. A possible explanation for the
peak at M=5-7 is that charged molecules N; and O, are present in
the ion source. If hydrogen is present as an impurty in the deuterium gas,
DH* or Hy ions, created in the ion source, would cause the peak at M =3.
The small indication of a peak at M=0.5 does indicate that hydrogen is
present. In Fig. 26 showing the hydrogen spectrum the peaks are well
separated and no other gases seem to be present as impurities. The peak
at M=3 may be caused by HJ ions with full energy. Fig. 2¢ shows the
mass spectrum for deuterium. Fig. 2d shows the transmitted intensity
of the beam in the forward direction through a 700 A thick gold single
crystal as a function of the magnetic field B. No energy analyzis is
done. One observes that all mass components from Fig. 2¢ are pre-
sent and that the relative intensity between the peaks at mass numbers

Table I. The different components in an ion beam of deuterium is illustrated.

Direct beam Transmitted beam
| Point of
|creation® | 1-2 I 28 3= [ 1= I I 949 34
Energy® | Ej2 | E | E | Ef2 | Ef2 |E2+E,| E+E, |E/2+E,2| Ej2+E, |E2+E,2
‘ —AE | —AE —AE —AE —AE
Unit on |
/mass scale| | 2 4 | 4 4 1 2 4 4
|Particle
mass 1 2 4 2 2 1 2 2 2

“ 1. Ton source, 2. Magnet. 3. Acc. gap. 4. Analyzer.
" lon source energy E;, acc. gap energy k£, energy loss in the foil AE.




6-8 and 4 is greatly reduced. The reduction is approximately 30 times.
Due to energy spread in the crystal the peaks are somewhat broader in
Fig. 2d. It is generally observed that the transmission coefficient is inversely
proportional to the mass. It is therefore concluded that the peak at M =6-8
is caused by particles heavier than helium atoms. Fig. 2 e and Fig. 2f show
the mass spectrum for relatively pure Ne and A gas.

The production of thin single crystal foils has been the subject of a vast
number of investigations. In connection with anomalous transmission due
to channeling it is not enough to know how to produce single crystals.
A most important factor for the accuracy and the interpretation of the
results is the overall flatness as well as different kinds of wrinkles in the
mounted films. The influence of these factors on the peak width is estimated

ENERGY
ANALYZER A

FARADAY
CAGE

120V

TARGET FOIL

ON CU-GRID
o e
1
o
ION
BEAM
Fig. 1. Experimental arrangement for measuring the transmitted intensities of ions

through a crystal as a function of the tilt angle # and the rotation angle ¢. The diameters

of the apertures are A4,=0.75 mm, 4,=0.75 mm, and A;=3 mm. The distance between

the foil and aperture 4, is 50 mm and the distance between the foil and aperture Ay is

32 mm. The ranges of possible angles are —60°<60< {-60°, 0°<p<360", and

—3°<g< 58, The distance between the analyzer plates is about 20 mm. The direc-
tion of the ion beam is fixed.



in [1b]. The influence of a contamination layer is also discussed. As far as
the transmitted intensity is concerned the wrinkles and the contamination
is definitely of some importance. The change in intensity due to a con-
tamination build up is studied to some extent in [I5]. The effect may be
reduced by cutting down the bombarding time or by correcting for the effect
by measuring the time dependence of the transmitted ion intensity. The in-
fluence of the wrinkles may be checked by using several single crystals
with visible wrinkles. A small change in the ratio between the relative
intensities in the two peaks may sometimes be observed. As pointed out
in [I11] only foils which look perfectly flat to the naked eye have been used.
The micro wrinkles that still exist in the foils have no detectable influence
on this ratio. However, for high energies the influence of even small wrinkles
may be fatal. The technique to be used in that case will probably be to pre-
pare thin crystals out of thick crystals through etching methods. The
minimum thickness that can be handled without introducing wrinkles in
the crystal is of the order of microns. Energies of at least one hundred
keV is then believed to be necessary even for the lightest ions.
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Fig.2. The beam intensity of a few different gases is measured as a function of the magnetic
field B. The ion current is measured in units of nanoamperes and the energy of the ions
is around 10 keV. In Fig. 2d the transmitted intensity through a 700A thick gold film
is measured. Compared to Fig. 2¢ the intensity at M=6-8 is greatly reduced.
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Evaporated films are known to have a high defect density. In the investiga-
tions this density is kept as low as possible. By optical inspection in an
electron microscope those foils are chosen for channeling experiments
which on the average show dark areas less than about ten percent. The
dark areas are interpreted as being due to defects of different kinds. The
inspection is performed with the crystal normal parallel to the electron
beam. Some types of defects have a preferred orientation. One example is
the slip planes which slip parallel to {111} planes in a f.c.c. lattice. Along this
plane the influence of the defects may therefore be reduced. 1t is observed ex-
perimentally that the transmitted intensity is relatively high along these pla-
nes. The influence of the defects on the intensity is believed to be small com-
pared to the influence of a large interplanar distance. Measurements of
this type are being performed at other laboratories. Good single crystals
without pinholes have been prepared by evaporation in the thickness
interval 50-2000 A.

i@ lumuA)

60 S0 40 30 20 10 0
Polar angle 8 (deg.)

Fig. 3a. The intensity i(€) of 17 keV D™ ions transmitted through a gold crystal is shown

as a function of # along a {100} plane. The crystal is about 265 A thick. The dashed line

separates the directional channeling from planar channeling. The dot-dashed line repre-

sents the intensity in high index directions outside the {100} plane. Individual directions
are resolved and indexed.
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Fig. 3 b. The intensity i(0) of 21 keV D" ions transmitted through a gold crystal is shown

as a function of 0 along a {110} plane. The crystal is about 300 A thick. The dot-

dashed line represents the intensity in high index directions outside the {100} plane.

No planar channeling from the {110} plane can be detected. Individual directions are
resolved and indexed.

Experimental results and discussion

Some of the experimental results given in the papers [[]-[VI] are given
again here. Fig. 3, 4 and 5 show the intensity of D* ions of 16-21 keV
transmitted through single crystal gold films in the forward direction.
Figs. 3a-b show the intensity transmitted along the {100} and {110} planes
in a 265 A (a) and a 300 A (b) thick gold crystal. Fig. 4 shows the transmis-
sion along the {111} plane. In all figures the crystal has a [001] channel par-
allel to the foil normal. Fig. 5 shows the transmission through a gold crystal
oriented in a [111] direction. About 12 keV D7 ions are channeled along a
{110} plane. A comparison between Fig. 35 and Fig. 5§ shows that a correlati-
on exists between channel indices and the peak intensity along a channel. Be-
cause of a change in effective foil thickness as a function of 6, a direct compa-
rison between peak intensities and channel areas is impossible. A rough cor-
rection method is discussed in [V]. Along the {110} plane in Fig. 35 the
minima reach the dot-dashed line. This line represents the transmitted
intensity along high index planes and reflects the behaviour of a polycrystal



13
with a random orientation as verified by experiments [[V]. If one divides
the peak intensities by the random intensity at the same f—value and
relates this ratio R'y,, to the ratio Ry, , ;. One obtains a correlation between
this new ratio R, and the ratio

exp
Rineor= Aty Apn ko111 (1)
which can be expressed by the relationship
Riso=Riuiy/ Ry pity=c¢"" Al App i +¢2 (2)

Apunis the channel area along the direction [2k/], [k /] is the most open
direction in that particular plane under consideration and ¢" and ¢® are
constants for a particular foil thickness 7 and particle energy £. One observes
from (2) that the ratio R.,, places the channels in the order expected from
simple geometrical calculations. For this reason and because of the fact
that the quantitative correlation is acceptable too, this ratio is believed to
be a satisfactory way of correcting for changes in effective foil thickness.

If the same technique is applied to the {100} plane in Fig. 3a the result
is not as good as for the {110} plane. However, if one subtracts a certain
part from the peak intensity before dividing by the random intensity, the
correlation is made substantially better, in particular the quantitative
correlation. The dashed curve in Fig. 3« indicates the function Py, (8)
which has to be subtracted along the plane {Ahk/} in order to arrive at an
equally good correlation as in the {110} plane. One observes that P 4,(0)
is strikingly similar to R(#), the random intensity as a function of 6. In the
plane {111}, Fig. 4, the situation is the same as for the {100} plane. The
function P, ,,,(#), which has to be subtracted, is larger in the {111} plane
than in the {100} plane.

The same observations may be made for a b.c.c. lattice as well. Experi-
ments with an «-iron single crystal foil show that for 15 keV D* ions
transmitted through a 600 A iron foil, equation (2) is valid along the two
planes {110} and {100}. [II], [IV]. Both in the gold and the a-iron lattice
the functions Py, (0), indicated by dashed lines, resemble quite closely the
behaviour of R(f). In correcting for the change in effective foil thickness
with @, it is therefore not important if the function Py, (@) or R(0) is used.
The actual situation may determine which function should be used.

A few experiments have been done with heavier ions in thin single crystal
films. It is found that the influence of different damage effects on the trans-
mission profiles is often critical. As pointed out in [15] the change in the
transmitted intensity and the most probable energy loss AE,(¢) with time
is caused by at least two factors. One is the contamination due to a poor
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o
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0 10 20 30 40
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Fig. 4. The intensity i(8, ¢) of 16 keV D* ions transmitted through a gold crystal is

shown as a function of @ and ¢ a {111} plane. The crystal is 450 A thick. The dashed

line separates planar channeling from directional channeling. The dot-dashed line repre-

sents the transmitted intensity in high index directions just outside the {111} plane.
Individual directions are resolved and indexed.

vacuum in the chamber. The contamination layer causes a decrease in the
intensity. The influence of such a layer is clearly visible at a preassure of
1075 mmHg when light ions of moderate energies are used. The damage
to the crystal lattice which is the second factor is more pronounced at
higher energies and for heavier ions. The damage manifests itself through
the production of several kinds of defects and a tendency to stuff up open
channels through the creation of interstitials. These effects also tend to
decrease the transmitted intensity. At the same time sputtering of gold
atoms occur which will thin down the foil. Sputtering effects tend to increase
the tranmitted intensity because of a decreasing foil thickness. The meas-
ureing technique becomes difficult to manage when the damage rate is fast.
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Fig. 5. The transmitted intensity /(f) is shown for D* ions in a 900 A gold single crystal
film for which the individual crystallites are oriented almost exclusively in the [111] direc-
tion (~95%,). The incident ion energy is 12 keV and the ion currentl0~* A,

The fact that it takes some time to find the most probable energy loss for a
certain combination of @ and ¢ may soon end in a situation where AE,
changes appreciably over the time interval necessary to find its value.
The situation may be better if individual particle counting is used. This
allows the use of much lower beam intensities and perhaps lower incident
ion energies as well. Fig. 6 shows the intensity of 25 keV He" ions trans-
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Fig. 6. The intensity of 25 keV He* ions transmitted through a 250 A thick gold foil is
shown as a function of 6. The azimuthal angle ¢ is set at a value corresponding to about

10° off the {100} plane. The most probable energy loss AE, | is also given.
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mitted through a 250 A thick gold film as a function of 6. The azimuthal
angle ¢ is set at a value corresponding to about 10° off a {100} plane.
The most probable energy loss AE,, is shown as a function of 0 for the
same p-value. One observes a double peak centered around =45, due to
the (111) and the (111) planes. At this g-value the channels [145] contribute
appreciably to the intensity in each peak. About two thirds of the peak
value is attributed to directional channeling and the rest one third to planar
channeling along the {111} planes. The dotdashed lines in Fig. 6 represent
the random intensity as a function of . At f=18" one finds a small peak
due to the (131) plane. No low index channels exist for this combination
of # and ¢. The shoulders on each side of the [001] peak are most probably
due to the nearness of the {100} plane. Fig. 7 shows the transmitted intensity
of 25 keV C~ ions in the forward direction (¢=0) through a 270 A thick
gold crystal as a function of #. The most probable energy loss AE,, is
shown as a function of @ in the plane {100}. The total bombarding time
is 0.5 hour. One observes that the [001] channel is almost completely gone
at the end of the bombarding time. The energy loss AE, decreases fast at
the end of the experiment when the foil is thinned down very quickly.
At the moment of foil rupture the AE, -value drops instantly to zero.
The change is too fast to be followed continously. The transmitted intensity
drops to zero at the same time because of the fast change in AE,,. Fig. 8
shows the intensity of 32 keV Ne* ions transmitted through a 250 A thick
gold film in the forward direction (2=0). The most probable energy loss
AE,,, and the ion intensity I are shown as functions of the polar angle 6.
The four channels [011], [001], [112] and [013] may be identified in the
intensity curve. The [001] and the [112] channels are also seen in the energy
loss curve. No random intensity could be detected at all. Both function are
distorted due to damage. Because of a speeded up measuring technique
the total interval —60° <0< +60° could be measured in 10 minutes without
breaking the foil. The functions are believed to reflect to a higher degree
the damage due to interstitials and vacancies and other defects than due
to sputtering. The relatively large peak width shows that the ions are
considerably heavier than He' ions. This is so despite the fact that the
Ne* ion energy is higher than the He™ ion energy. According to Lindhard
[3] the width is inversely proportional to the square root of the energy E.
The last example of the transmission of heavy ions through thin single
crystal films is shown in Fig. 9. The difficulty to detect the transmitted
intensity of A* ions is overcome by using an extremely thin film and an
intense and energetic ion beam. In the case shown in the figure the argon
ions have an energy of about 29 keV and the beam intensity is a few times

2
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Fig. 7. The transmitted intensity of 25 keV C* ions through a 270 A thick gold film is
shown as a function of 0. The total bombarding time is 30 min.
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Fig. 8. The intensity of 32 keV Ne* ions transmitted through a 250 A thick gold film is
shown as a function of €. Because of a speeded up measureing technique the total interval
of 0 could be measured in about 10 min. without breaking the foil.

10-8A. The thickness of the foil is estimated to be about 100 A. An electron
diffraction pattern shows a good single crystal structure. Still, with a speeded
up measuring technique the time available for detection of channeled
argon ions is less than 10 minutes. The foil broke before the profile of the
[001] channel was completed. In this case it is hard to determine wether the
structural damage or the sputtering damage of the crystal is dominating.
A guess based on the relatively narrow peak width would bz that sputtering
effects are appreciable.
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Fig. 9. The intensity of 29 keV A* ions transmitted through a very thin gold film,
about 100 A, is shown as a function of f. The film is broken in less than 10 min.
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Analysis of peak widths

If the detector system is rotated relative to the beam direction and
the beam is incident parallel to an open channel (6, ¢,) one is able to
measure the relative probability P,, for a channeled ion to be detected at
an angle « from the channel axis. A similar probability P;; may be measured
at the entrance side by rotating the foil and the detector system as one unit
relative to the incident beam. If the foil is rotated alone relative to a fixed
beam and a fixed detector system which is parallel to the beam, the com-
bined relative probability P, is measured. It is obvious that P,, also may be
measured by rotating the foil and the beam as one unit keeping the detector
fixed at #=0. This probability may be noted P,;. Thus we see that

P24=P28 (3)

If the two probability distributions Py, and P,,; are independent of each
other one may write
Py=Pq- Py 4

The experimental distribution are found to be approximately Gaussian.
Fig. 10 shows P,, for a D* ion beam incident along a [001] channel. One
observes that the deviation from a Gaussian curve is very small up to
about 2¢. Above 2¢ the transmitted intensity is somewhat higher than
that predicted by a Gaussian distribution.

A good starting point for the analysis of the peak widths thus seems to be
to use the Gaussian curve. We can now write

Pio=P - exp {—(0—0,)*/201,) (5a)
P29=P”'exP{’(0—00)2/2020} ?= Qo (5h)
By—P4ieXp {—(0—00)2/2002} (5¢)

for ‘0—()0| of the order of a few degrees or less. (g, @) is the direction of
the channel under consideration. For 0=6, we demand by definition that

P=P" P’ (6)

In (4)—(5) it is assumed that «=0. A situation where o=, is discussed to
some extent in [15].
For small |0—00| one thus expects to find the following relation fullfilled

0y 2 =015 +03 @)
The three characteristic widths o, @, and @,, may be measured sepa-

rately. Table II gives the result from some measurements of these widths
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Table II. The charateristic widths at the entrance and the exit sides of a single crystal
foil and the combined widths are measured separately and compared with eq. (7).

E | Ty T2g %y Gpenic. ‘ G19/G3p
‘ keV ‘ deg deg deg deg
2 45 43 3.1 3.05 1.04
3 53 5.0 39 4.05 1.06
[ i 40 18 28 2.75 1.0
[ 21 2.5 29 1.9 1.90 0.86
22 24 2.7 1.8 1.79 0.88
25 2.1 2.5 1.6 1.60 0.84

at different energies. From a plot of the ratio ¢,/ also shown in the
table, as a function of the energy E, one finds that for 0 <E <17 keV

0‘,0/020=l.0i0.| '8)

For a Gaussian distribution it is easy to verify that a tangent through the
point defining & meets the abscissa at 2¢. Experimentally it is found that
such a tangent meets the abscissa at an angle «_, the experimental critica;
angle for channeling, which is found to obey the relationship

2, =(2.1+0.2)a,, (9)

From (7), (8) and (9) one finds that

2.=2.1V 20, (10)

An experimental determination of g, gives o, with an accuracy of the order
of 10%,. The influence of different sources of error on the experimental
critical angles or the g-values is discussed in [I5]. From the experimental
results one concludes that ay, is fairly independant of ¢, and that the ions
thus loose the memory of their incident direction relative to the channel
axis when leaving the crystal.

Lindhards theory about the critical angles for channeling

Lindhard has shown that there exists a theoretical criticle angle for
channeling ¥, and y, for high and low energies respectively, above which
no correlated scattering occurs. The theory is based on a string of atoms
in free space with a distance between the atoms equal to d, the string
constant. Positive ions with the energy £ are allowed to interact with the
string at small angles (y <y, or ;) of the order of a few degrees. For
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distances R <a, the screening length, the atomic potential from one single
atom may be approximated by a Thomas-Fermi potential

; _lezez R
V(R)= = ‘l’o(‘;) (11)
10
s f (o]
. $
05 F Y
i o\
4 X
Y
exp.
! % / P
j o
theor. =~ \i\
00 L \OtL\_

o 20 30

Fig. 10. The probability function Py, for a D * ion beam, emerging from a [001] channel,
is measured as a function of the detector angle o (4 ). The solid line and the open circles
(0) represent a normalized Gaussian distribution. The agreement is good below 2g.
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With this type of atomic potential, a transverse continuum string potential,

U(r), may be calculated from
(*+ oo
; (1 AR —
b(r)=J — K (}z* 1) (12)
which should be a good approximation for incident angles below the
critical angles for channeling.
A good approximation for V(R) valid for all values of r is given by

V'(R)=ZlZZ('2( (|3)

1 1
R_(R2+c2ul)*)
where C is a constant cf the order of 1—2.

A qualitative condition for using a continuum string approximation is
found by demanding that the scattering of an ion in the vicinity of the
point of closest approach to the string r,;, is due to several atoms along
the string. For small angles ¢, the condition may be written

’.min>[p ’ d (|4)

where r_. is determined from

U(Fmin) =M 0% sin® § (15)

From (12)-(15) Lindhard arrived at the following expressions for the
critical angle at high energies ¥, and for low energies ,:

PEE
15
W= 1 — (16)
/ E
subject to the condition that
a
¢1 <= (17)
d
where
22,Z,¢*
= (18)
d
and
Cua !
= (19)
e
subject to the condition that
a
Yy>= (20)

d
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The energy E' separating the high and the low energy regions may be

found from
) d\? :
E=E;- |- (21)

a

From (21) it is found that E’ is often several hundred times larger than
E,. which is of the order of 500 eV for D" ions in gold.

Comparison between experimental and theoretical critical angles

In a laboratory experiment some conditions may be drastically different
from those in Lindhards theory, in that one string in a crystal lattice is not
isolated from other strings. Further, the energy £ is not well defined after
the ions have passed through a certain thickness of material. For the most
open directions in a f.c.c. lattice a comparison with Lindhards theory may
be appropriate. For higher order channels the situation may be different
for the following reason. Each channel is bordered by four strings of the
same kind, i.e. with the same string constant d. The assymetry caused by
the fact that two of the four strings may be shifted along the string direction
relative to the other two strings, may result in an effectively smaller string
constant d. The effect from nearest neighbour strings is believed to be
without any significance. It was found by Nelson and Thompson (1963) [4]
that for the [011] channel in gold the string potential has a value of only
about 10 eV at a distance of one sixth from the string axis. This means
that the channel indices [Ak/] have to be very large until the nearest neigh-
bour strings are expected to be of any influence. These very high index
channels are too narrow to channel any ions at all at the energies discussed
here. From the experimental results obtained in [IITa] and [[IIB], it is
concluded that the three or four most open channels in f.c.c. gold satisfy
Lindhards conditions. Fig. 11 shows the agreement between theory and ex-
periment for the channels [011], [001] and [112] in gold. The critical angles
are shown as functions of the average energy E in the foil. For higher order
channels the critical angles do not decrease according to Lindhards theory.
This is not due to angular resolution limitations in the apparatus. o-values
down to about 1.3° have been obtained for very thin films. The systematic
error is, however, increased to an estimated 209 at these low g-values. For
energies around 5 keV, channels of the type [014] should be possible to
measure as far as the theoretical critical angle due to Lindhard is concerned.
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CRITICAL ANGLES (DEG)

[ 1 1
50 5 10 15
AVERAGE ION ENERGY E keV
Fig. 11. The critical angle for channeling v, is shown as a function of the average energy

E of the ions in the crystal for the three channels a. [011], A. [001] and ¢. [112]. The solid
lines are the theoretical curves using the theory by Lindhard with a value of C=2.15.
The filled circles represent the experimental critical angles o, and the vertical bars show
the errors Ax.. The errors in average energy vary from 0.3 keV at 1 keV to 0.5 keV at
17 keV. Most of the spread of the experimental points is due to the fact that the informa-
tion in the figures is based on several films with thickness 7 in the interval 180 <7 <260 A.



27

The [014] channel is the 11" in Table I in [V] where a few low index chan-
nels are listed in order of importance, in the {100} plane. The experimental
width becomes constant within the errors from channel [013] and up. This
result is believed to be partly due to assymetries in the channel walls dis-
cussed above.

o (b) [o01]

8 -

G =

4 : : :
0 5 10 15

AYERAGE [ONENERGY E keV

Fig. 11b
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(c) [12]
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Fig. 1le

A simple transparency model

In paper [la] it is stated that peak intensities of transmitted ions corre-
lated with the channel area A, per atom along a channel [Ak/]. A more
detailed study of the degree of correlation is given in [V]. It is found that the
ratio of the channeled intensity in the direction [Ahk/] divided by the random
intensity at the same ¢-value and normalized to the ratio for the most
open channel in that particular crystallographic plane which is common to
the directions, correlates nicely with normalized A;,,-values. This is found
to be the case at least for the {110} plane. The good correlation between
theory and experiment indicates that these normalized ratios represent an
acceptable way of correcting for changes in effective foil thickness ¢ as the
polar angle @ is varied.
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The transmitted intensity /(E, f, @) along the {110} plane may be divided
into two parts

Iiyiol(Es t, 0)=Dyy0)(E, t, 0)+R(E, 1, 0) (22)
where
Dy 0(E, t,0) and R(E,t,0)

represent the directional channeling and the random intensity along the

plane {110}. The directional part may be expressed in the following way:
R(E, t, 0)

e

R(E, 1, Oy uy1,1)

X Fiy10)/(E, 1)ZCXP {—(0—0,,,“])2/203,,,“,} (23)

Blnkil

Diyyo) (E, t, 0)=Dyy 0, (E, 1, Oppiy) *

In (23) [i k4] is the most open channel to which the other peaks are nor-
malized, in this case the [001] channel. g, is the characteristic width of
the peak at 0y, where 0y, is determined from the relation:

tg Opuny=1"" - (K +K*) (24)

The random intensity which has to be large enough to be experimentally
detected may be approximated by

R(E, t,0)=R(E, t, 0) - cos (k'0) (25)

where k’=1.385 is a constant determined by the goniometer. Thus the ratio
R(E, 1, 0)

mz cos (k'6) (26)

The function Fy,, (£, t) may be written as a polynomial in x, where

_ Ay

= =1 (27)
A[h]kﬂl]

Apmn 1s the geometrical area per atom seen along a direction [hk/] if the
lattice atoms are considered as mathematical points.
Thus one may write

FiinlB, t)=c“’+c‘2’x+c‘3’x2+,,. (28)

For D* ions with an energy E large enough for several peaks to appear in
the plane {110}, it is found that the third term and higher terms may be
disregarded. The parameters ¢ depend on the energy E, foil thickness ¢
and the type of crystallographic plane and should be written

™ =clpn (E, 1) (29)
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For20keV D* ions channeled througha 300 A thick gold crystala long the
{110} plane one finds that

Fi110,(20,300)=1.21x—0.21 (30)

When Fis a linear function it is easy to show that

e (1)
ity = 1 — Claiyy (31)
and that
(1)
‘]hk“ SO
(32)

(2)
Cinkty = 1

It is obvious that in (30) the directional channeling is zero when x . ,=0.167.
The value of x, is called the cut-off value for directional channeling for a
particular energy £ and foil thickness 7 along the plane {hk/}.

From what is said above it seems desirable to reach the degree of cor-

relation when
cn=0, n#2 and ) =1 (33)

For energies around 20 keV it seems unlikely that this could be achieved
by choosing a plane with a smaller interplanar distance, like for instance
the {130} planes. On the contrary it is expected that the larger energy loss
of the particles travelling along the {130} plane will cause a deviation
from the straight line and thus introduce additional terms in (30). For the
more widely separated planes {100} the lower energy loss may increase the
degree of correlation. The degree of correlation may be expressed by the
ratio r, where

=R p/Rineor Where 0<r<l1 (34)

As shown in Fig. 3a the intensity transmitted along the {100} plane is
different from the one along the {110} plane (Fig. 35). To achieve a similar
degree of correlation as in the latter plane it is found necessary to divide
the total intensity along the {100} plane into three parts

100y (E, 1, 0)=D 140, (E, t, 0)+ P 100 (E, t, 0)+R(E, t, 0) (35)

The directional part D and the random part R may be expressed in the
same way as indicated above. The function P, ,(E, , 0) is found to behave
very similar to the random part and may be expressed by

Piiooy (E, t, 0)= P 00, (E, 1, 0) cos (k'0) (36)
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One thus finds that
Pioo (E, 1,0) R(E,t,0)
P 100y (E, 1, 0) R(E, t, 0)

(37)

According to (37) it is possible to use either the random part R or the
function P to correct for changes in effective foil thickness. It is found
experimentally, however, that R(E, 1, ) generally represents a shorter range
in the material than either of the two other functions whenever they appear
in the transmitted intensity. Thus it may sometimes be necessary to use
the function P, namely if the incident energy is too low for the random
part to be detectable.

The function P(E, t, ) depends upon the type of plane in such a way
that the value of P at any angle 0 is larger for lower indexed planes.
Furthermore, P is independant of any low index directions in that particular
plane. These facts indicate that the function P may be connected with the
planar potential described by Lindhard. P is therefore called planar
channeling.

For the {100} plane one may now write
Diyooy (E. 1, 0)=D100,(E, t, 0) cos (k'0) x
x Y F100)(E, Dexp {—(0—0,,,,)°/205.,...}  (38)

[hkl)
P00y (E, t, )= Py, (E, t, 0) cos (k'6) (39)
and
R(E, t,0)~R(E, t,0) cos (k'0) (40)

For 17 keV D* ions transmitted through a 265 A thick gold crystal along
the {100} plane, the function Fi,4,,(£, 7, ) may be written

F||00'(|7,265)=||3\T“‘013 (4])

The cut-off value x_,=0.115 is smaller than for the {110} plane. However,
in the plane {110} the peaks are normalized relative to the channel [001]
while in the {100} plane the normalization is made relative to the channel
[011]. Now

A -
= )2 (42)

A[OOI]

and thus one finds for the cut-off areas 4, the ratio

1100} (100}
Aco '\co ‘4[011]

Ai(l)lOl \,HlO}

x1 (43)
*eo ‘4[001]
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The cut-off areas A, are therefore approximately the same along the two
planes and equal to about 0.041 a, where a, is the lattice constant for gold.
Taking into consideration the somewhat higher energy for the ions traveling
along the {110} plane it is clear that the cut-off area A_, in the {100} plane
is slightly smaller than along the {110} plane. A comparison between the
{110} and the {100} planes at one constant energy thus reveals that the
quantitative correlation is only slightly better in the {100} plane.

The intensity transmitted along the {111} plane, /,,,,,(E, ¢, 0), has to be
divided into three parts as well in order to achieve a good quantitative
correlation with relative channel areas x. For a crystal grown in the [001]
orientation, the {111} planes do not intersect the point #=0° in a stereogram
representing the lattice. Instead the {111} planes may be found in the in-
terval ‘0]235.2°. It is found advantageous to trace the {l11} planes
in the interval 35.2°<6<45" i.e. between the channels [112] and [O11]. In
this interval the function cos (k'#), which takes care of changes in effective
foil thickness, may be substituted by the linear function

L(0)=1,64(1.22—0) (44)

For 16 keV D" ions transmitted through a 450 A thick gold crystal along
the {111} plane it is found that

Fiy11,(16,450)=x (45)

where x is related to the [011] channel. (45) indicates that the cut-off value
of x is zero along the plane {111}. This is not the case. From experiments
it is shown that one has to put a limit to x which is found to be approxi-
mately 0.115 for the 16 keV D" ions discussed above. If compared with the
values for the other two planes it is found that for one constant energy the
cut-off value for the {111} plane is slightly smaller than for both the other
two planes. The difference between the three planes {111}, {100} and {110}
as fas as the cut-off area is concerned is very small, however. To summerize
the result of the above discussion one may therefore say that for energies
around 18 keV, D* ions are not channeled through a single crystal foil in
a direction [#k/] for which the channel area is smaller than 0.04 aZ.
For the {111} plane one may now write

D11y (E, 1,0, p)=Dy (E, 1, 0, pp) X

s Y L) - xexp {—(0—0[,,,‘,])2/2(k"o’am,,)z} (46)

[hk!]
for
0.614<0<0.785 and x>0.115
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(6o, @o) is equivalent to the channel [011], and k" is a parameter due to the
goniometer design.

Because of the fact that when tracing the {111} plane, the azimuthal
angle ¢ is not constant, the width of the peaks in the {111} plane is larger
than normal and varies somewhat with @. This is discussed in some detail
in [1h]. The parameter k” in (46) is experimentally found to be about 1.8
for the channel [112]. This value is fairly consistent with the value 1.74
obtained from the relation

Go= v (47)

given in [15). The value of the parameter k" may also be checked for the
[011] channel by comparing experimental and theoretical ratios. Thus, from
Lindhards formula for the critical angle for channeling one would except
a theoretical ratio

001111905112 =1-3 (48)

Experimentally one finds for D* ions of about 3 and 10 keV
g
AN =1.340.1 (49)
6¢|xl:|
From (47) and (49) one obtains
Oginsn. Osuiin sin 45°

. Q=
Ooi2; Oopiz SN 35.2

1.6+0.1 (50)

which agrees satisfactorily with the theoretical value 1.5 above. From here
one may use (47), (49) and (50) to arrive at the relationship between g,
and ¢, for the [011] channel

O o =13 LT Loy, = E 39800 (51)

@oi11)

It is found that generally
1
k= : (52)
sin Oppu

(52) yields the factor 1.414 relating the characteristic widths in (51).

To complete the description of the transmitted intensity along the {111}
plane, it is noted that analogous to the situation along a {100} plane one
may write for the function P

Py (E 1,0, )= Py (E, 1, 0o, 00)1.64(1.22—0) (53)
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in the interval
0.614<0<0.785

A similar relationship exists for the random intensity.
A comparison between P, -values at constant energy and effective foil
thickness shows that
Py >Priooy > P (54)

Blocking effects

Domeij et al. [5] have shown that the z-radiation from active Rn and Po
atoms positioned at normal lattice sites in a tungsten lattice shows a marked
dip along the direction of a low order channel. The effect is called blocking.
It is known that a blocking effect may also show up when ions are trans-
mitted through a lattice and detected at large angles from the incident beam.
There are reasons to believe that both directional and planar blocking
effects are possible [VI]. Erginsoy [6] has presented some aspects on the
phenomenon. As he points out “the observed effects are consistent with
the strong scattering that a particle would be expected to undergo whenever
it penetrates deeply into an atomic row or a plane and becomes nearly
parallell to it”. He further suggests that in the presence of thermal vibra-
tions of the lattice atoms this strong scattering is not due to single Ruther-
ford deflections. The phenomenon is more likely to be the result of correlated
multiple Coulomb scattering. The situation is similar to the channeling
case in that the high anisotropy of the atomic distribution causes the
correlated scattering. One difference between the two kinds of phenomena
is that the blocked particles loose more energy than normal while the
channeled particles loose less energy than normal. The latter kind of
particles feel an electron density which is less than normal due to the fact
that they do not come closer to an atomic row or a plane than a, the
screening length. Instead they sample the low electron density closer to
the center of the channel.

The blocked particles sample the atomic density N(r) near the center of
a plane, 0 <r<a. According to Erginsoy one may write

1
— exp {—r?/2ii%} (55)

M= A) 2ni

where r is the distance from the center of the plane, | /4=p, [V] is the
atomic density in the plane and @ is the mean amplitude of the thermal
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vibrations perpendicular to the string. The average atomic density N,, is
given by the expression

-35/2

!Vuv:j N(r)dr=1/As (56)
where s is the interplanar distance D,
To a good approximation the ratio N(r)/N,, is equal to the ratio
[< 02 > r/ <02 >uv]Ax

which is the ratio of the mean square angles for the same small distance
Ax traversed by the ions. One may thus write

S

[<8%> /<>, Js= _exp {—r?[2u?} (57)

~2
-

T

/
)

Two gold films with approximately the same thickness Ax are used to
check (57). One is a single crystal and the other is a polycrystal foil with a
random orientation. For the {100} plane it is found experimentally that

o

[ €05 /<0 > Tie—isoa=0.175

In the experiment it is not possible, however, to follow the exact path of
the particle. It is possible and even probable that in the experiment a
particle may change from a situation of proper cahnneling into a situation
of true blocking or to random scattering during some time of the penetration
through the film. The comparison given here between theory and experiment
has therefore to be considered as a rough estimate.

For a {100} plane in l.c.c. gold one has approximately at room tem-
perature '

sa2A
{ﬁ ~0.1A

This gives

N(r)/N,,=8.1exp { —r?/0.02} (58)

ay

from which one finds
F=0.1A and (F)*=0.13A

The experimental value
Tep=028 A

is the estimated distance from the center of the plane where the particles
experience the blocking in the presence of thermal vibrations. Fig. 12 shows
the blocking and the channeling region for a {100} plane. For a static
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lattice the distance from the plane where the channeling region starts is
r=a. Thus one would expect a theoretical distance r,.,, somewhat larger
than 7 or (¥2)*
Fheor=J" i +a (59)
where /'is a constant or the order of 1 —1.3.
For D* ions in gold a=0.12 A and

Fineor £0.22—0.25 A

which agrees roughly with the experimental value 0.28 A

One concludes from this estimate that the atomic distribution given by
Erginsoy predicts a region close to the crystallographic plane where the
blocking effects occur and with outer limits of approximately the right
magnitude.

{100} [001]

{hk}
5/2 or D 13

"

BLOCKING CHANNELING
REGION REGION

Fig. 12. The blocking region and the channeling region are shown schematically in the

figure. The blocking region may be represented by r==|iz +al. A thermally vibrating atom

is represented by the circles. The mean amplitude is i. @ is the screening length and
s is the interplanar distance.



Determination of structure and energy loss

As shown in [IV] the determination of the structure of a crystalline foil
may be performed by the transmission of light ions of quite low energies.
By simple means it is possible to use energies down to a few keV still using
practical film thicknesses. In this situation the detection of the transmitted
current may be performed by a Faraday cage and an electrometer with a
sensitivity of 107154, For much lower ion energies and ion currents indi-
vidual particle counting is necessary. This results in an appreciable reduction
in the radiation damage which otherwise is disturbing. For quick checks
of the structure of a foil an ion transmission equipment may be as useful
as an electron microscope. For ion energies less than 20 keV it is possible
to look through a crystal of much greater thickness than is possible with
the microscope. Film thicknesses of several thousand angstroms may be
checked by protons or deuterons of about 20-30 keV using the channeling
effect. Individual particle counting will most probably extend the thickness
region up to several microns for ion energies of the order of 100 keV.

The development of the channeling technique is competeing with ordinary
electron microscopy in an increasing number of situations. As mentioned
above the microscope is already surpassed as far as thick targets are con-
cerned. Fagot and Fert have designed an ion-clectron microscope in which
the secondary emission of electrons from ion bombardment is used as the
source in an ordinary electron microscope. A picture, of for example a
single crystal taken by this microscope, reveals the areas misoriented
relative to a reference plane in the crystal with excellent contrast. The
microscope may also be used for studies similar to the ones summerized
here through the detection of secondary electron intensities as functions
of the crystal orientation relative to the in cident ion beam. Curves
similar to transmission profiles are reported.

Energy loss measurements are performed for the main purpose of
separating the direct beam transmitted through small pinholes, which
accidentally may be present in the film, from the beam actually penetrating
through material. For each combination of ¢ and ¢ the transmitted intensity
has a maximum corresponding to a most probable energy loss AL,
The function AE, (0, ¢) is obtained through a variation of the analyzer
voltage U. Thus one obtains energy loss values and maximum intensities
simultaneously.

The analyzer is not designed for high resolution energy loss experiments.
The center line between the two analyzer plates is not on ground potential
as is desirable. This fact affects the resolution noticably and for high energy
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losses the linearity is spoiled. Still, some information may be gained from
the measurements. It is found that along the {100} plane the energy loss is
relatively smaller than along the {110} plane which in turn does not deviate
from the energy loss of the random beam. Further, the energy loss along
the [011] direction is smaller than the loss along the {100} plane at #=45"
This is partly due to the {111} planes intersecting at #=45°. A comparison
between the energy loss at #=35" along the [112] channel (the intersection
between a {110} plane and a {111} plane) and at §=45" along the [011]
channel (the intersection between a {100} plane and a {111} plane) shows
that an energy loss value characteristic of the [011] channel has to be
considered. By similar arguments, further discussed in [I5] it is found that
the expected order of importance amongst the directions and amongst
the planes is obtained. No contradictions exist between the results from
energy loss studies and from studies of relative transmitted intensities. It is
believed that energy loss studies using a high resolution analyzer will add
usable important information to the existing knowledge of low energy
particle channeling. This will be one of the future experimental tasks.

Summary

The investigations have shown that the characteristic features of a chan-
neled ion beam, the peak widths and the peak intensities, may be explained
phenomenologically in rather simple terms and may also be mathematically
formulated to make a more stringent analysis possible. It has been shown
that planar channeling occurs along some planes. It is not known, however,
where this planar intensity originates. There are reasons to believe that a
cumulative effect is responsible for the planar intensity. The ion beam
directed along a low index channel is believed to loose intensity to the planar
beam and to the random beam all the way through the film. This may be
caused by the high defect density in evaporated films.

The total picture of the channeling effect as obtained from recent publica-
tions, including this work, is fairly complete. The blocking effect is not so
completely understood at the present time. The works by Lindhard and by
Domeij et al. have added valuable information to our knowledge. The
blocking effect in transmission studies, as it shows up in this work, is most
probably a mixed effect between channeling and extreme blocking, as it is
observed by Domeij. This situation can not be subjected to analytical
calculations at the present time. As Erginsoy points out, this may possibly
be achieved by machine calculations based upon reasonable approximations.
Before then, however, the effect has to be more thoroughly investigated
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through experiments, A new accelerator for the acceleration of light ions
is under construction. The maximum particle energy will be about 50-75
keV. The vacuum in the vicinity of the crystal will hopefully reach the
low 1077 mmHg region by help of a coldfinger which completely surro-
unds the target and which is cooled down to liquid nitrogen temperatures.
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The eifect of symmetry in a crystal lattice on
the scattering of ions has recently been reported
to be of more importance than was expected. Many
authors give experimental proof for the existance
of correlated small angle gscattering moatly in
experiments dealing with sputtering [1-4] and
range determinations [7-8]. A transparency model
used in the theory of sputtering is moderately
successful in accounting for the angular depen-

116

dence of sputtering. Transmitted distributions
through single crystals do also show angular de-
pendence [2, 5, 10]. This is referred to as the
channeling effect. It is the purpose of this letter
to report some experimental results on channel~
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ing at low energies in single crystal gold filma
using 13 keV D* ions and compare the results
with the predictions of the transparency model.

The films are grown by vacuum deposition
onto a substrate of rocksalt. They are removed
by dissolving the rocksalt in water and are then
mounted on 75 mesh Cu electron microscope
grids 3 mm in diameter. Electron microscope
diffraction patterns show that the films are sin-
gle crystals with a (001) orientation. The elec-
tron microscope pictures also show that the
films are not exactly uniform in thickness but
contain a small fraction of areas which are prob-
dbly guite thin.

The incident mass geparated ion beam has an
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Fig. 1. Transmitted ion currents and energies of D"
ions incident on & {001) gold crystal in the (100) and
(110} planes. Arrows point at the angles for the in-
dicated low index directions. Crosses indicate the
transmitted intensities for high index directions. The
incident ion ig 13 keV and incident current in-
tensity i8 5 X10™9 A, The thickness of the foil is shout
700 A,

angular spread of about 0.2°. Trausmitted ions
travel through a 90 degree electrostatic energy
analyzer and ave then detected in a Faraday cup.
The energy analyzer stops the ions transmitted
through hojes or thin areas in the foils. The an-
gle subtended by the entrance aperture to the
analyzer is about 5°, Channeled H* and He* ions
have been observed but for the present experi~
mental set up D' ions give the best reasults. An
aperture is used to confine the bombardment (o
a central area 1.5 mm in diameter on the grid
supporting the film. The grid can be rotated in
a goniometer around two perpendiculaz axis.
Thus it is possible to vary the polar angle 6 be-
tween the film normal and the incident beam axis
from -60° to +60°. The azimuthal angle ¢ of ro-
tation ahout the film normal can be varied from
0° to 360°, Without the gold film on the Cu grid
the detected intensity varics by less than 10%
within ~559 <8 < 4559 and decreases rapidly to
zero outaide this angle interval.

It seems reascnable to agsume that ks trauns-
parency in terms of the avea Axpy per atom can
be uged to explatn the variation in intepsity for
different chanasis, Thin 18 defined by the rela-
tion Agpr = const X pp" ", where pppp is the
namber of stomic 10ws per unit area used by
others [6]. The transmission ig expected to be
high for crystaliographic directions with a high
transparency and Jow fur erystatlographic direc-
tions with a low transparency. I is easily veri-
fied that Ayy; for a direction for whieh h+ 4+l is
even, is larger than the neighbouring directions
for which h+ &+ ! ig odd {or the gold 1attice.

Fig. 1 shows typical distribuiions of the trans-
mitted fon intensity in (100) and (L10) planss and
the energies of the transmitted ions. The voltage
acrogs the analyzer platez iz always set to give
maximum intengity for every combination of 0 and
@. The accurecy in determining the transmitted
ion energy which gives maximum intensity is |
about + 0.13 keV for largest intensity and + 0.43
keV for the small intencitiss., The intensity in
(601) in fig. 1 drvopped 5% in the 200 gsec nesded
to make the measuresnents, This drop in inten~
aity with tinse is believed to be the combined ef-
fort of radiation damage and hydrocarhon bulld
up. The foil iz about 700 A thick., When ¢ is set
at guch values as to give high index directions
the transmitted intensity drops below the detec-
tion Himit of the electrometer with the detecior
geometry described sbove. This mezans that no
randomly seatiered beam is found with this de-
tector geometry, neither in the angular noz in
the energy distribution. R is thus not yet pos-
sible to say anything about the chiznneling ensrgy
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logs to distant electronic resonant racmentum
transier relative to close electronic collisions
for the randomly scattered beam [11].

it can be seen in fig, 1 that relatively pro-
nounced peaks appeasr for crystallographic direc-
tions for which 2+ 4%+ is even, except in only
two cases where the 4;;; - value is large enough 4
even when 2+ %+ is odd. These two cases are
{012) ang (001). Directions for which Z+4+1 is 5
odd generally do not give pronounced peaks. The a
distributions in fig. 1 show a correlation between
peak intensities and directional indexes, No cor- 7
rection is made for the fact that the effective foil
thickness is 40% greater for 6 = 45° than it is for 8
5 = 0°. Measurements made on about 50 foils
without the energy-analyzer have so far given well 3
established channeling peaks in the following di-
rections: (011}, (001), (112), (111), (013}, (015), 10,
(012}, (114) and (118). The transmitted intensity
in {111} planes iz found to be relatively high com- L
pared fo (100} and (110). In (111) planes we have
seen peaks in the (123), (134) and {145) directions.

* d %k & %
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Channeling of D+ and He+ Ions in Gold Crystals*

C. J. AvomeeNt axp R. L. fioens
Norilszestern University, Evension, IHinnis
(Received 3 June 1966)

The transmitted intensity of D* and He* jons through goid crystals in the forward divection is measured
as a function of crystal orientation for enerities near 15 keV. The zold crystals have a (100) orientation and
are mounted in a goniometer which can tilt the foil normal up to 60° away from the incident beam direction
and which can rotate the foil about its normal, The do tector can be tilted relative to the beam direction up to
a maximum angle of 58°. Pronounced peaks are found in the transmitied intensity at low-index directions.
Both directicnal and planar channeling are preseat, The peak widths are successfully interpreted in terms of
a channel-entrance pesk width and a channel-exit peak width. Energy analysis shows that the encrgy of the
transmitted ions also has peaks in the low-index directions. The experimental values for the energy loss of
the randomly scattered past of thefon beam agree with the theoretical predictions, :

INTRODUCTION

TN two recent papers we show that channeled intensi-
4. ties of low-energy D* ions in single-crystal face-
centered cubic (fcc) gold! and body-centered cubic {bec)
a-ion films? are closely related to the erystal structure.
For both lattice types we find enhanced transmission in
directions corresponding to the five channels calculated
by Robinson and Ocen® to be the most open ones. Planar
chanaels are also confirmed. In both structures they
originated from the two widest separated types of planes.

In order to explain long “tails” observed in measured
range distributions by Davies e/ al.,* Robinson and Oen,
in their computer studies, let a computer trace the
history of ions traveling in an ordered structure.
Different types of interatomic potentials were used.
In preliminary studies it was found that 19, of 10-keV
Cu atoms, slowing down in Cu according to the Bohr
potential, made very long flights, predominantly in the
{001) direction. At the present time structural efiects
due to channeling have been observed in range measure-
ments,® ion reflection and transmission measurements,®
sputtering yields,” secondary electron yields,” conver-
sion-electron measurements,”® and in nuclear rezction
rates.”*~15 Theoretical works on channeling have recently

* Supported by the U, S. Atomic Erergy Commission.
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been published by Lindhard,'s Erginsoy,” and Lehmann
and Leibfried.”® The ions are separated in two main
groups according to the type of motion they experience
during the passage of the film. Tons which are scattered
in a random way experience ungoverned motion while
channeled ions experience zoverned motion.'® Governed
motion is further divided into directional and planar
channeling.

The purpose of this investigation is to study channel-
ing of light fons in evaporated gold films at energies
lower than previously reported. It will be shown that
both directional and planar channels are present. The
most striking cvidence for channeling is that the
transmitted intensity in the forward direction shows
pronounced peais at low-index directions when meas-
ured as a function of foil orientation. The angular
widths of these peaks are investigated and compared to
the geometrical relations between the experimental
apparatus and the crystal channels.

A secondary cffect of channeling is the anisotropy in
the energy loss experienced by the penetrating jons. 1%
Energy is lost by electron excitation and through
displacement of atoms. We call these losses electronic
and nuclear energy losses, respectively. The energy
loss of the ions experiencing ungoverned motion is
compgred with calculated values of the stopping power
¢E/dx according to Nielsen® and Lindhard and
Scharff* The rcduction in the energy loss of the

WM. W. Thompson, Phys. Rev. Letters 13, 736 (1964).

1 B. Domeij and K. Bjorkqvist, Phys. Letters 14, 127 (1965).

87, Lindhard, Kgi. Danske Videnskab. Selskab., Mat. Fys.
Medd. 34, No. 14 (1965).

I C. Erginsoy, Phys. Rev. Letters 15, 360 (1965).

* C. Lehmannand G. Leibfried, J. Appl. Phys. 34, 2821 (1963).

© C. Lrginsoy, H. E. Wegner, and W. M. Gibson, Phys. Rev.

Letters 13, 530 (1964),
¢ ;"A. R. Sattler and G. Dearnaley, Phys. Rev. Letters 15, 59

1965).
“W. M, Gibson, C. Erginsoy, H. E. Wegner, and B. R. Apple-
ton, Phys. Rev. Letters 15, 357 (1965).

5. Datz, T. 8. Noggle, and C. D. Moak, Phys. Rev. Letters
15, 254 (1965).

“B. R. Appleton, C. Erginsoy, H. E. Wegner, and W. M.
Gibson, Phys. Letters 19, 185 (1965),

% Bleclromagnetically Enriched Isolopes and Mass {rgmromﬂ,
edited by M. L. Smith (Academic Press Inc., New York, 1956 A

. 68,
P J. Lindhard and M, Schasff, Phys, Rev. 124, 128 {1961).
341




342 C. J. ANDREEN

As
/ FARADAY
CAGE

% 10
ELECTROMETER

F1c. 1, Fxperimental arrangement for measuring the transmit-
ted intensities of fons through a crystal as a function of the tilt
angle ¢ and the rotation angle ¢, The diameters of the apertures
are 4,=0,75 mm, A,=0.75 mm, and 4;=3 mm. The distance
between the foil and sperture A4, is 50 mm and the distance
between the foil and aperture A4, ia 32 mm. The ranges of possible
angles are —60°<0< 460° 0°< <360°% and —3°<a< +-58°,
The distance between the analyzer plates is about 20 mm. The
dircction of the ion beam is fixed.

channeled ions is interpreted in terms of directional
and planar channeling.

EXPERIMENTAL METHOD
Apparatus

The bombardment apparatus has been described
carlier.?® The goniometer, the energy analyzer, and the
detector geometries used in this investigation are shown
in Fig. 1. Details about the goniometer cun be found
elsewhere,! The angle subtended by the analyzer-
detector system is here decreased to 1.4° In addition
the detector alone, or the analyzer-detector system as
shown in Fig. 1, can be rotated an angle ¢ about the
same axis as the @ rotation. & can be varied from —3°
to +-38° relative to the beam direction. The beam is
confined to a central area on the foil of about 1 mm in
diameter. All measurements are done with the foil at
room temperature. A copper cylinder in the vicinity of
the crystal can be cooled down to liquid-nitrogen
temperatures to reduce contamination of the gold
target,

Foil Preparation

The gold single crystals are grown in a conventional
vacuum system at 10~* Torr by evaporating gold onto
hot rocksalt substrates which are cleaved in air just
prior to their insertion in the vacuum system. In order
to grow continuous films of thicknesses down to 200 A
it is necessary to evaporate an intermediate single-
" crystal silver film. During the growth of the silver
crystal, about 1000 A thick, the substrate is held at
about 150°C. Gold is then evaporated onto the silver
at a temperature of about 200°C. The evaporation rates
are about 1-5 A/sec. The gold-silver film is floated on

% R. L. Hines and R. Arndt, Phys. Rev, 119, 623 (1960).
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water and the silver is then disolved in 309 HNOy,
The gold crvstal is carefully rinsed and picked up on &
75 mesh Cu grid 3 mm in diameter, After the foil has
dried on the grid the suface is shiny and without any
visible wrinkles. The film is then checked in an electron
microscope. No holes are present in the films which bave
been used for measurements without the energy analyzer
and all films had perfect single-crystal diffraction
patterns. The epitaxial relations are {100} wacu|!{ 100} a¢
and {100} szl {100} au. The crystals are self supporting
down to an estimated thickness of S0A. Further
details about the growth of single-crystal silver and
gold films can be found elsewhere!” The thickness of
the gold crystals has been measured from the optical
transmission. The transmission coefficient of a mono-
chromatic light beam is known as a function of the
thickness.” In addition, the stacking faults, extending
diagonally through the foils, have been used to deter-
mine the thickness. Results obtained by the two
methods do not differ by more than 5-~10%.

Measuring Procedure

The azimuthal angle ¢ in Fig. 1 is an arbitrary angle
which has to be related to o known low-index crystalio-
graphic direction. The {011) channels have been used
for this purpose. They are the most open channels in a
fcc lattice and are found by rotating ¢, keeping #
constant at 45°% The presence of four strong peaks at
8=45° indicates that the film is a single crystal. When
the orientation of the crystal relative to the goniometer
is known, the intensity as a function of # can be meas-
ured for different plancs. The two planes (100) and
(110) have been chosen here. The most important plane
{111} can be found for |0|>35° and the transmitted
intensity is then maximized by changing both ¢ and 4.

When the energy analyzer is put in between the
goniometer and the detector, the most probable energy
loss AEmp is obtained as a function of 6 by maximizing
the transmitted intensity 7 for a set of values of 8 in a
particular plane, This is done by varying the voltage
on the analyzer plates. For some of the ¢ values the
intensity is also measured for values of ¢ corresponding
to High-index planes, This intensity does not show any
sharp peaks as a function of 6. The energy £ of the
incident beam is kept econstant while A¥nm, and ¢ are
obtained as functions of 6 and ¢. If the analyzer is not
used, the detector is attached directly to the goniometer
and integrates over all energies in a specific direction.

RESULTS

Transmitted Intensity and Energy Loss

The transmitted intensity 7 and the most probable
encrgy loss AEmy for 25-keV Het ions in a 275 A-thick

1, W. Pashley, Phil, Mag, 4, 324 (1959).
= P, Rouard, D. Malé, and J. Trompette, J. Phys. Radium 14,
587 (1953).
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ioi CHANNELING GF D* AND
gold Alm are shown in Fig, 2 as functions of 4 in the
pianes (100) and (110] for = 0°. The smooth symmetric
curves (solid lines) show the randomly scattered part
and the corresponding energy loss in high-index
crystallographic planes. These curves reflect the
Lehavior of a randomly criented polyarystalline gold
film as confimed by measurements, Figure 3 shows the
same functions ¢(6) and AL, (0) for 23 keV D+ ions in
2 350-A-thick gold crvstal. In both Figs. 2 and 3 the
governed motion in the (100) plane is divided into two
parts, indicated by duashed lines. These two parts
represent divectional and planar channeling. As far as
the intensity functions are concerned the separation is
made in the way described below.

The minima in the total intensity close to 8= —40°
cormrespond to a very high index direction. No direc-
tional channeling is expecied at this point. The intensity
therefore originates from planar channeling. The same
arguments also hold for the minima at about 6=—35°,
although the channel peaks might not be completely
resolved at this point. The dashed lines are drawn close
to these minima in a way that closely resembles the
profile of the random part. Peaks corresponding to the
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Fic. 2. Energy loss and transmitted intensity distributions for
23-keV He* lons transmitted through a 273-A-thick single-
crystal wold film. Arrows point at the angles for the indicated
iow-index cirections in the two planes (100) and (110). Selid
Iines running through squares represent rendom quantities.
Dashed lines represent dividing lines between directional and
planar contributions. The dot dashed line indicates the line shape
of channel {0137, Incident ion current is 1.9X107% A,
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tbrough squares represent random quantities. Dashed lines
vepresent dividing lines between divectional and planar contribu-
tions. The dot-dashed line indicates the line shape of the channel
[013]. Incident ion current is 1.1X107 A,

(0127, [0137, and [015] directions with a half-width at
half-maximum of 2.5° (the same as for the other nicely
resolved peaks) can now be superimposed on top of the
planar part. The sum coincides nicely with the measured
intensity.

The ratios of divectional to planar channeling are
expected to be much less dependent on the effective
foil thickness than are the intensities themselves. If
these ratios are comparved within the (100) plane, the
following expected orvder of hmportance amongst the
peaks is obtained : (011), (001), {013}, (012), and (013).
This is found for both D* and Ile* ions. No planar
channeling is found in the (110) plane. Despite the
fact that a “cutoff” in planar channcling exists between
{100} and {110} planes, peaks are present in the (110)
plane corresponding to the [114] and [116] channels.
The presence of the peaks [012], [013], [114], and
[116]} proves that the peaks can not be accounted for
only by adding up planar contributions.

Yigure 4 shows the transmitted intensity and the
energy loss as functions of ¢ for §=45° for 25-keV Het
ions in the same {oil as in Fig. 2. The curves are obtained
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after the foil has been bombarded for about half an
hour. It is seen that the (110) plane which would
appear at ¢="76° and ¢=166° is completely absent.

Using 16-keV D+ ions channeled through a 950-A-
thick gold crystal, it has been found that the relation-
ship between planar contributions from (Ii1), (100),
and (110) planes (separated from directional channeling
as described above) at |4} =35° is about

(110): (100): (111)=0:1:2.

This relation gives the experimental erder of importance
amongst the planes. A comparison between Figs. 2
and 3 reveals the following facts:

(n) The peak width is generally smaller for D+ ions
than for He* ions.’

(b) The transmission of D¥ jons in the forward
direction is higher despite the fact that D* ions pass
through twice the thickness of gold.

(c) The same eight low-index directions are rep-
resented by peaks in the intensity functions at the
expected angles and with approximately the same
relative intensities.

(d) The intensity of ions experiencing ungoverned
motion is relatively small for D ions.

The effects of several low-index planes intersecting
at 2 low-index direction are not known in detail at the
present time. However, this problem is believed to be
intimately reluted to the hard-sphere radius, Ior a

AND R, L.

HINES 151

Tante I. The peak widths oy, oy, and oy /o, are listed for four
different channels, Different foils and energies are used, The
agreement between sing and ap/dq is seen to be good.

¢ oy Co

Uik (deg) (deg) {deg) ot/ce sind
013 113 220 1043 0.211 0.196
012 8.5 1.65 4.73 0,348 0.316

2.30 6,50 0.354
012 26.8 2.20 S5 0.428 (.448
011 435.0 1.50 2.50 0.720 0.707

2.00 2.80 0.715

2.60 3.80 0.686

232 3.16 0.724

small hard-sphere radius, the open area seen along a
high-index direction in a low-index plane is a large
fraction of the total area. In a direction where several
low-index planes intersect, the additional open area is
small. A calculation based on a radius of 0.04 a,, where
a, is the lattice constant for gold, shows that the
experimental order amongst the directions present in
Ifigs. 2 and 3 does not change.

The peaks in the intensity curves are approximated
by Gaussian curves. In particular, the relative trans-
mitted intensity Pp as a function of ¢ near a channel
direction is given by the relation

Pe=exp[—(0—600)*/20¢"] for a=0, ¢=¢0, (1)

where (8y; vg) is the angular position of a low-index
direction and ay is the characteristic half-width. P, is
interpreted as the relative probability that an ion
incident at a small angle (6—6,) to a channel will be
channeled and detected within the small angular
interval set by the detector.

The relative transmitted intensity P, as a function of

. ¢ close to a channel dircction (6y; o) is

Po=exp[— (¢— ¢0)?/202] for wa=0,0=0, (2)

where o, is the characteristic half-width. In addition
the relative probability Py for an ion to be accepted
into o channel (g, ¢o) as a function of 6 is denoted by

Pm-‘f(ﬁ?‘lp[—-(g*eo)g/zdmgj for a=0—05, =00, (3)

where o1 is the characteristic half-width. The condition
that a=0—60, means that the detector is always kept
aligned with the channel axis. The relative probability
Py for an ion to emerge from a channel at an angle o

Tanze YI. The peak shift 0 is listed for three values of the
detector position ey, The ratio ag/88 has an average value of 2.57,
This volue gives the ratio eupfo=0.8 as compared with 0.74
ohtained from direct measurements of #yp and osp.

ey (deg) 0 (deg) wo/d0
3.0 1.84:£:0.13 2.724-020
10.0 3.80£0.25 2.630.19
13.0 A040.40 2.35:£0.15
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Tasie ITE, Caleulated and measured values of the total stopping
power ¢£ /dx in gold for D* and He™ fons in high-index directions.
(N) refers to the theoretical expression for the nuclear enerzy
loss given by Nielsen. (L) refers to the electronic cnergy loss
given by Lindhard and Schard.

E (BE/dr) ) - (dE[/dx)u'%S) expt,
Ton (keV) ble K V/4)

/vy c (eV/A)
Her 25 081 300 048 100 1241
D* 13 098 160 0~3 T Oz 1
25 074 260 0.0% 70 S:1

with respect to the channel axis (6o} @o) Is given by
Pw= EX})E"‘QQ/ZU'MQJ ior 0=00, Y= Loy (4’)

where au 1s the charactervistic half-width.

Measured values of o4, o, and oy for (011) channels
in a gold foil 660 A=40 A thick are ¢=2.7°£0.1°,
0p=3.4°+0.1°% and cu=4.6"0.1°. These values are
for 9-keV D* ions. Measured values of oy and o, for
several different channels are given in Table I, If the
detector is set at an angie ao, the peak position is found
to be shifted from the channel direction by an amount
0. Table II gives values of wg, 80 and their ratio for
D+ ions in the 660-A gold crystal,

Experimental values for dE/dx have been obtained
by plotting the total energy loss as a function of effective
foil thickness d which varies as 1/cosf. A straight line
is fitted to the experimental points. The results are
presented in Table 111

The way of separating directional and planar channel-
ing in the energy loss curves is based on the same
argunients which were used above. However, for 8> 30°
the separation is somewhat arbitrary. No peaks are
observed corresponding to the [012], [013], aud [0157]
directions. Table IV gives the percentage reduction in
the enerzy loss in the [011], [001], and [112] directions
which are the three most open crystallographic direc-
tions. No sign of the (110) plane is found in the energy
distributions.

Tasre IV. The most probable energy losses for the random part
AEy* and the reduction in encrgy loss for the channeled parts
AEnp"—AE, for Het and D¥ lons in three directions in gold
taken from Figs. 2 and 3. The bombuarding particie energy is 25keV
for the Het ions and 23 keV for the DT ions. (AEn,"—A&En,)/
AE.," represents the percentage decrease in energy loss due to
channeling.

(AEmn'_"A{-;:mp)/

4 Aliny ALy OB np = ALy Aoy

Ion ikl (deg) (keV) (keV) (keV) (%)
Het 011 —45 61 80 19 242
001 s 2 6.1 0.9 15£2

112 35 64 7.2 0.8 111

D 011 —43 73 8.6 1.3 1552
001 G0 560 63 0.7 11

2 #$35 68 7.5 0.7 911

AND Het
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6. 5. The trensmission coefficient T'(Z) in the (100) direction
normalized to zero time is shown as @ function of time. R(?) is the
ratio of channeled intensity in the (100) direction to the intensity
7° off the channel axis in the (100} piane normalized to zero time.
The figure 300° refers to measurements with the copper cylinder
near the gold foil at room temperature and the figure 77° refers to
measurements with the copper cylinder at liquid-nitrogen temper-
atures. Bombarding particles are 8-keV D7 ions and the current
density is on the order of 1077 A/cm®

Time Dependence

The transmitted intensity ¢ and the energy loss AZ.;
are both found to be functions of time. The energy loss
increases with time while the intensity normally de-
creases. The time dependence can easily be measured,
however; the rate of change in the energy loss is small
enough, so that no correction has to be considered here.
The reason for the change in the transmitted intensity
is studied to some extent by keeping the copper shield
in the vicinity of the gold film at different temperatures.
The function T(4) is defined as the ratio of transmitted
to incident ion current normalized to zero time. R(f) is
defined in the (100) plane as the channeled intensity
{{smp®—1is=r®) mormalized to zero time. This ratio is
expected to be sensitive to changes in the gold crystal.
In Fig. 5 7(#) and R() are shown with the copper shield
at room temperature (300°K) and at liquid-nitrogen
temperature (77°K). With the copper shield at 77°K
the contamination of the gold crystal is reduced and
the functions T(4) and R({/) reflect the effects of true
radiation damage. With the copper shield at 77°K the
normally observed contamination spot was not visible
on the gold film at the end of the 30-min bombardment.



346 C. J. ANDREEN

Charge Exchange

The interpretation of our results are based on the
assumption that for these low energies, charge exchange
with the bombarded material is independent of orienta-
tion. If we assume that the reflection coefficient is very
small, we find that for 30-keV E¢* ions, the fraction of
the incident intensity which emerges from a 300-A gold
crystal as Het ions is about 0.2. This value is obtained
by measuring the transmitted intensity as & function of

a and integrating over all forward directions with a
correction applied for the finite detector aperture.
Neutral He atoms are not detectable with the arrange-
ment used here. It is very likely that in our C\'pcr’ment
the charge exchange takes place in the contamination
laver which tentatively consists of elemental curbon.
The figure 0.2 is then in reasonable agreement with an
extrapolation of measurements at higher energies®

Crystal Defects and Thermal Vibrations

Evaporated gold films are known to contain appredi-
able concentrations of defects. The peak intensities are
believed to be affected by these defects and by thermal
vibrations. In particular, when the channel area becomes
small, the effect might be large enough to knock ions
out of the channel direction.

A “cutoff” in the directional channeling has also
been observed, The critical area for 23-keV D* ions is
found to be close to the (019}, (1,1,10), or (167) direc-
tiens. If the root-mean-square (rms) amplitude of the
thermal vibrations amounts to about 0.02 3a, 2t 300°K
and the radius of the D* ion is neglected compared to
the gold atom, the critical channel arca corresponds to
hard-sphere radius of 0.04z,.

DISCUSSION
Peait-Width Errors

There are several sources of error which might
effect the widths of the peaks, We will give a brief
discussion of each of these.

(e)_Detector angle. A numerical estimate of the effect on
the peakwidth of different detector openings has been
made. It is found that if hali of the acceptance angle of
the detector, gue, 15 equal to 0.5:, the measured width
is 39, too large. If cym=cgzs the correction is 897. In
all runs ¢4 <0.305s. A correction of 29, may be ap-
plied to o2

(6) Beam spread. From the diameter of the contami-
nation spot and the beam defining aperture, half of the
angular spread oneam 15 found to be 0.14°% We thus find
that opeam < 0.1010. No correction is necessary.

{c) Wrinkies. All foils have been examined in an optical
microscope for wrinkles in the central area of the
foil. Only foils with at least 4-9 perfectly flat grid

C. Armstrong, J. V. Muilendore, W. R, Harris, and P,
\Iancm, Proc. Phys. Soc. (London) &6, 1283 (1265).
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squarcs in the center have been used. No wrinkles are
, seen after the bombardment. No correction is necessary.
For some of the films, electron micr roscope photognpl‘s
show bend extinction contours which indicate the pres-
ence of submicroscopic wrinkles. The effect of these is
believea to be small.

(d) Grid-Square Misorientotion. Microscope grids look-
ing perfectly flat to the naked eye have been checked
in the optical microscope. It is found that indi-
vidua!l g hnd squares can be tilted a small angle rela-
tive to their nc:;_rhbors. A maximum tilt of about 1°is
observed. The standard deviation ogie Is equal to
about 0.5°% We find that a‘x,:(1<0.30'2g. A correction of
29 may be 'mph'cd 0 a2s

(e} Angular Measurements. The accuracy in qcttmg the
dials for 8 and e is about 0.253°. A gear ratio of 2:1 in
the dial for ¢ makes it posszble to set ¢ within 0.15°
The sta.xat;cal errors in measuring s, oy, and oy are
therefore 0.1°-0.2°. No goniometer play has been ob-
served. We find gearozs. No correction is necessary.
{f) Surface Contomination. The effect of ‘surface con-
tamination is very obvious from the studyiof the varia-
tion of peak intensities with time (Fig. 5). It is assumed
that the contamination laver consists of elemental
carbon.” From a comparison between the mean-square
deflection anales for o &30-A polycrystalline gold flm
and 2 100-A carbon film™ we find that the additional
spread in the incident ion beam due to a 100-A carbon
film iz about 0.13°. The effective beam spread hoqm IS
still only 0.153¢2¢. A correction of 19, may be applied to
a2 because of the spread in the bombarding ion beam.

Because of (a), (&}, (d), and (f), the measured values
are about 3-5%, too bigh. The statistical errors are
about 5-10%,.

Errors in Energy Determination

When only a single energy value, corresponding to
maximum intensity in a specific direction, is measured
the accuracy is o 297 for high intensities and 5-79, for
low intensities. When the complete energy profile is
determined the accuracy in loczmn" the most probable
energy of a particular beam component is about == 1.5%.

The rate of change of AR, as a function of time is
found to be approximately 209 during the first hour
of bombardment. This change in energy loss affects
mainly the ungoverned motion. The heights of the peaks
above the random energy loss in the energy-loss curves
are less dependent on time. No corrections have been
applied to any energy values presented in the figures or
the tables.

Errors in Intensity Measurements

The experimental error in measuring the transmitted
intensity for an individual point is less than 1% for
% A. E. Ennos, Brit. J. Appl. Phys. 4, 101 (1953).

SN, F. Mott and H. 8. W, M.mscv, The Theory of Atomit
Collisions (Clarendon Press, Cxford, England, 1949), 2nd ed.
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high intensities and about 39, for low intensities. The
relative ervor in separating the directional from the
planar channeling is about 109,. The errer in the
transmission coefiicient 7'(}) in Fig. 5 is about 5%,

Axalysis of Peak Widths

We now try to find relationships between measured
values of oy, oy, o10, and ey Assume that the Gaussian
distributions on the entrance side Py and exit side Pap
are independent and symumetric around the channel
axis. Assume further that oys7€os. Then the relationship
bewween Py, Py, and Py should be

Py= Py Py, (3)
which gives the relation
o = oy R (6)

The measured quantities given earlier do satisfy this
relation. It is found that usually oy is larger than oy.
The critical angle for channeling!® is expected to increase
as the energy decreases. Since the encrgy decreases as
the ion traverses the foil, the larger value of o2 may be
due to the increased critical angle for the ions emerging
from the foil.

When the ions are detected at a fixed angle a0, it
is found that the peaks in the transmitted intensity
measured as a function of 4 are shifted. Assuming that
c18=0ss it is obvious that Py=exp{—{(6—00)*/201s"]
—(0—6G—ap)*/ 203} has a maximun for a shift §¢
given by

a/50=2. (1)

Table II gives the measured ratios ag/80 for three values
of ap using 9-keV D+ ions in 2 660 A==40 A gold film. It
shows that in this particular experiment the assumption
that ocu=oy leading to (7) is not the best assumption.
f instead oy is assumed to be 0.8¢4, it can be shown
by maximizing Py that the calculated ratio ay/89
agrees with the average measured value of 2.6 in Table
II. The directly measured values of o35 and o given
.above give a ratio of 0.74.

If ¢ is changed across a channel peak with =0 and
8=0, we cffectively change the angle 3 between the
channel axis and the beam direction. The relationship
between 8 and a change Ap= p— ¢, for small values of
8 and Ay around the channel axis can be shown to be

8/Ap=sind. (8)

If the channel peak has rotational symmetry, the
characteristic widths ¢ and ¢, should be related by
the equation

&)

Figure 6 shows the experimental ratios of as/c, for four
channel peaks in the (100) plane. The solid curve is the
function sind. Six different foils are used. The agreement
is very good and proves that the difference between

os/cs=sing.
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F16. 6. A comparison between sing (solid line) and ay/o, (filed
circles) for four channelsin the (100) plane; six different gold
foils are used. The agreement between oy/eo and sind shows that
the peaks are summetric around the channel axis.

oy and ¢, is not characteristic of the crystal, but
originates from geometrical factors in the goniometer.
The peaks are thus quite symmetric around the channel
axis,

Analysis of Energy Losses

The total enercy loss is the sum of nuclear and
electronic losses. To compare the measured JE/dx
values with theory we have used the expression by
Nielsen** for the energy loss due to displacement
collisions:

JE® NM: 2l W
=3.63 . (10)
dx MMy (Z2R+Z529)1 6

For the electronic loss we use the expression by Lindhard
and Scharff*:

dEUS)  N8wéfaeZiZe: v
ax (szls-!-Zzzla)a’z Yo =

(11

In (10) and (11), NV stands for the number of nuclei per
unit volume. The indices 1 and 2 denote the bombarding
and the target pacticle. aq is the Bohr radius and &, is a
parameter of the order of unity. 7 is equal to e/%. In
(10) the ratio b/ae between the impact parameter b and
the screening radius ¢ is limited to tae interval 0.8
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< (b/e) <15. The ratio K=04/\ must be large compared
to unity where \ is the de Broglie wavelength of the
incident particle.

According to Dienes and Vinevard,™ the electronic
loss (11) to the conduction electrons is important when

the energy
E> Mier/16m., (12)

where ¢r is the Fermi energy for gold (5.6 eV). The
critical energy for He* ions in gold is, according to {12),
about 3 keV. Tables III and IV list the calculated and
measured quantities for 23-keV He'® jons traveling
through the 273-A single-crystal gold film in Fig. 2 and
for 23-keV and 13-keV D+ ions transmitted through the
530-A gold film in Fig. 3. Because of the fairly large
energy loss in the foils the average velocity # over the
region in which dE/dx is measured is used instead of v. In
Table IV the last column lists the percentage decrease,
(AEmp"—AEmp)/AEny, in the energy loss for Het and
D+ ions channeled through three of the mest open
channels in a fcc lattice. ALn," denotes the most
probable energy loss of the random part of the beam.
In the ({12) direction (AEmy"—AEmp)/AEmy" is
found to be about 119, for He* ions in gold. Almost the
same figure is obtained if the energy loss is measured in
the (111) plane at a ¢ value off the [1127 direction and
corresponding to a high-index plane of the type (7%0).
This fact indicates that the percentage reduction in
the (111) plane is also about 119%. At =0 only (100)
planes contribute to the channeling. The percentage

reduction in energy loss due to this type of plane is

found to be about 7%. The (110) plane does not show up
at all. The order of importance amongst the planes is
thus found to be (111), (100), and (110) which is the
same order as was found above,

The energy loss has also been measured in the (001)
direction as a function of foil thickness. in the thickness

# G. I. Dienes and G. I, Vinevard, Rediation Lffects in Solids
(Interscience Publishess, Inc., New York, 1957).
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range 275 A to 1000 A, the function is very linear,
The slope of the line gives a value 7.4:20.3 eV/A for the
stopping power (dE/dx) in the (001) direction,

CONCLUSIONS

(1) The transmitted intensity of D* and He* ions
of 8-25 keV energy through thin single-crystal gold
films (275-600 A) consists of directional and planar
contributions as well as of a randomly scattered part.
(2) The order amongst the three most open directions
is found to be {011), (001}, and (112). (3) Intensity as
well as energy loss measurements give the order (111),
(100), and {110) amongst the three most important
planes. (4) A “cutoff” in the planar channeling exists
between the planes (100) and (110). (5) The peaks are
symmetrical around the channel axes and the over-all
peak widths are successfully interpreted in terms of the
channel entrance and exit peak widths. (6) Energy-loss
measurements in high-index directions agree satisfac-
torily with theoretical predictions for the stopping
power dE/dx. (7) The difference in energy loss between
directional and planar channeling is much less pronunced
than the difference in the channeled intensity showing
that the effect of channeling on the energy loss is a
secondary effect. (8) Charge exchange is found to
significantly reduce the fraction of the beam which
emerges from the foil as ions. (9) From the observed
cutoff in the directional channeling at high indices, the
effective hard-sphere radius for 23-keV D¥ ions in gold
is estimated to be 0.16 A.
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DIRECT OBSERVATION OF CHANNELING IN bee IRON FILMS*
C. J. Andreen, T E. F, Wassermann, and H. 1. Hines

Neorthwestern University, Evanston, Hlinois
{Received 4 April 19686}

In 3 vecent Letter* we reported about trans-
mission of 13-keV D" ions in single-crystalline
fee gold films. The results showed that the
transmitted intensities in the beam direction
are high in low-index directions or along low-
index planes. The ione are believed to be chan-
neled between the atom rows and planes in the
erystal.’? We found that the channeled intensi-
ties are correlated with calculated transparen~
ey values Ag,., the area per atom along the
direction (:kl), given by App; =constoppr™"
where py kal is the number of atom rows per
unit area.® A good agreement exists between
the strongest five peaks and low-index direc-
tions calculated by Robingon and Oen® to be the
most open channels in fce crystals.

In this Letler we report the direct observa-
tion of channeling in a bee structure. We com-
pare the results with thozse obtained on gold

782

fiims in our previous investigations and show
that planar channeling plays an important role.
Penetration distributions of ***Xe ions in bee
tungsten have been obtained earlier.* The anom-
alous long-range “tails” in the curves are inter-
preted as being due to channeling. However,
these authors do not discuss the distinction be-
tween directionzal and planar channeling.
Single-crystal ao-iron films are used in cur
investigations. The films are grown by ultra-
high-vacuum (102 Torr) deposition of iron
onto hot rocksalt substrates. Growing techniques
similar to those described by Matthews® and
Shinozaki and Sato® are used. The film thick-
nese is measured with a quartz crystal micro-
balance. The epitaxial relation between the
films and the substrates as seen in an electron
microscope is that the (001} plane of iron is
parallel to the (001) plane of the rocksalt. The

G514 1-3
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FIG. 1. Transmitted currents of D" ions in the beam
direction through a 1000-A-thick a~iron film are shown
as a function of film orientation. The film normal is
{001) . Arrows point to the angles for low~index direc-
tions in the (100) and (110} planes. Dashed lines in-
dicate the separation of directional and planar con-
tributions, The dot~dashed line represents trans-
mifted intensities in high~index planes. Incident ion
current is 107 A. Incident ion energy is 15 keV,

films are picked up on 3-mm-diameter Cu grids
and mounted in a goniometer. With the goniome-
ter, the foil normal can be inclined to a polar
angle # with respect to the beam direction, and
the foil can be rotated about its normal through
an azimuthal angle ¢. A mass-separated D

ion beam is used for the bombardment. Details
about the apparatus and the goniometer geome-
try have been described earlier.™?

Figure 1 shows the channeled intensities in
the beam direction in a (100) and a (110) plane
for a 1000-A-thick iron film, The D* ions have
an energy of 15 keV. The incident ion current
is 10™* A, Because of the film orientation the
{001) direction appears at #=0, the intersection

Table 1. Most-open channel directions (ki) as
found experimentaily are shown for fee? and bee strue-
tures, A plus sign refers to resolved peaks and a mi~
nus sign to directions where no résolved peaks are
seen. The parentheses indicate that the 912 direc~
tion has a relatively low intensity.

bieiadorys S———

Gkt bee foe

(§165%
f11
111
912
112
013
113 t
114 -
015
133
115
117

P 4+
+ p o+ +

—_
~

i+ ) o+ +

L S S
i

%8ee Ref. 1.

hetween the two planes, In the (100) plane,
peaks are found in directions corresponding

to the channels ©11) and O12). In the (110)
plane we find channels in the (111), (113), (115),
and (117} directions. The smooth background
shown by the dot-dashed line in Fig. 1 is obtained
from measuring the intensity in high-index
planes. In these planes the foil acts like a poly-
erystalline film with random orientation. Sim-
ilar curves are obtained from measurements

on randomly oriented iron films.

In Table I we list 12 low-index directions in
increasing nrder of the sum &+ k+ /. Directions
for which resoclved peaks are found are marked
with a plus sign, No peaks have been seen in
directions marked with 2 minus sign. Table 1
shows clearly that most of the peaks present
in one structure are absent or unresolved in
the other. This fact proves that the channeled
intensities are closely related to the lattice struc-
ture and therefore gives strong support to the
transparency model discussed by Robinson and
Oen.” Their transparency values (expressed by
the row densities p,.;) suggest a certain order
among the channel directions. The order is dif-
ferent for fcc and bee structures. For both
structures we do obtain the first five most open
channels. The peak intensities, however, do
not give the expected order because of an un-
known dependence on effective foil thickness,
The most striking difference between the fce
and bee structures cccurs for the two directions
{112) and (013). In gold" both directions are

G514 2-3 #83
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very pronounced while they are hardily visible
at all in iron.

Figure 2 shows the transmitted intensities as
a function of azimuthal angle ¢ for a constant
value of 8=45° Peaks at ¢ =10° and ¢ =100°
correspond to (011)-type channels., The shoulders
on each side of these maxima belong to the chan-
nels of the type (133). At ¢ =55° and ¢ =145°
no low-index directions are expected from the-
ory. The high peaks at these angles must, there~
fore, be due to channeling in (110) planes. The
total intensities in Fig, 1 thus also have to con-
tain planar contributions. For 6=+49° and ~37°
only very high-index directions exist, and we
expect only planar channeling at these points.
Using these minima and observing the fact that
the width at half-maximum is roughly constant
for all peaks, we can find the planaf part on top
of which the directional contributions appear.
The separations are done in Fig. 1 (dashed lines).
It can now be seen that the {(110) plane is more
transparent than the (100) plane, which is ex-
pected from calculated values of interplanar

<Gl (403

|

<iQ {HO)Y

<i33> <3i> <23 <133

t&Al |

&
T

DETECTOR CURRENT (upud)

§=48°

1

o 60" 120" 180*
AZIMUTHAL ANGLE ¢

FIG. 2. Transmitted current of 15-keV D' jons in
the beam direction in a 1000-A a-iron film {s shown
as a function of azimuthal angle ¢. The polar angle is
0=45", Arrows point to the angles for the indicated
low~index directions and planes, Incident ion current
is 10™% A

T84

spaecings.

No sign of the next important plane (112) is
found. This means that in our experiment only
the two most important planes {110) and (100)
show planar channeling, In directions where
these planes intersect ({111), (011), and (©01)),
the net effect of several planes has to be con-
sidered. So far we do not know exactly how this
could be done; but a calculation based on an
estimated hard sphere radius of 0.06a, where
@ is the lattice constant for gold, gives a maxi-
mum correction of about +20% for the planar
contribution indicated in Fig. 1 in the (011)
direction. In the (001) and {111) directions the
upward shift is much smaller.

The energy loss of the ions in the iron films
can be determined by a 90-deg energy analyzer.
For the (001) channel this energy loss is found
to be about 50%. Energy losses for other direc-
tions are higher,

Provided that the D' ion energy is kept con-
stant, a comparison between peak widths for
iron and gold films of the same thickness can
be made. We find that the channel peaks are
broader in iron than in gold, H', D', He*, C*,
OF, and MNe' ions have been used {or channel-
ing experiments in gold foils. I is found that
the peak width increases when the mass ratio
between the target and the bombarding particle
decreases. The data on iron agree with this
reiation,

Radigtion damage reduces the peak intensities
because the channels are blocked by displaced
atoms. By logking at the films in an electron
microscope after bombardment, the damage
can also be observed as a high density of de~
fect clusters,

*Research supported by U. 8. Atomic Energy Com~
migsion,
1Present address: Department of Physics, Chal-
meérs University of Technology, Gothenburg, Sweden.
I¢, J. Andreen, R. L. Hines, W. Morris, and
D. Weber, Phys. Letters 19, 118 (1965).
2R, 8. Melson and M. W. Thompson, Phil. Mag. 8,
1677 (1963).
M. R. Robinson and O. 8. Oen, Phys. Rev. 132,
2385 (1963).
8. Domeij, F. Brown, J. A, Davies, G. R. Piercy,
and E. V. Kornelsen, Phys. Rev. Letters 12, 360 (1964).
53. W. Matthews, Appl. Phys. Letters 7, 225 (1965).
83, Shinozaki and H. Sato, J. Appl. Phys. 36, 2320
{1965).
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CRITICAL ANGLES FOR CHANNELING OF H', D" AND He' 10NS IN SINGLE
CRYSTAL GOLD FILMS IN THE ENERGY INTERVAL 1 - 17 keV*

C.J. ANDREEN** and R. L., HINES
Northwestern Untversity, Evanston, Illinois
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The critical angles for channeling are obirined from measurements of transmitted ion intensity in the for-
ward direction through gold crystal foils as a function of foil orientation, The results agree with theoreti-
cal predictions for the low energy region.

Recent theoretical calculations by Lindhard the critical angle Y2 for channeling in the low

[1] have provided an approximate expression for energy region. The experiment results given
here for H*, DT and He* ions channeled through
* Work supported by the Atomic Energy Commission, thin single crystal gold films in the {(011), {(001),
** Present address: Department of Physics. Chalmers and (112) directions are in good agreement with !
University of Technology. Gothenburg. Sweden, the theoretical predictions. : 3
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Fig.1l. Critical angles for chameling for D* ions in

180-260 A thick single crystal gold films as a function

of the average ion energy E. The solid curve shows

the theoretical value for the (011) channel with C =

= 2.15. The vertical bars give the errors in critical

angles. The errors in energy vary from 0,3 keV at 1L
keV to 0,5 keV at 17 keV,

The apparatus has been described elsewhere
[2,3]. The gold films are prepared using stan-
dard techniques [4]. The most probable energy
loss AEmp is measured as a function of E with a
800 electrostatic energy analyzer. The average
lon energy E is gound by subtracting $AEmp
from the jncident ion energy.

The half width of a channel peak obtained by
tilting the foil an angle 0 relative fo the beam,
keeping the detector fixed on the beam, has ear-
lier been characterized by 0g [3]. This param-
eter is related to 019 and 03¢ through the equa-
tion

e :
%0 Y% M

where 045 and 0gg are characteristic half widths
for the angular probability function of acceptance
into a channel and emergence from a channel,

respectively. In the energy interval 1~ 17 keV we
find that

0y = (1.0 £ 0.1) 094 @)
which together with (1) glves
a19=720p . @®

To find experimentally the critical angle for
channeling ae, we draw a tangent to the channel
peak distribution through the point defining o1g.
The point where this tangent meets the intensity
of the ungoverned motion is the experimental
value of @g. This gives the experimental result

a, = (2.14 £ 0.18)0qg (4)
and thus from (3)
a, =2.14: fzoe 5 (5)

For a perfect Gaugsian distribution of the peak .
intensities one would expect a factor 2v2. By
measuring og as a function of E for different
channel directions the critical angle o, can be
compared with ¥5. Local misorientations of the
film surface due to microwrinkles are measured
from the Laue zones of the electron diffraction
pattern. The standard deviation for the angle of
misorientation is found to be 0.59 + 0,2°, Accord-
ing to an earlier estimate [8] of the foil condition
on the peak width, the error introduced by the
microwrinkles is less than 1%.

Fig. 1 shows the experimental points for D*
ions of different average energies E in the inter-
val 0.7 < F < 16 keV in {(011) channels. Several
different films in the thickness range from 180
to 260 A have been used in order to reduce the
effects of contamination build up and radiation
damage as much a8 possible. The solid curve
shows the behavior of /g for the (011) channel.

It is found that¥ g fits the experimental points
within the errors for the three directions {011),
{001), and (112 )in the total energy interval if the
constant C in the expression for ¥y is given the
value 2.15.

In order to look for a mass dependence H*
ions are used as bombarding particles on several
gold films both before and after a bombardment
with D* jons. No difference in the critical chan~
neling angle between DV and H* jons is found. He
ions are also used as bombarding particles. It
is found that with the other parameters constant
the critical angle for channeling @ for 17 keV
He™ ons incident on gold is 1.18 + 0.04 times
larger than for D* ions. The theoretical value. is
1.17. From the experimental results we observe

. that ¥y accounts for the dependénce of the criti-

cal angle on the average energy E, the string
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The critical angle for channeling in the low energy region is measured
for H+, D+, and He ions transmitted through single crystal gold foils. It
is found that the theoretical calculation by Lindhard Tits the experimental
points within the experimental errors if the cqnstant C is given the value
2.15. No difference is found between H and D' ions. The critical angle
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Yor He dions is found to be 1.13t 0.0k times larger than for D+ or H ions

of the same energy.
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for i D+, and He+ ions transmitted through single crystal gold foils. It
is found that the theoretical calculation by Lindhard fits the experimental
points within the experimental errors if the cqnstant C is given the value
2.15. No difference is found between H. and D+ ions. The critical angle

for He' ions is found to be 1.13% 0.04 times larger than for D' or H' ions
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The critical angle for channeling in the low energy region is measured
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Nelson and Thompson nave shown that it is possible to detect
surprisingly high intensities of H+ ions transmitted through thick
(3000-&0003) single erystal gold films in the (110) direction at an ion
energy of 795 kev.l The presence of the channeled ious showed up as peaks
in the ion intensity measured as a function of crystal orientation with
respect to the incident beam direction. Peaks due to the channeled ions
were seen for both transmitted and reflected ions. However, no energy
analysis was made of the ions and no defailed comments were made con-
cerning the angular widths of the peaks. Recently we have reported
preliminary results on the angular widths of the peaks at low energies.
At higéer energies (15-25 keV) a detailed investigation has shown the
geometrical relationships between the angular widths of the peaks
measured under different conditions.3

A recent analysis of the influence of a crystal lattice on the motion
of energetic charged particles by Lindha,r'c‘i)1L shows that one can expect to
find certain specific characteristics in the transmission curve. One such
characteristic is . critical angle for channeling. This critical angle
can bg reiated to the half width of the experimentally observed peak.

The critical angle is derived for botn a high energy and a low energy
region. The analysis is primarily concerned with high energies but an
approximate expression is given for the low energy region.

This paper gives experimental results for the angular widths of the
channeled peaks for 1 to 25 kev H+, D+, and He+ ions in gold crystals and
compares these results with the theoretical predictions of Lindhard in the

low energy region.
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The approximate expression derived by Lindnardh for the critical
angle y for channeling is based on the continuum string approximation.
It is demanded that the scattering at the point of closest approach to
a nucleus along the path is due to several atoms. At reasonable distances
from the nucleus the average potential of many atoms lined up in & row

(as for example along a low index crystallographic direction in a single

crystal) is described by the so-called string potential. This transverse

potential U(r), where r is the distance from the string, is an average of

votentials V(R) of the Thomas-Fermi type,

- 5 2 =1 %
V(R) =2, 2, R @ (3/a).

R is the ion-atom distance, Zl is the atomic number of the incident

particle, Z,. is the atomic number of the stopping medium,

2
&= 085 &, (Z12/3 + 222/3)-1/2 and ¢, (R/a) is the Fermi function
belonging to one isolated atom. U(r) is then given by

Ulz) = 2, Z, et A £(r/a)
wnere d is the distance between atoms along the string. An approximate

expreésion for g(r/a) wnich is applicable for all values of r is given oy
£(r/a) = log (Ca/r)2 + lj :

The adjustable constant C may be given the value C =,/3 to give a good
overall fit but it will be slightly higher for large values of r/a.
Tne condition that the scattering in the vieinity of the minimum

distance of approach, Lin? is due to many atoms leads to the relation
L

in

e
rmm 2

(1)

(2)

(3)

(L)
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where ¢ is the critical angle for channeling. The minimum distance of

approach is determined by

U(r. .
min

) = % M vE sinzg : (3)
where Ml is the mass of the incident particle and v its velocity. From
(2), (3), (4), end (5) it can be shown that the critical angle, bys for

channeling in the high energy region is given by
g, = (22, 2. e2/a z)2/2 (6)
i i #

where E is the energy of the incident ion. (&) is valid as long as

Ca/x}_;l d is lafger than unity which is approximstely equivalent to the

condition

E>E =22 2, g, (7)

At low energies where E < E', the quantity Ca/ d is small compared to

\:Il
unity which gives
22

RL3H 5 SRfen Y
Vg“FC a lezc/c.&hkl)

/4 (8)
whnere $2 is the critical angle for channeling in the low energy region
and & is given the subscript hkl to denote a particular direction. This
equatién for ¢2 is a rough estimate and can hardly be expected to hold zt very
low.energies.

A clessical treatment for the motion of the particles is appropriate

here. The stopping is almost exclusively due to electronic stopping. The

nuclear stopping is only 1% of the electronic stopping in this energy region

5

for a random system.” The nuclear stopping is further reduced when the particles

are moving along an open direction in the crystal. At low velocities, v <« ¥os

the electronic energy loss can be approximately calculated from the equation ’

(a5/ax), = 8 5e® o 2, 2, 5 (2,23 +2,2/3)73/2 )

o]
given by Lindhard and Scharffs where v is the incidept particle velocity,
1/6
V= ee/h, and.ge :-Zl / s

o
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EXPERTENTAL APPARATUS AND PROCEDURE

The bombarding equipment and the goniometer and detector geometry

have been described elsewhere.3’6 The important parameter which is varied
in this experiment is the energy of the incident particle. The lowest
incident ion energy is set by the thickness of the gold foil and the
sensitivity of the detection system. The upper energy limit is set by
voltage isolation conditions in the equipwent. Because of rediation damage
and contamination build up, the time available for bombardment without
introducing large errors is shorter at the higher energies. A practical
energy interval for the present equipment is found to be about 1 to 25 kev.

3

The measuring procedure has been described in detail earlier.” The only

difference in this experiment is that the bombarding times and thus the
total amounts of radiation damaze are kept small by concentrating the
measurements on the peaks and their immediate surroundings. Measurements

for all orientaticns of the foil are taken for only a few of the foils.

by vacuws evavoration of gold onto silver

i

The gold films are made
which in turn has been vecuum eveporated onto rocksalt. After the gold
films have been stripved from the rocksalt and silver they ere mounted on
75 mesh grids. The details of the growing technique can be found elsewhere.
The mounted foils are exemined for wrinkles using an optical microscope and
foils with any visible wrinkles are discerded. The foils are also examined
with an electron microscope. The thicknesses of the foils are checked
by measuring the projections of the stacking faults on the plane of

observation. The foils usually show bend extinction contours which indicate

the presence of submicroscopic wrinkles., The amount of the variation in



foil orientvavion is checked by cobserving the selected area diffraction
patterns from smell areas. The diffrection pattern for a perfectly flat
thin single crystal foil shows Laue zones where the diffréction spots are
strong.8 If the foil is normal to the electron beam, Vhe circulgr Laue zones
are centered on the incident beam spot. If, however, the film is not normal
to the electron beam due to the submicroscopic wrinkles, -then the center of
the zeroth Laue zone is displaced from the incident team spot and the
displacement gives the relative local orientation of the Toil. With
reasonable care it is possible to set the selected area mask to a small
enough opening so that the variations in orientation within the ;electgd
area do not obscure the Laue zone structure. It is then easy to check the
orientation at different points by moving the sample. A typicel good Foil
has a standard deviation in orientation angle of 0.5° % 0.25°. According
to an earlier estimate of the influence of the foil misorientation on the
angular resoluticn of a channel peek, the effect of the submicroscope

wrinkles is found to be less than 15.

RESULTS AND DISCUSSION

Fig. la shgws the energy svectrum for 12 kev D+ ions channeled along
the (0ll) direction in & 350-L0OC K thick gold foil. The Tinal varticle
energy Ef in xev is deternined from the voltege U in kilovolts epplied to
the plates of the electrostatic znalyzer. In this case E. = 8.13 U. This
relationship is found from energy analysis of the incident beam with the
foil removed and egrees with the value calculeated from the geometry of the
enalyzer. Fig. 1b shows the energy spectrum for en azimuthel angle of

-

rovation ¢ around the foil normel such thet the ions trawvel along a high
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Figure 2 shows the transmitted intensity as a function of tilt angle
for DT ions of 1.8 kev incident on a 225 A thick gold single crystal.
Fig. 3a shows the angular distribution in the transmitted intensity when
the detector angle ¢ with respect to the incident beam direction is varied
with the foil fixed in the (00l) direction. Fig. 3b shows the distribution
for a variation of both §, the tilt angle, and o such that § = g which
means that the detector is kept fixed along the (001) direction. In this
particular case we obtain for the channel entrance characteristic half-

width a value o.. = 4.5° + 0.2°. For the channel exit characteristic

18
half-width we obtain the value Oog = L.3® + 0.2°. From Fig. 2 we obtain
a value Oy = 3.1° & 0.2° by changing 6. This value agrees very well
| 3

with the value 3.1° calculated from simple geometrical considerations.

From several other measurements of this kind we obtain the relationship

= {120 £ 0.1) ¢ (10)

Ole 2 .

3

: . ; *
A previous estimate” of the ratio 016/329 gave the value 0.7 for 25 kev D
ions in gold. The suggestion was made that due to the energy loss the value
of o

should be slightly higher than o The ratio is checked here at

28 16°
1.8, 3.3 and 11.3 kev and is found ©o be 1.0 = 0.1. It is true that the
energy loss due to electronic excitations and ionizations becomes less

important as the energy E decreases. Consequently, the focusing effect’

due to correlated nuclear collisions, which is the origin of the channeling



; !
effect, may play a larger role at very low energies and thus make the

¥

ratioc o less dependent on energy. Fig. 4 shows the pronounced
p- S &

167924
change in angular resolution wnen the incident D+ ion enefgy is increased
to 8.5 kev. The same foil is used to obtain the data shovmn in Figures 2,
3, and 4.

In order to obtain the critical angle for channeling a s, the following
construction is performed. At the point defining o, a tangent is drawn
towards the background intensity. ' The angle where the tangent meets this
intensity is defined as the experimentzal critical angle Y We find that

TR 5
(5.3 2 )crle (11)

From (10) and elsewhere3 we thus find that 914 = ¢§ 9y so that the final
relation is

@, =2k B, . (12)

hus by measuring Tg s tne characteristic hnalf-width of a channel peak,
o, can be determined. As a comparison it is worthwaile mentioning that
if the peek profiles are perfect Gaussizn distributions, one would obtain
a factor 2/5 relating a, and oy
Pigures 5e, Sb, and Sec show the critical angle for channeling A, as a
function of the average icn enerzy E in the foil for the three low index

crystallographic directions (011), (00i), and (112). The average ion

energy is obtained Trom the incident ion energy E by the relation

el

AL o The solid curves represent the theoretical expression

NAF'

2( and the filled circles represent the experimental values. Several

o

different foils have been used in order to avoid errors from contamination

=3
E)

o
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build up and radiation damage. The foil thickness cannot be exactly
reproduced in the evaporation equipment. Consequently the foil thicknesses
are found to range between 18C and 260 K . This spread in thickness explains
nost of the spread in %, It is seen in Fig. 5 that the approximate
expression given by Lindhard fits the experimental points for all three
of the channels if the constent C is given the value 2.15. The low energy
value ve is the appropriate one to use since it can be seen that E’ = 810 keV
for an H+ ion in the low index directions.

The critical angle for channeling ¢2 is symmetrically dependent on
Zl and 22. The choice of practicel values for 22 is limited but it is

possible to get suitable silver foils for use as targets. Silver foils

were used in a few of the experiments but the fact that Yo varies as

1/k .
[Zl 22/(212/3 + Z22/3)] causes only & snell change in y, for a change
of 22 from 79 to 49. The expected change of 5% is less than the experimental
error.

The change in ciritcal anzle a2s a function of Z is investigated by

l)
2 = AW, + -+ ot = +

comparing the results for H , D and He ions. When H ions are used

. PR e e e . = o 3 ;
instead of D ions, the mass is decreased by a factor of 2 while Zl is

% =3 oo R S e - 3

constant. A comparison between D ions and H ions is made by using the
same Toil and the same incident enerzy E. A similar comparison is made

o =y - : : : 3
between D ions and He ions. The use of these ions gives & change in both

Zl and the mass i, of a factor of 2. The results of these measurements are

best presented in Table II. An aporoximate correction is made for the

* D

different energy losses experienced by the three different particles so
that the critical anzles ars compered at about the same energy E. Table II
% : e e 5ok + ;
shows that there is no difference between ca(d ) and OS(D Yo It is also
U+' L +- ~, o - QR
seen that ce(ue ) is larzer then ¢ (D) by a Zactor of 1.13 = .04 which

g8

is significantly larger than 1. The theoreticel factor expected from (8)
: \



is 1.17 so the experimental result agrees with the Theoretical prediction.
CONCLUSION
The eriticel eangles for channeling of light ions at low energies are
in good agreement with the approximaste expression for 32 calculated by
Lindhard if the arbitrary constant,C, in Lindhard's expression is assignecd

the value of 2.15.

The authors would like to express their sincere gratitude o
J. Lindhard, H. Shidtt and J. U. Andersen for nelpful discussions and

valuable comments.
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Erge ds The transmitted D+ intensity in the forward direction through
a gold foil is shown as a funct{on of the emerging ion energy
as determined with an electrostatic analyzer.

(a) The foil is oriented in the {011) direction. The arrow
indicates the energy of the direct beam.

(b) The foil used in (a) is now oriented in a high index
direction with the same tilt angle 6 as in (&). The
arrow again indicates the energy of the direct beam.

Fig. 2. The transmitted intensity is shown for D+ ions in the (lOO)
plane as & function of the t©ilt angle 6. The incident ion
energy is 1.8 keV, the incident current is 100 yuA and the foil
thickness is about 225%. The characteristic half-width is

found to be gy = 3.1° + 0.2° for the (001) peak.

Fig. 3. (a) The transmitted intensity is shown as a function of the
detector angle ¥ with respect to the forward direction
for the foil oriented on the (00l) channel. The chacter-
istic half-width g, = o, is found to be gy, = ¥.3° & 0.3°.
The same foil is used as in FPig. 2.

(o) The transmitted intensity is shown as a function of ¢ with

the foil tilted so that 6 = ¢ about the (00l) channel. The
characteristic half-width is found to be 4.5° + 0.3°. The

same foil is used as in Fig. 2.



Fig. k.
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The transmitted intensity is shown as a function of & in the two
planes (100) and (110) for 8.5 kev D' ions. The incident current
is 1000 uuA. The dot-dashed lige indicates the randomly scattered
ions. The difference between the dashed line and the dot-dashed
line represents the planar channeling in the- (100) plane. No
planar channeling is seen in the (110) plane. The widths of the
stronger peaks are quite a bit smaller than in Fig. 2. The same
foil is used as in Fig. 2.

The critical angle for'channeling Vo is shown as a funcéion of the
average energy E of the iong in the erystal for the three channels
(a) (o11y, (b) (001), and (c) (112). The solid lines are the
theoretical curves using the theory by Lindhard with a value of

C = 2.15. The filled circles represent the experimental critical
angles @, and the vertical bars show the errors. The errors in
energy vary from 0.3 keV at 1 kev to 0.5 keV at 17 keV. Most

of the spread of the experimental points is due to the fact that
the information is obtained using several films with different
thicknesses between 180 and 260 2.

The most probable relative energy loss AEméhkl)/E in the directions
{(011) and (O0l) and the transmission coefficient T in the forward
direction aloné the (001) channel are given for H+, D+, and He
ions at a few different values of the incident energy E. The
relative energy loss is larger in the {(0ll) direction due to the
fact that the effective foil thickne§s is /2 times larger than

in the (001) direction.
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Table II. The characteristic half-widths o, for transmitted H , D , and

7
Lk Es : S T =
He ions respectively are given for the tnree crystallographic
directions (01l), (00l), and (112) for five different single

crystal gold foils. Thne probable errors of the numoers are

vetween 5 and 10%.
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Foil.No. | fon | E/ AE,:;‘VIE SEo T oo,
852 MK | H" | 14.3 ] 29.3 21.7 2
-265 A | D* |13 ] 217 16.6 4
He* | 14.9 21.0 0.1
He*| 28.8 15.4 2
853 NK| H* | 14.2] 270 20.7 3
M* | 2831 18.9 14.5 13
=250 A jp* | 3] 192 14.3 5
D* | 285 13.7 10.0 15
He' | 14.8 17.0 0.2
854 NK{ H*'| 14.2]| 29.8 237 2
H* | 284 21.2 168 10
B | W1 24 18.3 5
260 A I D" | 284) 17.4 13.6 13
He*l 14.9] 30.3 220 003
Toole T
o (H* s (D* d_(He")
Foil.No. | E, o'" )deg o'P )deg 8" deg
<O >l<001>]cii2> | «0i1> | <001>| <1125 | <Ol1> | < 001> |<112>
823 MN| 23 j2.2 |21 |19} 23] 211]20
837 NH| 3|4.0[35 |30} 4035 3.0
883 NR | 18 TR Lsl 285 24108
885 NS | 17 28 L2521l 202012
892 NT| 18 221 21116]| 2423|198
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Experinents on the Transmission of low Energy
Light Tons Through Thin Films of Different Struetures
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Gothenburg, Sweden

Abstract
Transmitted intensities of D" ions through polycrystalline,

textured and single crystal films of Au are shown ag funstions of the polar
angle 0 and the azimuthal angle ¢ . Ag, a-Fe and mica have also been used.
In one case the most probable energy 1ossaiEmp(@ ) is showm. It is found
that governed motion exists in films which are not single crystals. It is
shown that a gold lattice may grow on top of a silver lattice in such a
way that the gold atoms occupy normal silver lattice sites. A semiconduc-

tor doping technique is suggested based upon a precanalisation of the ions.
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Since quite recently it is known that correlated small angle
gscattering of ions is possible along low index serystallographic directions

and planes in a lattice., Most of the work on this so salled channeling

effect has been done at energies in the MeV region, Very few investiga-

5,6

tions dealt with ion transmission of energies below 50 keV. The main rea-

gson for thig fact is the increasing diffioulties to obtain targets thin

7

enough to troansmit low energy ions. It has been shown', that it is relative-
ly easy even with quite rough detecting systems to use thin gold films
which allow the use of energies down to about 1 keV;

Conventional electron microscopy limits the thickness of a gold
film to aboub 1656 L. A comparison between the transmission characteristics
for electrons and ions transmitted through matter can therefore be made by
using film thiocknesses btelow this value.

The purpose of this paper is to show that the interpretation of
the ion transmission curves for light ions transmitted through thin foils
is consistent with the interpretation of electron microscope pictures taken
on the same foils. Only one illustrative diffraction pattern is included
here. The advantage of using the channeling effect to get information a-
bout the structure of a target much thicker than 1066 i is obvious; The
observation that channeling of ions does occur from the low keV region8 up
$ill aboutb 166 MeV9, nmekes it possible to uge conventional machines such
as the isotope separator and the van de Graaff generator to study among other

things the struoture of a target., In the high energy region the conventional

apparatu® in rucleax physicc 7« Airectly applicable to channeling work.
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In this investigation all characterigtics of the transmitted
distribution other than the position of the peaks and their relative intensi-
ties, are left without notice. Experiments on the critical angle for channel-
ing ¢ and the nost probable encrgy loss A Emp are reported elsewhcre7’8.
Normal intensity distributions (the intensity as a function of the polar
angle O and the azimuthal angle ¢ ) can be found below for single crystal
gold films and single crystal o -iron films. A drastic difference as far as
these distr;butions are concerned, between crystals grown in the same orien-
tation will be interpreted as a difference in the structure of the films;
In one case & <111> oriented f.c.c., orystal is shown. The transmitted distri-

bution of this film is naturally different from a <001> oriented film.

EXPERIMENTAL
The experimental apparatus is described in ref. 16; The possibili-
ty to vary the detector angle a is not used here., The bombarding particles
are D' ions of about 15 keV energy; A description of the foil preparation

15 12 oo foils are grown on glass,

techniques may be found elsewhere ;
rocksalt and rocksalt-silver. They are mounted on 3 mm Cu microscope grids.
An electron microscope is used to check the results from the ion trans-
nission measurenents. An optical microscope is also used to select those

gold films whioh have no visible wrinkles. The influence of nicrowrinkles

is less disturbing.
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-Polycrystalline films of Au and Ag

Au, 99,95% gold wire is evaporated on to a glass substrate at about
46 -~ 6600; Fig; 1 shows the trensmitted distribution i ( ©) of D' ions as
a function of the polar angle © ; The most probable energy loss AEmp of
the transmitted ions is also given as a function of O. No variation in the
intensity is observed when the azimuthal angle ¢ is varied for constant ¢
(o £ O); The variation in the intensity i( © ) as well as in the energy
loss AEE@( ®) in Fig; 1 is due to changes in the effeotive foils thick-
ness t traversed by the ions in different direotions. t varies as 1/cos © .
A variation of ¢ with O = const. means that the effective foil thickness is
constant; The diffraction pattern taken for this foil shows that it is a
polycrystal with a randonm orientation; It is known that it is impossible to
produse amorphous gold films by sinple means such as evaporation; If not so
there is no way of telling the structure in the actual foil from an amor-
phous one by using the ion transmission,

If rocksalt is used as a substrate in stead of glass the struc-
ture of the filnm beconmes more and more ordercd as the substrate temperature
increases. Fig. é shows the transmitted intensity i( @ ) through an 856 &
thick film evaporated onto rocksalt at 46 - 6600; The diffraction pattern
for this film ghows that the ringé are less homogenous and that occational
strong spots appear. The energy spectrun indicates a small deviation from
the smooth cosine like ocurve in Fig. 1. The ion transmission curves give
more direot information thea electron transmission in this particular case.

The anomalous energy loss is more pronounced in Fig., 3. The rocksalt tempe-
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rature is here 76 - 10600° A veriation of ¢ still does not result in any
change of the intensity. The dot-dashed lines indicate the intensity due
to randonly oriented crystallites, In Fig,., 2 the orientation of the crystall-
ites giving rise to the peaks is almost exclusively in the <111> direc-
tion, Apart from this preferred <1%1> axis, the orientation of the crystall-
ites is randon. In Fig. 3 there is a growing component oriented in the <001~
direction. The diffraction pattern shows more frequent spots of higher inten-
sities. Again ion transmission gives more direct information than electron
diffraction. The curves in Fig., 2 and Fig. 3 are interpreted as being due to
two types of reorystallisation textures. Each type of texture has one pre-
ferred axis of orientation. If the foil is tilted inside the electron micro-
scope it is found that the two textures are present simultanously. Under
specific conditions one texture is able to grow faster than the other.

When the substrate temperature is increased till just below the
epitaxial temperature the mobility of the gold atoms on the rocksalt is
high enough for the crystallites to start to grow with two axes' in corxon.
This is shown in Fig. 4a and 4b; In Tig. 4a the angle ¢ corresponds to the
plane {116} o In Fig, 4b the angle © is set at 35;5 degrees, the angle for one
of the peaks in Figi 4a; It is irmediately seen in Fig& 4b that instead of
a constant intensity there is now a peak for gvery 360 in f;; This observa-
tion can be explained by the presence of twinned crystallites oriented in
the <111> direction, which is also the twin axis. The twins are rotated
1660 relative to each other, If the value of ¢ in Fig. 4a is changed

slightly it becones clear that the foil also contains a second component.

Fig. 5a shows the transmitted intensity i( © ) as a function of @ for a ¢-
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yalue cbout 15° off the {110} planc; Peaks now also appesr at 0= 45°;
Fig; fb shows the transnitted intensity i( ) ) as a function of ¢ for
U = 450; It is observed that every third peak is morec intense than the others.
These peaks are partly due to a component with an <é61 > direction parallell
to the foil normal, while the weaker peaks are planar contributions fron
the {111} planes due to the twins in the <111> orientation. This inter-
pretation is consistent with the result obtained from two cverlapping stereo-
grans drawn in the < 661 > and the <11 orientations,respectively; The
diffraction pattern shows 12 gpots located on the normal positions of the
rings for a polycrystalline material. Some of the spots are in eommon with
both types of orientations. The angular relationship between the < 111>
and the <661> orientations is shown in Fig; 6;

In a few cases it was possible to obtain thick gold films with
almost exclusively the <111 > twin orientation ( ~95 73); Fig; 7 shows
the transmitted intensity i( @ ) for =z 966 A thick gold crystal in one
of the {116} planes& In order to explain further the intensity distribu-
tion in Fig; 42 we show again in Fig. 8 the {110} plane in an < 601>
oriented single crystal gold film; It is quite obvious that if the pro-
files in Fig; 7 and Fig; B8 are added together properly; one obtains Fig; 4a.
This fact gives extra support to the statement that the foil shown in Fig;4a
consists of two different orientations one of which is twinned; The half
width of the peaks in Fig. 7 is relatively large due to the large energy
loss of the ions during the passage through the gold filn;
Ag; Polycrystalline silver films are grown only at one low tempera-

ture, about 3000, on rocksalt. The ion tronsmission curves and the diffrac-
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tion pattern give the same result as the gold film in Fig. 1.

Single orystal films of Au and Ag
Au. Above the epitaxial temperatures for gold on rocksalt or gold on
silver-rocksalt, the foil is found to be & good single crystal. The epi-

taxial relations are <00% . ..//<001> pu 2nd <001> NaCl//< 0Ot et

// < 001>, . Fig. 92 shows the tronsmitted intensity i( o ) for ¢ -values

Au 3
corresponding to the {100 } and the {110} planes. Fig. éb shows the intensi-
ty i( ¢ ) for O= 450; These two distributions constitute the normal behaviour
for a good f&c;c; crystal at energies around 15 keV. The diffraction pattern
is a normal single crystal pattern for a cubic lattice without any extre
spots.

Ag Fig. 16 shows the transnmitted intensity i(© ) ond the most pro-
bable energy loss AEmp as .fupetions .'0f 0 in the two planes {166} and
{1153.The foil thickness is about 866 - 1666 A, A variation of ¢ for @= 450
gives the intensity curve exemplified in Fig; éb; The diffraction pattern

is typical for a cubio lattice with a lattice constant very olose to the

one for gold. No fundemental difference is observed between silver and gold

as far as the channeling characteristics are concerned., The preparation of

very thin homogenous silver films is difficult, however. All silver films

have o thickness around 800 A or thiscker.

Polycrystalline films of Fe
Iron films are prepared by evaporation of iron wire and by iron

wire explosions onto hot rocksalt surfaces. At low substrate temperatures
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the films are polycrystalline and have a diffraction pattern similar to
the one described above in connection with Fig. 1. The filnm thickness is

deternined by the change in frequency for a crystal oscillator,

Single crystal films of Fe

Above about 46000 the iron filns are good single crystalse. The
diffraction pattern is characteristic of a cubic lattice; The lattice con-
stant is found to be in good agreement with earlier neasurenments for & -iron.
Details about the preparation of iron films can be found elsewhere 12, 13;
Fig. 112 shows the transmitted intensity i( © ) for 15 keV D' ions channeled
through a 606 A thick single crystal a-iron.film; Peaks due to the crystallo-
graphio directions; calculated to be the most important ones in a b;c;c;
lattice, are shown both in the {110} and the {100 } planes. The dot-dashed
curve represents the intensity transmitted along high index directions;
Dashed lines divides the channcled intensity into directional and planar
channeling 14; Fig. 11 b and Fig. 11c show the transmitted intensities as
functions of ¢ for 0 = 450 and 6 = 256, respectively. Both directional and
planar channeling are present as indicated in the figures. Fig; 11a, b and

¢ are typical transmission curves for light ions of low encrgies in b.c.cC.

lattices.

Mica
A.thin sheet of nmica with an estimated thickness of a few hundred
Rngstrﬁm is exanined by ion transnission. No structural effects whatsoever

could be observed neither in a @-function nor in a ¢-function. The diffrac-
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tion pattern shows a good crystal structurc of the hexagonal type. The
distance between the spots in the diffraction pattern shows, however, that
the lattice constants for mica is several times larger than for gold or silver.
Electron microscope pictures show that the sheet of mica is free from pin-
holes and is quite homogenous. This is confirmed by the very small €rans-
nission coefficient of ions in the forward dircction; The absence of struc=-
tural c¢ffects in the ion transmission curves may be explained by a few
possible facts., First, the number of channels is larger in the hexagonal
gtructure than in the f.c.c. or the b.c.c. structure. The overlapping of
many broad peaks may result in a fairly smooth distribution; The conplete
absence of any sign of a structure makes this explanation less probable.
Second, the fact that the lattice constants are quite large in mica may Tre-
sult in an uncorrelated or rendom scattering, It may be - = that there is
an upper limit for the lattice constant, above which no correlated scatter-
ing can occur, other paraneters being constant. A third possible explana-
tion is that the electron microscope is less sensitive to the interior of a
erystal than the channeling mechanism is found to be. If the mica sheet is
composed of several layers dislocated relative to each other, the direc-

tional channels may be effectively blocked.

Application of channeling to growth characteristics
Without separating the silver and the gold from ecach other for a
silver-gold sandwish, the two layers are investigated simultaneously by
channeling of 25 keV ﬁ+ ions. The silver is then dissolved and the same gold

is used agoin. The transmitted intemsity i( @ ) for the double film shows
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a normal distribution like the one in Fig, 9a. The total thickness of the
sandwich is about 2660 k. The ratio normally found between the intensities
in the <001 > and the <011> peaks is confirmed and the < 615 > channel

is elearly visible, The width of the pezks is consistent with the large ener-
gy loss of the ions in the filn; The intensity i( © ) for O =45° shows the
four nornmal <611> peaks; If the gold foil alone is usod; the ¢ -function
for O =45O again shows four normal peaks. The diffraction pattern for the
gold films shows a normal cubic lattice. The double film is too thick, how-
ever, for the electrom to give a diffraction pattern. It is clear that in
this particular case ion transmission is superior to conventional electron
nicroscopy. The result of this experiment is that the gold lattice grows
with its three main axes parallell to the three nain axés for the silver
lattice. A rclative rotation Agbetwecen the silver and gold lattice would
regsult in a double pattern 14; A trenslatory shift along one of the main
axis may be possible, Such a shift would not block & channel conpletely but
nerely influence the transmitted intensity to sone degree; In order toc block
the ehannels <001 > and <011> simultoneously the gold atoms have to
occupy the positions(2n+1/4, 2n+1/4, én+1/4) relative to a reference lattice
point; This position is less probable than the lattice site itself, No in-
dications of blosking either the <1061> or the <i611> channels is observed.
Despite the long irradiation time used on the silver-gold sandwich on the
silver side, the gold exhibited a surprisingly low demage rate. Almost no
damage could be observed. Thig supports the conclusion that the gold atoms

actually occupies normal silver lattice sites. The small nisfit of 0,3 %

should be of no influence,
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The observations made here with a silver-gold sandwich nmay be
valuable for the application of channeling to the doping of semiconductors
without introduoing heavy damage. The technique of annealing during the ion
inplantation is found to reduce the remcining danage drastieally; An other
woy of attacking the problem may be to grow a single crystel film onto the
surface of the orystal to be doped; If the lattice constant and the orienta-
tion of the crystal film could be shosen to match the gemi-conducter sur-
face exactly (or with only a very small nisfit) the damage would preferably
occur in the film& The filnm should then be dissolved from the semioonductor;
Oen15 hag shown that along an open channel the damage is reduced by a large
factor. By using a precanalisation in combination with annealing the damage

nay be reduced, to an absolute minimun.

STUMMARY

The investigation exemplifies governed motion as well as ungoverned
motion 16. It is shown that governed motion is exibited in films which are
not necessarily single crystals. The lowest order of governed motion is found
in textured films; It seems possible to distinguish between at least three
different types of governed motion namely in growing textures, recrystallisa-~
tion textures and single crystals, the last two types being exemplified here.
The result of the comparison between electron and ion ftransmission shows

the/

that usc of ion transmission to study the structure of a material is in
nony respects similar to electron diffraction studies. With quite simple and

inexpensive means it is possible to look at a material of much greater thick-

ness using ions of cnergies below 25 keV than is possible with electrons of



100 keV energy. If individual particle counting is used instead of an inter-
grating electrometer to detect the ions it will most probably be found easy
to use ions of encrgies near 100 keV and target thicknesses of the order of
microns. In a few cases ion transmission gives more direct information about
the
the foil structure than does electron diffraction. The danage to the foil
after long irradiations with light ions is unfortunate. The contamination of
the foil is also disturbing but can be avoided by effective cooling and
shielding. For thicker targets the channeling of light ions is superior to
conventional electron diffraction, The experiment with the silver-gold sand-
wich shows that the two lattices most probably are lined up exactly relative
to each other. This suggests a doping technique of semiconductors based on &
precanalisation of the ions in & lattice which can easily be removed after
the irradiation. The investigation further demonstrates the importance to
avoid any structural effects in a foil in connection with oross seotion
measurements in nuclear physics. It is shown in ref. 17 that in some direc-
tions the detector indicates a smaller than normal tronsmission probability
due to the so called blocking effect. If the bean is incident along a low

index direction and the detector is in 2 blocked direction, it is thus possible

to find o cross section which is one order of magnitude too low.
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Pipure captions

The transmitted intensity i( @ ) and the most probable ener-
gy loss AiEmp for D+ ions are shown as functions of the
polar angle © for a polycrystalline gold film grown on glass
at about 5o°c; The film thickness is about 600 E; The inci-

dent ion cnergy is 13 keV and the ion current 1.5 - 10-8 A

The tronsmitted intensity i( ¢ ) and the most probable ener-
gy loss A Emp for D' ioms are shown as functions of © for
a 856 L thieck gold film grown on rocksalt at about 5600. A re-
crystallisation texture with the <111> orientation is be-
coming visible in both the intensity and the energy loss
curves., The dot-dashed lines indicate the random distribu-
tions. The curves have rotational symmetry around & vertical

axis through € = B2

The transmitted intensity i( © ) of D' ions and their most
probable energy loss AEmpare shown as functions of @ .
The incident ion cnergy is 13 keV and the incident ion

8 L. Dhe Piln thickness is about 800 k. The

current 2 ¢ 107
dot-dashed lines indicate the randon distributions.The tex-
ture is more evident than in Fig. 2. A small component of a re-

crystallisation texturc in the <001> orientation is becon-

ing visible.



Fig. 4a.

Fig. 4b.

Pig, Ha.
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The two types of growing textures seen in Figs., 2 and 3 are
present in higher percentages. The two sets of indices repre-
sent in order the <001> oriented texture and a twinned
texture in the < 111> orientation. The dot-dashed lines in-
dicate the completely random distributions,The incident ion
energy is 11 keV and the ourrent 10" 4. The gold film is

about 700 A thick.

The transmitted intensity i( o ) of D' ions is shown as a
function of the azipmuthal angle 0 for the gold film in Fig.
4a. The value of 0 is 35;50; For every 560 degrees in ¢
there is a2 peak mainly due to <112 > channels in the <111>
oriented twin-crystals. Other channels sontribute too but

to a smaller degree.

If the ¢ -value corresponding to one of the minima in Fig.
4b is chosen ( o = 0°, 360 : 660, 960, .+¢) one obtains
this quite different function i( o ); Bach of the intense
peaks in Fig; 4a, except the <601 > peaks, seems now to be
split up into two peaks; The peeks at O = 450 reveal the
<<661 > oriented COmponent; They represent contributions

fron the {111} planes belonging to the < 001 > orien-

tation.



e

Pig. 5b. The transmitted intensity i( 0 ) is shown for © = 45°

corresponding to the two peaks in Fig. 5a. It is now de-

finitely clear that a <061 > oriented texture component

is present. For this component the periodicity is 90° while

for the twinned <7111 > texture the periodicity is 300.

The fact that each of the smaller peaks is split up Iato

two is due to contributions from {111} planes symmetri-
. . :

cally positiorsd around the ¢-values ﬁfﬂ 600, 900, 120

etc.

Pige 6» The relative orientation between the < 111> oriented twins
and the < 011> oriented crystals is shown. It is found
that the angle between a {100} plane in a <001% orien-
ted erystal and a {110} plane in a <11l> orien-
ted crystal is 15°. It is oclear from this fig. that every

third peak should be more intense than the other due to

the presence of the <001> oriented component.

Fig, 7.  The transmitted intensity i( 0 ) is shown for D' ions in
& 966 k pold single crystal film oriented almost exclusively
in the <11> direction ( -»95 %); The intensity along a
{116 } planec is shown for comparison with Fig; 4a snd Fig;
8; The incident ion energy is 1é keV and the ion current

107° .



ip, 8, The sane {115} plane as in Fig; 7 is shown for a -<661>
oriented film; The <111 > directions are too far out to
be visible at the actual foil thickness and ion energy. The
dot-dashed line indicates the completely random distribution.

About 20 keV He+ ions are used.

Fige 92. The tronsmitted intensity i( o ) is shown for D' ions in
a very good single crystal of gold along the {160§and
the Glué} planes. This distribution is a normal one for an .
f;c;c; lattice., The incident ion energy is 17 keV and the
ion current 1;7 . 16-9 A. The film thickness is about 506 ﬂ;
The dot-dashed line represents the randon distribution; The
dashed line indicates the dividing line between directional

and planar channeling.

Fig, 9b. The transmitted intensity i( ¢ ) for o= 45° is shown for
a similar film as in Fig; 9a; This is 2 normal profile as &
function of ¢ for O = 45°. The film thickness is about
200 A; The incident D' ion energy is about 5 i o B

ion current 10_9 7.1

Pig, 10, The tronsmitted intenmsity i ( O ) and the most probable energy
loss AEmp are shown for D+ ions of 21 keV energy along the
{100} and the {110} planes in a 800 & thick single crystal

gilver film. No significanit difference can be found compared
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to a gingle crystal gold film. Dot-dashed lines represent

random distributions. Dashed lines indicate the dividing

lines between directional and plcnar channeling.

Fig. 11a. The tronsmitted intensity i( © ) is shown as a functio:. of

C along the planes {100} and {110} for D' ions of

1% keV in & b.C.C.o=ired .. film of about 600 &, The dot-dashed
line represents the rondonm distribution. The dashed lines
indicate dividing lines betwecn directional and planar

vontributions to the total channeled intensity.

Fig. 11b The tronsmitted intensity i( ¢ ) is shown for b. @ = 45°
and Ce £

and 6. ©= 25°, In b, we identify the < 011 > type chann-
els and {110} +type planes. In c. the largest contribu~

tions come fronm the two directions < 113 > and < 012> .
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Abstract

The degree of correlation between relative chan-

neled intensities and channel areas is studied for D" ions of
energies around 15 keV, transmitted through thin single crystal
gold films in the forward direction. It is found that for film
thicknesses around 200-400 B a linear relationship exists between
the two entities. For the {111 planes the degree of correla-
tion is close to 100%. Planar channeling along {11ﬂ and { 100}
planes play an important role in obtaining the linear relation-

ship.



INTRODUCTION

In recent years considerable attention has been paid to measure-

1'”. The

ments dealing with ion penetration through crystalline material
fact that enhanced ion transmission is observed along low index crystallo-
graphic directions and planes has changed quite substantially the picture
of the scattering of ions in crystals. The symmetry in the lattice makes
the ions experience correlated small angle scattering, a fenomenon which
is called the channeling effect, or the string effect.

Most of the data has been collected for incident ion energies
above 0.5 MeV. Some experiments deal with heavy ions of as much as
~ 100 MeVg. A few investigations deal with the low energy region2’12-14.
Andreen et al. have reported about channeling through thin gold and
iron films in the energy region 1 - 25 ka¥ =,

A theoretical treatment of the subject was published by Lindhard
196516. For example, critical angles for channeling ¥ for crystallographic
directions were given as functions of the energy E, the "string'constant
d and the Z-values of the incident and target particles. The theory focuses
on the high energy region where a classical picture of the scattering
process can be used with good accuracy.

The channeling effect is also observed in Rutherford scattering
experiments17. The ion which become trapped in a directional (or a planar)
channel have a smaller probability to become backscattered. The energy
lost by these ions is different from the energy loss experienced by the
randomly scattered particles. As a consequence one finds dips in the
reflected intensity as a function of the crystal orientation. Measurements
similar to the ones described above have been performed by Domeij18.
a-radicactive Rn ions were implanted in a tungsten single crystal. The

emitted a-activity was then measured as a function of the crystal

orientation. It was found that dips in the emitted intensity corresponded
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to low index directions and planes in the crystal. It was concluded that
almost all the Rn and Po atoms ended up in lattice positions. The minimum
intensity in the dips is discussed theoretically by Lindhard.

The intensity of ions transmitted through a crystal has been subject
to little attention. It was shown earlier by Andreen et al. that relative

hk1

transmitted intensities correlated with the area per atom A<> >'along

a directional channel <hkl> both for f.c.c.12 and b.c.c.13 structures.

A transparency model used in the theory of sputtering19 assumes that a certain
number of the incident ions are absorbed by the channel during the passage
through the first one or two atomic layers. These ions would therefore be
ineffective to the sputtering yield S. Instead they contribute to the channeled
intensity. The relative success of this model demonstrates the connection
between channeling and sputtering. Onderdelinden20 has shown that the widths
of the minima in the sputtering yield agree very nicely with Lindhards
theory for the string effect.

It is the purpose of this paper to study in some detail the degree
of correlation between transmitted relative intensities and crystallographic

hkl> {hkl} :

parameters such as chennel areas e and interplanar spacings D

APPARATUS

The ion bombardment eguipment, the goniometer and the detecting

144,21

system are described earlier « The crystals used are thin films prepared

by evaporation. The preparation technigues for gold and iron films can be
22,23

found elsewhere . The films are checked in an electron microscope and

carefully selected according to defect concentrations and wrinkles. An
optical microscope is used as a preselecting instrument to aveoid visible

wrinkles. The influence of different sources of error on the peak widths
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and on the critical angles for channeling is reported earlier14. The absolute
transmission coefficient is not considered here. The influence of the geometry
in the apparatus is therefore greatly eleminated. Only transmitted intensity

ratios normalized to specific low index channels will be discussed.

RESULTS

feCoCo

Fig. 1 shows the transmitted intensity i(@) or 17 keV D' ions in the
forward direction for a 265 A thick gold single crystal with an <001> direc-
tion parallell to the foil normal. The ion beam is parallell to a {100} plane.
The dashed line ‘combines approximately the deepest minima in the transmitted
intensity. The rcason for drawing this line will be discussed later. The
dot-dashed line represents the intensity along high index directions and is
experimentally found to reflect the behaviour of a polycrystal with a random
orientation., The intensity above the dashed line is resolved into individual
peaks. The peaks are expected at © -values corresponding to low index channels

in the erystal. One notices that very often the channel indices have a sum

bt+k+l which is even.

Fig., 2 shows the transmitted intensity i(©:9) of 16 keV D" ions
passing through a 450 k thick gold crystal along a {111} plane., The intensity
above the dashed line is resolved into individual peaks which shows that
h+k+1 is without exception gven.

Fig. 3 shows the transmitted intensity i(®) of 21 keV D* ione passing
through a 300 A gold crystal along a {110} plane. It is interesting to
notice that the random intensity fits quite precisely the minima between
the individual peaks. Again h+k+l is most often even.

Fig. 4 shows the intensity already shown in Fig. 1 - 3 for the

{111 , {100} and {110} planes. One single ion energy of about 8 keV is used.
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The gold crystal is about 900 & thick. The relative intensity for higher
indexed directions is reduced at this lower energy and for a thicker film,
The <114> direction is almost completely gone. The information concerning
the position and relative importance of the peaks in Fig. 1 - 3 is concentra-
ted in Fig. 5. This figure shows an eighth of a stereogram in the<001>
orientation. The {111}, {100}, and { 110} planes can be found in the stereo-
gram. For the purpose of a later discussion a few other low index planes
are also represented. These are {120§fti£ {115} planesa. Dashed lines along
certain planes indicate an increased transmission. The sizes of the filled
circles represent the relative importance of the directions. The positions
of the ex?erimental peaks deviate from the calculated angles by less than
0.50 on the avarage. This error is ascribed to a small misorientation of
the crystal plane relative to the sample holder which may be introduced
when the crystal is mounted.

Fig. 6 shows the transmitted intensity i(é%w) through a gold crystal
about 265 A thick along a {111} plane for an extremely low incident D" ion
energy of 3.2 keV. The other two planes, {100} and { 110} , are shown in
Fig. 7 for an energy of about 3.0 keV,

Tables I and II list the experimentally observed peaks for energies

around 17 keV and 3 keV respectively.
DaCisCe

Fig., 8 taken from ref. 13 shows the intensity i(@) of 15 keV i
ions transmitted through a single crystal g-iron film in an <001> orien-
tation. The crystal is about 600 & thick. The two most important planes
{110 } and { 100} are shown. The dot-dashed line represents the random
scattering of ions. The intensity above the dashed line is resolved into

individual peaks. Quite a few peaks appecr in the two planes. One notice



that h+k+l is preferably odd. The positions and the relative importance

of the peaks are represented in the sterecogram in Fig, 9. The planes { 110}
and {100} are shown together with a few additional plenes for the purpose
of a later discussion. These planes are { 112} , { 130} and {111} type planes.
An attempt to detect an increased intensity along the plane { 112} gave a
negative result. In fact no indications of other planes could be observed
then the ones shown in Fig. 8. Table III lists the directions found in the
two planes { 110} and { 100} .

Pig. 10 shows the transmitted intensity in the forward direction
through two gold crystals.Both crystals are about 200 A thick and are
grown in & <00t orientation. The incident ion energy is about 15 keV,

The intensity is measured as 2 function of ¢ for [@| = 365 at which angle
the highest peak, besides the <001> peak, could be cbserved in the entire
detectable region of the stereogram., Fig. 11 shows the intensity detected
as a function of @ for ww185° for the same two crystals and the same ion
energy as in Fig. 10. In that figure one finds a double pattern compared
to what is found for one crystal. The rclative angle of rotation Ap between

the two crystals is 250 £ g

as measured from Fig. 10. Fig. 12 shows the
intensity detected as a function of @ for a g-value corresponding to a

{ 100} plane in one of the crystals. Because of the rotation of the crystals
relative to each other the<011> directions are not parallell as they would
be if Ap = O. The intensity along one< 011> channel is therefore found to
be effectively decreased by the second crystal., The<00%P channels are

always almost exactly parallell regardless of Agp « The intensity along this

direction is found to be less affected.

Discussion of experimcnts.

From Pige 1 - 12 it is rather obvious that certain directions in



a crystal are more transparent than others. The transmitted intensity
also seemSto depend on which crystellogrophic plane is parallell to the
ion beam, If one compares the two planes {108 and 1110} in Fig. 4 one finds
that except for the <112> channel nothing 2ll is seen in the {110} plane.
There are, however, directions in this planc along which the crystal seems
as open to the ions as along an other direction in the {100} plane. If the
effective foil thickness is the same for the two directions to be compared
one would expect, at least tentatively, that the transmitted inteasity
should be the same for equal transparenciesThe transparency could be expressed
as the open area A<hkl>’between the strings seen by the incoming ions.

If one compares the intensities along the planes {100} and {111}
in Fig. 4, one observes that the intensity is generally larger along the
{111} plane than in the { 100} plane. This is so despite the fact that the
{111} plane is found in the interval }505 @ = 450 and should be compared
with the intensities at these @-angles along the {100} plane. At higher
energies the intensity detected along the {110 ]plane may show peaks as in
Fig. 3. One finds, however, that the intensity along the {100} plane always
exceeds the intensity along the ﬂ10 }plane for equal effective foll thick-
nesses. The intensity along the <013 >channel may be even 25% higher than
along the <112> channel. The same general observations are also valid for
the intensities along the { 110} and { 100} planes in a b.c.c. crystal as
shown in Fig. 8. No indications of any other type of planc is observed
in this crystal at these enecrgies,

One important condition which has to be fullfilled in order to
make a meaningful analysis of the intensities is that the resolution of
the detector system is high enough to reveal the characteristics of the
erystal., In the present investigation the influence of the detector, the
beam divergency and the condition of the foils on the peak widths, is

estimated to be less than 5%.14
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A big problem for the analysis of the intensities is the different
effective foil thickness for different tilt angles ® . For higher @-values
the beam path in the foil is longer and the transmitted intensity in the
forward direction is lower.

One possible way of corrccting for the thickness to some degree
would be to resolve the total intensity above the dot-dashed lines and
devide the peak intensity with the rancom intensity at the same ©-value.
In this way one would obtain the order amongst the directions, which one

<hk 1

> :
expects from calculated channel areas A . One is not able, however,

to account for the completely different situation along the {110} plane
in Pig. 4.

At this point it seems logical to explain the meaning of the dashed
lines. These lines combine the deepest minima between the peaks in a way
that quite closely resembles the rondom intensity. The directions with
@ -values corresponding to these minima are of very high orders. 1t is
therefore not probable that these high order channels contribute to the
channeled intensity. The crystal seems, however, quite a bit more trans-
parent to the ions along the {100} plane regardless of the value of @ then
it does along a higher order plane like the {110} plane.

Apart from a small overlap between neighbouring peakes, the inten-
sity at the deep minima are ascribed to planar channeling. The dashed
lines are thus separation lines between planar channeling and directional
channeling, which is believed to account for the peakes above the dashed
line. By introducing planar channcling one obtains a more reasonable rela-
tionsship between directions in the { 100} and the {110} planes. The dashed
lines in the {111} plane in Fig. 2 and Fig., 4 are obtained in a somewhat
different way than in Fig. 1 and 3. It is observed that the planar intensity
along e {100} plane
(and 2lso the random intensity) at ©® = 35° and © = 45° are related to
each other through a factor of about 1.4 - 1.5. The same factor is used

for the planar intensity in the {111} plane, As far as the random intensity
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is concerned this factor is experimentally verified.
In ref. (14) it wes found that the encrgy loss as a function of

@ along different planes also indicated the precsence of planar channeling.
Both directional and planar channeling exhibited a lower than normal energy
loss. Because of this fact it seems more attractive to compensate in a rough
way for the variation in foil thickness by teking the ratio. R<hkl> between
the directional intensity and the planar intensity at each peak than to use
the random intensity in the denominator. The final result is of course

unchanged. Tables I, I and IIT list the ratios R'___ = R /R¥K =

for all peaks found experimentally. R<h1k1l1 is the ratio for the most open

direction in each plasne. The direction <h1k1lf> may be either the<001=,
< 011> or the <111> direction. In the plane {110} in a f.c.c. crystal the
planar channeling is not observed. In Tables I and II the random intensity
is then used as a rough thickness correction along this plene.
The planar intensity, whenever it appears, divided by the random

intensity at the same angle @ is approximatesly a constant ratio R{hkl}.
If this ratio is normaliged to the ratio obtained for the most open plane
one arrives at a relative number Rgxp which is expected to reveal the order
of importance améngst the crystallographic planes. Table IV lists a few

low index planes both in f.c.c. and b.c.c. structures. The ratios Rgxp are

listed for all planes experimentally detected. We can thus write

]

- Fohl> psh ke L
exp

pe, o gkl pingil, ]
exp

The interpretation of Fig. 10 and Fig. 11 is based on two over-

lapping stercograms shown in Fig. 13 for & f.c.c. lattice. From Fig. 11

it is known that the relative rotation between the stereogramsis about 250.
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The two overlapping stercograms in Fig. 13 are therefore rotated relative

to each other 25O around the <001> channel. If one draws a circle centered
around the <001> channels and with a radius corresponding to about © = 56?5
which is the value of ® in Fig. 10, one finds several points where this circle
crosses either & {100} or a { 111} type plane. One can immediately identify the
smaller peaks in Fig. 10 to be caused by the intersection of a {100} and

a {111} plane, These points are labelled with A, The difference Ap between
these peaks is about 25O on the avarage. Between each pair of peaks A one
observes a broad double peak. The difference Ag between the peaks B in each
doublet is about 18° on the avarage, In Fig, 13 the <112 > channels in

each crystal is 25O apart from each other. These channels are expected at

@ = 35?2, which is very close to the circle 6 = 36?5. If the < 112> channels
contributed appreciably to the transmitted intensity in Fig. 10 there is

no doubt that a shoulder should be observed on the outer edge of each peak B
due to the flank of the <112> channels. This is observed for one foil but
is not the case here. One therefore concludes that directional channeling

is effectively decreased in the double crystal. This is also verified for

the open channels < 011> at @ = 450 in Fig. 12. The intensity is decreased
about 10 times because of the presence of a second film. The peaks B are
significantly closer together than 250 and can not be explained by the
influence of the close lying< 112> channels. In Fig. 13 it is found, by
following the circle, that it crosses a {111 }plane twice in between the

{ 110} planes and that the Ag value between these crossings is about 18°,

One concludes that each peak in Fig. 10 involves a contribution from the
plane {111}. Some of the peaks also involve a contribution from the { 100}
planc. The observation that the doublets are about twice as intense as

the other peaks A is explained by the fact that in the ¢ interval between

two < 112 > channels the beam runs zlmost parallell to two{ 111} planes.

Two {133} planes pass gquite close to this interval too.
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A somewhat surprising observation in Fig. 11 is the presence of a
broad peak atl@lﬂ’22°. The peak even seems to consist of two peaks, one

°, The peak at 22° may be explained

at @ = 22° and the other at @~16° - 17
by the presence of three consecutive intersections between pairs of {113}
and {115} planes. The three intersections are found at @ ¥ 180, 22o and
260. The peaks overlap and the most probable angle for the combined peak
is @,0220. The peak at o ® 16° - 17° is caused by the intersection of four
{ 115} planes. No low index channel can be found in the immediate vicinity.
Two <114> channels are about 130 off in @ . Any directional channeling
along these channels should be effectively decreased below the detecting
level because of the second foil. The conclusion drawn from these observa-
tions is that planar channeling exists also along {115} and {115} planes.

The peak due to the four {115} planes is less intense, as expected
from interplanar distance values D{hkl}.

One fact, concerning the indices of the planes { hkl} which are observed,
is that h, k and 1 are all 0dd in a f.c.c. lattice. The only exception is
the {100} plane. No indication of the presence of planar channeling along

other types of planes other than the ones indicated by dashed lines in

Pig, 5, dis found.

COMPARTISON WITH SIMPLE THEORY

At this point it seems suitable to introduce some very simple
geometrical parameters by help of which a straightforward comparison with
experiment is made possible. Let us consider the lattice atoms as mathe-

. : 5 - <hkl> ? z
matical points. The density of atoms @ along the direction <hkl>
is theinverse of the "string" constant d in Lindhards theory. The area

hkl

per atom K= >'perpendicular to the direction <hkl> is intimately related



to ¢ 1> through the relation

3 <hkl> /Q<hk1> -7

where V is the volume of the unit cell. For f.c.c. and b.c,c, lattices

3 3
Vis 2 and % , respectively. The interplanar spacing D{hkl}

4

mentioned above. Less important for the present analysis is the density
{nk1}
Q

is

of atoms in a plane { hkl}. A few comments will be made which involves

hkl> o p{hkl]

this parameter. In the following discussion A will be used
mostly. All the parameters arc easily expressed in terms of the indices h,
k and 1 for g direction<hkl> or a plane {hkl}. The positions of the dif-

ferent channels in the stercograms are calculated from the expressions,
-1 2 29 1/2
tg (0 - 0, ¥osb e (BS 4 x0) /
and
tg ((P & CP{100}) = h/k

where @O is zero for a <001> oriented crystal and ¢{100} is the azimuthal

angle corresponding to the {100} plane.

Further we find that

a? Q <hkl>
{ ’2 h+k+1l even
For £.C.C. A<hkl> =
P2 Q <hkl>
& 4 hik+l odd
fatiq h, k and 1 odd

and Eor: Bee .o A<hkl> = f

IR one of hy, k, 1 odd or even,
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i

for f.e.c. Q<hkl> = §

<hkl> =
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; &

I
and for b.c.c. J
1

Por Poc.Chs Q{hkl} %

and for b.c.cq Q{hkl}

hy, k and 1 odd

one of h, k, 1 odd or even

h+k+1 even

h+k+1 odd,

h+k+1 even

h+k+1 odd

h, k and 1 odd

one of h;, k,1 odd or even

hy, k and 1 odd

one of h, k, 1 odd or even

h+k+1 even

h+k+1 odd
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<hkl> _ o {hk1} 2

where Q - (h2 + ko + 12)~1/2 and a is the lattice

constant. One observes that for equal conditions on h, k and 1

=7
; ?%— £ o8O,
<hkl> ;
2
s 2 DiaCoaClo
and
i
4 T EC
D \{hkl
{6 ){ J =
o3
(a8
) b.c.c.

For a directional channel with a large channel area the density of atoms
along the channel direction is high. Similarly for a set of planes with a
large interplanar distance the density of atoms in the planes is also high.,
I iSﬁblear from the systematics of the parameters as it is clear from the
experiments that certain directions and planes are favoured relative to
others both in f.c.c. and b.c.c, structures., The larger values of any of
these four parameters represents the favoured directions or planes.

A close look at the parameters reveal a few interesting facts.
In both f.c.c, and b.c.c, structures the probability for a plane to be
favoured is 1/3. It can be shown guite easily for f.c.c. lattices that
in order for two directions <h1 k1 l1>»and <:h2 k2 12:>to be found in a
favoured plane for which h, k and 1 are all odd, they have to fullfill

the condition that
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At the same time there is one condition to be fullfilled concerning the
sequence of the indices within the symbol < hkl> . This condition is that
the odd index can not be placed in the same position in the symbols for

the two directions. As a consequence, the direction <:h1 + h2 3 k1 + k2 3
l1 + l2>’, which is found in the same plane, has always an even sum of the
indices which can not be reduced by a common factor as is possible in other

planes. As a result favoured planes only contain favoured directions.

This is not the case for b.c.c. structures. Here the favoured planes contain

both favoured and unfavoured directions. However, unfavoured planes contain

only unfavoured directions., There is thus a clear difference between the

two types of lattices in this respect. It is believed that this behaviour
is reflected in the experiments, where it was found that more than twice
as many planes could be observed in f.c.c. than in b.c.c. crystals for

encrgies and foil thicknesses of about the same values.

<hkl>

Tables I, II and IIT list the A -values for the most important

planes relative to the Af(h1k11f> -value for the most open channel in each
<h k, 1 >

! <hkl > 3 Rl oy |
= (& /& %heor.

particular plane. The tables compare the ratio Rtheor.

with the experimental numbers. Table IV lists the D &kl }-values for a few
{h1k111}

low index planesrelative to the D -value for the most important

1"
plane in that particular type of lattice. This ratio is denoted R

theor, i
As far as the order amongst the directions in a plane or amongst the planes
is concerned the correlation between theoretical and experimental numbers
is almost perfect. If one compares the numbers a little closer one finds
that the difference between theory and experiment increases as the values
of h, k,and 1 increases. Thig is true for both directions and planes.
1

Fig. 14 shows the experimental numbers Rexp obtained from the ratio of

z : . <hki> : :
directional to planar channeling R , as functions of the theoretical

1

numbers Rtheor in Tables I and II. It is observed that for the higher

energies in Table T the functions arec relatively straight lines until
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very close to the endpoint. The endpoints are found to correspond to one
single value of A<:hkl>bf 0.045 a2. The experimental numbers for the {110}
plane are namely related to the <001 >channel while the {111 }and {100 }planes
are related to the common <011 >channel.

The other possible method of cerrecting for variations in foil
thickness makes use of the ratio between the total intensity above the
random intensity divided by the random intensity. The result of this method
gives a guantitative correlation which is much worse than the one shown
in Fig. 14+ For the most open plane {111} the correlation shown in Fig. 14
is good. A correction, of the theoretical ratios R;heor. for the hard sphere
radius tends to lower the theoretical line, To compensate for this in the
experiments an ever higher contribution from low index planes is demanded.

The second method is not able to account for what is called planar
channeling in this investigation. Neither is it capable of explaining
the peaks marked with filled triangles in Fig. 15. These peaks sometimes
appear at intersections between low index planes where no low order direction
is found in any of the crystals. The numbers R;xp and R;xp are functions
of the energy E. For energies large compared to the energy corresponding to
the mean range R these numbers tend to become more and more constant.

The discussion so far hag shown that directional channels play a
dominant role at low cnergies and in thin crystal films. Additional support
to this interpretation is given by the results cobtained from an investigation

of critical angles for ch;'mneling15

« The critical angles were measured
without taking notice of the effect of intersecting planes. The agreement
with Lindhards theory for low ion energies was good. One could find, however,
that the experimental critical angles for the <112> channel as a function

of energy were slightly too large. A correction due to an effect from

intersecting low index planes is also largest for this channel.
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FURTHER DISCUSSION

The hard sphere radius mentioned above is a simple minded but
convenient concept to demonstrate the fact that directional channels

are predominant at low energies and for thin crystals. Corrected values

g<hkl> . bkl

S A may be quite a bit smaller than the uncorrected ones.

The planar channels are, however, more strongly affected by a correction
than the directional channels, Overlapping spheres may block a plane

{hkl} completely while the direction < hkl> gtill is open. The increasing
difference between experimental and theoretical numbers in the Tables may
partly be explained by increasing hard sphere radius as the energy is
decreased. There are additional factors involved which help to explain

the predominance of directions at low energies. In real crystals the
lattice atoms undergo thermal vibrations. Besides these vibrations a
channeled particle is also sensitive to defects of various kinds along

the channel path. An ion which starts out nicely trapped in one type of
directional channel may thus be scattered out of the directional channel
into a planar channel or into the random beam by the thermal vibrations

or by defects along the channel. The probability for such an event increases
as the penetrated depth increases and as the temperature increases.

24

In order to explain the experimental results by Domeij et al 7,

25

Erginsoy assumed a new mechanism through which the ion beam within

a channel looses ions proportional to the remaining intensity. This
mechanism was then able to account for the shape of the extra long range
tails, supertails, in the measured range distributions. Davies et 3126
recently showed, however, that the tails in that experiment were due to
an interstitial diffusion of the injected ions, having nothing to do with
27

ordinary channeling. The diffusion process was predicted by McCaldin

(1965) before the supertails were ever observed. The idea introduced by
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Erginsoy is still attractive for moderate ranges. Different kinds of
defects and the thermal vibrations are very likely to cause an intensity
loss of the beam along its path. It is thus possible that beyond a cer-
tain depth almost only planar channeling will be observed. It was shown
earlier by Erginsoy et a14 that for high energy protons (several MeV) the
transmitted intensity through a thick crystal along a low index direction
could be accounted for by adding the planar contributions from all planes
intersecting at that particular direction. The present investigation
shows that this cannot be done for low energy ions in thin crystals.
For proton energies of about a few hundred keV, Eisgen 3y28 shows that
the interpretation of the transmitted spectrum needs the introduction
of directional effects besides the planes. The very fact that it is possible
to resolve the total channeled intensity into many low index directions,
with relative numbers which correlate nicely with simple geometrical
parameters, shows that aévery low energies the directional channels are
predominant. Crystallographic planes are believed to be seen at these low
energies too,

According to Lindhard the ions experisnce a potential caused by
a crystallographic plane only along very high index directions in that
plane. Along the low index directions the planar potential wvanishes. The
theory is, however, based on strings and planes isolated in space, a
situation which is drastically different from a situation where strings
and planes are put together to form a lattice. For very open directions
and for widely separated planes like for example the <01t , < 001 > and
< 112> channels aend the {111} and {100} planes in a f.c.c. lattice the
approximation on which the theory is based may be appropriate. It can
be doubted, however, that in a real crystal the planar potential is negligable

along a low index channel in that plane.
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When entering the crystal some ions may be forced into a channeling
state parallell to a plane although most of the ions probably end up in a
directional channel. As indicated above the situation may change as the
beam travels through the material. One cannot exclude the possibility that,
due to defects along a directional channel and vibrations of the strings
forming the channel, ions leave the directional channels and via the planar
channels end up in the random beam, Planar channels are expected to be less
sensitive to defects but more sensitive to vibrations because of the smaller
critical angles. One may therefore find a completely different situation
as the penetrated depth increases., The influence of the nearest neighbour
strings on the peak width even for high index channels may be doubled
for good reasons. Tt was shown already by Nilson and Thompson that the
effestive transverse potential for protons travelling down a < 110>
channel in gold was less than 100 eV already 0,25 i from the <110> string.
0,5 A from the string the potential is about 10 times lower.

The influence of positional assymmetry of the scattering centres
along the channel is, however, believed to affect the string constant.
The four strings which form a channel < hkl> have the same string constant
d = If two of the border strings are shifted a distance less than

< hkl

d<:hkl> along its own direction a situation may arise where the effective

string constant d is decreased,
< =

hkl
The successful way of resolving the intensity into individual
peaks with a width that does not decrease noticably with increasing values

of hy k and 1 suggests that the string comnstant along the direction <hkl=>

does not increase as fast as expected from simple geometrical calculations.
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SUMMARY

It has been shown that the normalized ratios of directional to
planar channeling correlate nicely with simple geometrical parametersz9.
The correlation is in fact so close that one concludes that for low
energy light ions in thin crystal films the directional channels are the
predominant ones. For higher order channels the peak width does not
decrease according to Lindhards predictions probably due to channel wall
assymmetries. The ion beam looses intensity along its path presumably

due to defects and lattice vibrations. Planes are also seen but cannot

account for the directional peaks.
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Figo 2

Fig. 3
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CAPTIONS

The transmitted intensity i (89.) of 17 keV D" ions is shown as

a function of ® along a {100} plane. The crystal is about

265 E thick., The dashed line separates the directional channeling
from planar channeling. The dot-dashed line represents the
intensity in high index directions outside the {100} plane.

Individual directions are resolved and indexed.

The transritted intensity i(@,p) of 16 keV D' ions is shown
as a function of@ and 9 along a {111} plane. The crystal is
450 & thick. The dashed line sceparates planar channeling from
directional channeling. The dot-dashed line represents the
transmitted intensity in high index directions just outside

the (111) »plane. Individual direciicns are resolved and indexed.

The trensmitted intensity i( @ ) of 21 keV D' ions is shown as
a function of @ along a{ 110} plane, The crystal is about

300 & thick., The doi-dashed line represents the intensity in
high index directions cutside the {110} plane. No planar chan-
neling from the {110 } plane can be detected. Individual direc-

tions are resolved and indexed.

The transnitted intensity i(@, ¢ ) of 8 keV D' ions for a gold
film about 900 X thick is shown as functions of @ end ¢ aling
the thrce planes {111}, {100} and{110}. The dashed lines separate
directional frowm lomoa chammalins. Dot dashed lines represents
the intensisy in high index directions outside the planes.

Individual directions are resolved and indexed, Fewer directions

are observed at this low enexzy.
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An eighth of & stereogram is shown for a <001 > oriented
f.c.c. crystal. Filled circles represent low index directions.
The radii of the circles indicate the relative importance of

the channel, Besides the (111), (100) and (170) planes one finds
a few zdditional low index planes. These are the {120}, {115 }

and {115} type planes,

The transmitted intensity i(@,p ) of 3.2 keV D" ions is shown
as a function of @ and ¢ along a {111} plane. The crystal

is about 265 £ thick. The dashed line separates directional
channeling from planar channeling. The dot-dashed line repz:c
sents the intensity in high index directions. Very few direc-

tions are observed at this low energy.

The transmitted intensity i( @ ) of 3.0 keV D ions is shown
along the {100} and the{ 110 } planes. The crystal is about

265 R thick. The dot-dashed line represents the intensity in
high index directions outside the planes. Only very few channels

can be resolved. No planar channeling is believed to be prescv™.

The transmitted intensity i( @ ) of 15 keV D' ions is shown
asafunction of @ along the planes{ 110} and {100}, The cry-
stal is a 600 A thick o -iron film. The dashed lines separat~
directional channeling from planar channeling. The dot-dashed

curve shows the intensity in high index directions outside.

the planes, Individual directions are resolved and indexed,

An eighth of a sterecogram is shown for = <001> oriented b.c-¢.
crystal. Filled circles represents low index directions. The

radii of the circles indicate the relative importance of
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10,

11

12,

15
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the channels .Besides the (110) and (100) planes o few other
low index planes are seen, These are the {111}, {112} and

{ 130 } type planes.

The transmitted intensity through two single crystals, each
200 R thick, of 15 keV D' ions is shown as a function of @ .
® is about 36.5O which corresponds to the intense peaks in
Fig. 11.The smaller peaks are intersections between {111 }

and {100 } planes.

The ftrensnitted intensity through the same two crystals as
in Fig., 10 is shown as a function of & for ¢ = 185°.
The weak peaks are caused mainly by intersections between {115;

planes, The dot-dashed line indicate the random intensity.

The transmitted intensity along a {100 } plane in the double
crystal in Fig. 10 (o = 850) is shown as a function of @,
Seversl peaks are visible on both sides of the <001 > peak

which do not correspond to low index directions.

Two overlapping stercograms rotated relative to each other
about 25° are shown for a f.c.c. lattice with a {100 } plane
parallell to the crystal surface. The radii of the open ciz~
indicate the relative importance of the directions. The dashed
line is part of the circle ® = 36,5° as in Fig. 10. The lines
L1 and L2 show the path of the beams in Fig, 11 and Fig. 12

respectively. Triangles show the positions of all the peaks

found in these figures,
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Fig, 14. The experimental relative numbers in Tables I - IIT are shown
as functions of the theoretical numbers in the same tables.

One observes a good correlation between experiment and theory

for both directions and planes.



Table I

Table IT

Table IIT

Table IV

« 9T =

; <hkl> <h1k111>
The relative number R = A /A is listed
theor,
for several low index directions in the three planes {111 L
{100 }and {110 }shown in Figs. 1 - 3. The directions are listed
in decreasing order of importance in each plane. One observes
that a good correlation exists between experimental and

theoretical numbers.

§ <hkl> <h1k111>
The relative number R = A /A is listed

theor.
for several low index directions in the three planes {111},
{100 }and {110 } shown in Figs. 6 and 7. The directions <hkl>
are listed in decreasing order of importance. As far as the
order amongst the channels is concerned the correlation is
gtill very good. The difference between experimental and

theoretical numbers is larger at lower energies.

; <hkl > <h1k111>
The relative number Rtheor. = A /A is listed
for several low index directions in the planes {110} and {100}
shown in Fig. 8, The directions are listed in decreasing order
of importance. The correlation between experimental and theore-

tical numbers is good.

"

The relative number R =

{hkl}/D {h1k111
theor.

is ligted for
several low index planes in both f.c.c. and b.c.c. latticess
The planes are listed in decrecasing order of importance for
both types of structures. The correlation between experimental
and theoretical numbers is good. Fewer planes are visible in

the b.c.c. lattice than in the f.c.c. lattice.



i®aumuh)

P8P up i
-3

| [347]

[23

5]
[358)

Figele

[o11] ’
[123] :
[134]
(257]
- [145] 4
[156]
[187]
{178}

Azimuthal angle ¥; @m (111)

&
]
2
3



50

= 00
j;: 2] aEfmﬂ] A
3
2o ﬁ [114] I
18]
: m3] {118]
(334] [338]
[223]
il L
53 o
j S
_/ 1 + :
80 50 &0 0 s F;O" angle : {deg)
[o01]
g [on] .
{013} L |
[o15] 2] '
o1z (o] 23]

[235] [134]

b+m+200302'40250gwmm

€ =285 (100) —=——f—e (110} .._l_. ;e intiln}

& =240

x
5’13“!--»



'OO
0% 07 D5 oW

L -

i8;9 (uuA)

:

11

Lt
T

fon]

2] [235]  h23 fi34]

(4] A 1 A 1 " 1 Es A

0 10 20 30 - 40



HBY LamA)

[001]

......

0
T T . i)

i(8) LumA)
()
o

N
o

-0 -1
(100} et (110}

6 +0 +20 +30 +40 +50 +60
Polar angle 8 (deg.)

(100)

i +30 + 60
{110}

Polar angle @ (deg)

b 2
Pl e



0 | ] L 1 1
60 120 180 240 300 360
Azimuthal angle @ (deg.)

2,10,



i(8) (lumA)

i®)uu A

{100}

~N
I

L 1) '15 {111}

Polar angle 8 (deg.)

<001 >

1

+30 +60
Polar angle 6 (deg.)

B2 - I R



(AM“AMH' } exp.

013

10 |
a.{if); Ex16ke¥; hy= 0 k=l =1
b.(20); E=17ke¥; hy=0; g3y =1
.0} E=20keY; hy= kD) =1
BF  gn); Eedzkey; hy=0; k=h=1

1

| ! 5 i
0 2 4 5 8 16 (AMKY Mkl .




Plane {111} Flane {100} Plane {110}
A<hki> ' A<hkl> T A<hki> '
<> R < 011> R < 001> R
il theor i thﬁrw sxp W thﬁram =
on 1.00 1.00 oNn 1.00 1.00 |001 1. 00 1.00
112 0.58 0.57 001 0.71 0.87 112 0.81 0.88
123 0.38 0.37 013} 0.45 0.38 111 0.58 0.49
134 0.28 0.30 0i2 0.32 0.25 1é 0.47 0.35
235 0.23 0.24 05! 0.28 0.20 334 0.34 0.20
145 0.22 0.21 035 0.24 0.19 116 0.32 0.18
156 0.i8 0.17 0837 0.24 6.20 ii3 0.30 0.16
347 0.16 0.16 017 | 0.20 g.11 118 0 25 0.09
257 0.16 0.16 023 0.185 0.10 2231 0 24 0.07
167 0.15 }0'” 032| 0.185 0.10 }338| 022 0.04
178 0.13 014 0.17 0.08 0| 0 20 0.03
358 0.14 0.12 019 0.156 0.05 1s c19 ~0.02
1889 0.115 ~ 0 034 0.14 0.03
043) 0.14 0.04
025] 0.13 ~0.02
Plane {111} Plane {100} Plane {110}
APEE 2 1 ARl E A=PK> - ot R
L tmf‘or - axp | k! the‘ér - exp |"K! the’gr exp
o1 | 1.00 1.00 |011 | 100 1.00 |001| 1.00 1.00
112 0.586 0.37 001 0.71 0.41 112 0.81 0.39
123 0.38 0.1 013 0.45 0.11 111 e g.0
134 0.28 0.02 012 0.32 <0, 08 114 T 0.0
235 0.23 <0.02 e




Plane {110} Plane {100}

hkl A<hkl;§<m R' Wkl [ AT
S A

theor exp theor exp
111 1.00 180 001 1.00 1.00
001 0.87 0.83 01 0.71 0.68
113 0.52 0.40 012 045 0.20
112 0.35 0.20 013 0.32 0.04
115 0.33 0.17 023 g.28 0.02
117 0.24 0.08 014,| 0.24 <(0.01
223 0.21 <(.02

f.c.¢c. b-.¢c.¢c

{hkt} n hk!} "

hiel (D550 | Ry | bkt | D"l Ry
: theor theor

111 i.00 1.00 110 1.00 1.00
100 0.87 0.27 100 0:r 0.40
110 0.61 s 112 0.58 e
113 0.52 ~0.05 013 0.45 e
120 0.39 A ard 111 0.41 -
112 0.35 ————
115 0.33 <0.02
122 0.29 ——




DOKTORSAVHANDLINGAR

vin

CHALMERS TEENISKA HOGSKOLA

e

. + . = s i
Blocking of D 1ons in single crystal gold films.
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ABSTRACT
Blocking effects are believed to be observed along the directions
<011>, <001>, <112> and <123> in gold., Planar blocking along {111} and
{100} type planes is also sugrmested. The experimental result, involving
a complicated combination between planar and directional effects due to
both channeling and blocking, cannot by subject to mathematical analysis

at the present time.



INTRODUCTION

Gibsonl et al have shown that in transmission through a thin
crystal some particles loose more energy than normal. It is believed
that energy is lost to atoms in a row or in a plene by correlated
collisions in high electron density regions. A highly anisotropic atomic
density provided by a crystal structure thus makes it possible for a
certain part of the transmitted particles to experience this larger than
normal energy loss. Erginsoy2 call these particles, blocked particles.
Some particles exhibit a lower than normal energy loss. These particles
are called channeled particles.

Germell and Holland™ investigated the blocking effect on (djn)
and similar reactions in a silicon crystal. 4 -, 7 -, and 11 MeV protons,
4 MeV deuterons and 10 McV a~-particles were used. 4 MeV protons incident
on a germanium crystal were also used, Demei] and Bjﬁrkqvisth studied the
erission of about 5 MeV a-particles from implanted Rn and Po atonms.
Blocking of g=- particles was observed along low index directions and
planes, In these investigations the radiation origineted from lattice
sites.,

The purpose of this paper is to present some nmeasurerents on the
blocking of low energy D' ions transmitted through thin gold single
crystal films. Evidence for axial as well as nlanar blocking will be

presented, The width of the blocking dips are discussed to some extent.

APPARATUS

The probability for an ion to become blocked along a low index
erystallographic direction or plane is smaller than the probability for
the same ion to become channeled. It is therefore a necessity to move
the detector away fron the bean direction a certain angle a., In order
to observe the blocking effect the angle o is larger for low energies,

S’6. o may be

The experimental arrangement has been described earlier
varied from —3o to +58° relative to the beon direction. This additional
degree of freedorm makes it possible to shoot ions into one directional

channel and to detect the transmitted beam along another directinal
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cannel, The design of the goniometer limits the nurber of combinations
of channels to the ones in low index planes which intersect at the <001>
direction,

Fig, 1 a - h shows the different detector and crystal arrangerents
used in the figures below. The direction of the incident beanm is fixed
and represented by the heavy vertical arrows. The riost interesting channels
available with the limited flexibility of the goniometer - detector systen
are the <011>, <001> and <112> channels. They have either the {100} or
the {110} nlane in cormon. Two directional channels in a {111} plane
cannot be combined at the present tine.

Single crystal gold films may be prepared by epitaxial growth
on a rocksalt - silver substrate, The detailed techniques can be found
elsewhereT. In this experinent one <100> oriented single crystal is used
in all figures. The thickness is about 600 KA. The incident beam consists
of 18 keV D' ions, except in the last figure where the energy is somewhat
higher, The ion beam is not energy anzlyzed neither before nor after the
penetration of the crystal beeause of intensity limitations, The film is,

however, completely free from pinholes.

RESULTS AND DISCUSSION

Fig, 2 shows the transnitted intensity i($) of ions detected at
o = h5° as a function of the azimuthal angle & of rotation around the
foil normal, along which the incident bean is directed. The ions thus
enter the foil along the <001> chennel (© = 0) and are detected along
the <011> channel. One observes four rather deep dips at @ -values which
will be shown below to correspond to {100} -planes, It has been found
earlier6 thot an enhanced intensity of ions along low index directions
or planes correspond to a smaller than normal energy loss, Although the
energy loss is not rmeasured in this investigation, it is expected that
a decrease in intensity of transmitted ions below the "random" intensity
corresponds to a larger than normal energy loss. This is verified experi-
mentally by Gibson et all et hipher cnergies. On each side of the dips
one observes the characteristic shoulders reported by Doneij8 and others,
The ions contributing to the shoulders compensate to about 50 % for the

blocked ions in the din. One finds no evidence at all for a blocking
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effect along the {110} planes which would be expected exactly in
between the observed dips.

Fig. 3 shows the reversed ion path compared to Fig, 2. The ions
are shot into the cerystal at @ = 45° and detected along the <001>
direction (a = hSO). The gencial profile is the sare as far as the
dips and the shoulders are concerned, The width of the dips is about
the same toco. However. it is obvious that the intensity level in high
index nlanes, the randonm intensity, is lower by about a factor 2 in
Fig. 2. An explanation for this seens to need the introduction of the
channeling effect. The circumstance that ions are ccnstently incident
along the <001> axis means that quite a few ions niss the detector
because of channeling along the <001> direction. The randon intensity
at o = 45° is therefore lower. When the ions are incident 45° off the
normal they becorme channeled along the <011> type channels only at four
very limited angular intervals as the angle ¢ is rotated through
360°, The <011> channel is able to absorb riore ions into directional
channeling than the <001> channel, {111} planes intersecting at the
<011> direction mey also be of influence. One would therefore expect
the random intensity to be lower in Fig. 3. This is also the case.

When the beam is incident at 0 = hSo the reflection of ions backwards
nay change and influence the detected random intensity too. One thus
finds that it is difficult to separate quantitatively directional and
planar effects in Fig. 2 and Fig. 3. In both these figures the <001>

and <011> directions are connected through the {100} plane. Two effects
noy be present due to this plane. The relatively high atom density along
the plane {100} nay block the incorming ions causing an energy loss
which is larger than normal. The probability of being scattered out of
the detector direction is thus higher, The{100} plane nay also give
planar sbsorntion which becomes visible only at ¢-values corresponding
to {100} plenes. Both effects ray explain the dips in Fig. 2 and Fig. 3.
The {110} planes are not seen at all.

Fig. U4 shows the ions which are incident at 0 = 35° and detected
at a = 350, the <001> channel. In Fig. 5 the path direction is reversed
and the ions are constantly entering the <001> channel and are detected
at a = 350. A conparison between the two last figures indicates again
that the <001> channel absorbs ions so that the intensity in a randon
direction for o = 35O is smaller when the ions are incident along the

foil normal. The general behaviour of the two curves is the same. The



amplitude of the intensity variations is larger in Fig. 4. One very
striking feature is the appearance of dips at aziruthal angles corre-
sponding to {110} planes. These dips were not observed in Fig. 2 or
Fig. 3 where the polar angle 0 had values rore favourable for the {110}
plane to show up than in Fig, 4 and 5. These broad dips are due to

the <112> direction end the {111} plane. The side dips on each side of
the <112> dips are traces of the {111} plane which intersect at the

< 112> direction and which becornes ¥isible close to this direction.

The dip due to the {111} plane is expected to be very broad because of
the fact that the bean moves almost parallell to the plane for some
times However, the extremely broad base of the dins centered about the
<112> channels indicates that the directional channels <123> are also
seen, These channels are expected about 18° degrees off on each side
of the <112> channel. It is nmost improbable that the {111} nlane can
be seen as far out from the <112> chamnel as 30° which is the critical
angle for the extremely broad dip. A probable way of resolving the
components under the broad dip is indieated in Fig. L4, one observes
again dips due to {100} planes. The depth is lower commared to Fig. 2
or Fig. 3. It is immortant to point out here that the <001> and <112>
channels or the <001> channel and the {111} plane are not connected

to each other through a low index nlane which has been shown to
exhibit deviations from a random plane. For example there has been

no indication of the {110} plane contributing to channeled intensities.
In Fig. 2 and Fig. 3 the {110} plane does not show up either as pointed
out above. The dins centered around the <112> directions thus do not
involve any influence from planar channeling. The conclusion is that
the directional channels <112> as well as the channels <123> are
causing blocking effects.

Fig. 6 shows a situation where the ions are shot into the
erystal at 40° from.the foil nornal. The detector is parallell to the
<001> channel. The shape of the four relatively broad dips ia ex-
plained by the presence of two {111} planes and one {100} plane. The
angular interval Ag between a {111} and a {100} plane at 6 = 40°
is about 11° which is consistent with Fig. 6. The random intensities
in Fig. 5 and Fig. 6 are about the same. This is not in contradiction
with what is said above about the influence of channels on the randon
intensity level. One notices that already 5 degrees of the <112>
channel along the {110} plane, the broad dips due to <112> and <123>
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directions and {111} planes in Fig. 5 are comnletely gone. This shows
agein that no anomalies occur due to {110} nlanes,

From the discussion here it seems clear that a cormbination of both
axial and planar effects are reswonsible for many dips. Definite excep=-
tions are the dips due to the <112> and <123> chanaels in Fiz. 5. These dins
indicate the new effect, called blockingzr It is believed that Fig. 2
to Fig. 4 and Fig. 6 involve beoth axial and planar blocking. The separation
of axial fron planar effects is. however, impossible.

The channeled intensity i(; ), detected in the forward direction, is
shown in Fig. 7 for 0 = 45°, The four sharp channeling pegks at ¢ = hSo,
1350, 225° and 315O correspond to <01ll> channels, Fig., 8. shows the trans-
mitted intensity i) in the forward direction for © * 35°, The different
directional and planar indices are given. Fig. T and 8 serve as calibration
curves for the orientation of the crystal. Fig., 9 shows the typical inten-
sity profiles i(@) alcng the {100} and {110} planes as a function of © ,

One concludes from Fig. T -~ @ that the single crystal gold film used in the
experiment is as good as any of our crystals grown by evaporation.

Finally Fig. 10 shows the intensity of ions which are shot into the
erystal at ©  -35° relative to the foil normal and detected at @ = + 35°
(Fig. 1h)., The total angle relative to the <001> channel is therefore &
The goniometer is not designed for this leorge angle. This cen be observed
at 9= hSog 1350 and 318° where the detected current is negative, The ion
bean hits the goniometer axis and crestes secondary electrons enough to be
detected. The interesting feature in Fig. 10 is, however, the narrow peaks
at g = 0°, 90°, 180° and 270°. These 3 -values correspond to the positions
of {110} plsnes. A comparison with Fig. ! shows that one can evidently cobtain
either peaks or dips along the {110} plane after a total angle of scattering
of - 350, depending unon wether the detector is set at the <001> direction,
on one side of the incident beam, or is set at 35° on the opposite side of
the bean,

A very probable explenation for the existence of the four narrow peaks
in Fig. 10 cannot be given., The width of the peaks is smaller than the
width of the four deep dips in the {100} wmlanes in Fig., 2 or 3. The pecaks
in Fig. 10 may originate from channeling and rmore specifically from planar
channeling along {110} planes. If this is a corrvect interpretation we have
here the very first indication of planar channeling of D~ ions below 25 keV
energy along the {110} planes. Compared to the {111} and {100} planes the

effect is negligable.
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CRITICAL ANGLES

A cormarison between Fig, 2 and Fig. 7 shows that the critical
angles are significantly larger in Fig, 2, The width of the dips in
Fig., 3 is also broader than in Fig. 7. but slightly narrower than in
Fig. 2. It was shown earlier6 that the total width o of a peak in the
transnitted distribution i s & combination of the entrance and exit widths,

cl and o0,, respectively, of the forn

“g o oeg 3
g = Ol 5 7 0'2

If one assunes that the effective foil thickness traversed by
the ions in Fig., 2 and Fiz. 3 is the same and that the total width o

is independent of a reversal of the ion trajectory, one would expect that
5=73
where the arrows indicate opposite path directions. The fact that this
is not the case indicates that the ions do not feel the different direc-
tions and planes parallell to the beanm and detector directions to the
same degree during the nassage of the crystal. One concludes from Fig. 2
and Fig. 3 that the ions which are scettered through 45° peflect to &
higher degree the directions and the nlanes narallell to the detector
direction (02) and to a lower degree the directions and planes parallell
to the incident beam (ol)° This seems to be consistent with the obser-
vation that channeling aleng the directions and planes parallell to the
incident beam is responsible for the different background levels in
Fig. 2 and Fig., 3., This is also supported by the difference observed
between Fig. 4 and Tig., 9. In Fig. 4 the detector is constantly parallell
to the <001> channel, One observes a well defined dip along the {110}
plane., In Fig. 10 the detector is not parallell to any low index direc-
tion. A narrow peak is observed this time along a {110} plane. The dips
in Fig. 4 therefore seem to be due to blocking along the <001> channel
while the less pronounced dips in Fig, 5 seem to be due to blocking along
the <112> channel. If channeling was responsible for the dips one would
expect the dins to be deeper in Fig. 5 than in Tig. 4. The critical
angles for channeling of the peaks in Fig, T are found to be about 60.
This value is consistent with a average energy of the ions in the foil
of about 15 keV9. This is a normal situation for a foil thickness of
500 - 600 &, The widths of the dins in Fig., 2, Fig. 3 and Fig. T are

shown in Table I.



The width of the dips are found to be broader than one would
expect from o calculation of the critical angles for channeling fronm
Lindhards low energy formulag. Taking into account the large energy
loss in the foil due to the extra path travelled by the ions, a con-
parison between calculated and measured widths indicate that the

ions in the dips still have lost more energy than nornsal,

SUMMARY

The investigotion has shown that part of the ions transmitted
through ao single crystal exhibit a lower than normel probability to
emerge from the crystal along certain directions. This seems to be
partly due to the so called blocking effect. In nost cases,skewn in
the figures, the blocking is believed to be 2 rather complicated
combination of planar and directional effects. It seens quite convin-
cing from a systematic study of the fipures that axial blocking is
present, The low index directions involved are the <011> , <001> ,
<112> and <123> directions. The low index planes that seerm to be invol-
ved are the {111} and {100} plenes, Tt is important to stress that the
experinents on blocking presented here are somewhat different from the
experiments reported by Dormeij and others. In the latter cases the
radiation originated from lattice sites and the influence of channeling
was thus excluded, In this investigation the ions detected parallell
to the beam are channeled while sore ions detected at large angles
are blocked. The blocking effect as it is observed here is believed to
be the result of a correlated Coulorb scattering experienced by the
ions during part of the time of transmission through the crystal.
During the rest of the time the blocked ions may be randomly scattered
in the crystal. This situation is too complicated to be subject to
detailed analysis at the present time. If one by channeling only neans
a correlated Coulomb scattering, the blocking effect can be labelled
a channeling effect with a larger than normal energy loss. The word
canalisation is suggested for both phenormena. Canalisation in regions
where the distance r from o string is larger than =z (r > a)2 is
called channeling. Fof r < a one nay use the word blocking for the

canalisation effect.
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CAPTIONS

Fig. 1. The figure shows the different crystal and detector arrange-
nents a - h corresponding to the 8 figures 2 -~ 9 below, The
incident beam direction is indicated by the heavy vertical
arrows., In all cases the detector is parallell to the plane

which the two indicated low index directional channels are found.

Fig. 2, The transnitted intensity at o = hSo is shown as a function
of ¢ . The incident beam is constantly parallell to the <001>
channel (Fig. la). The four dips correspond to the positions

of {100} planes. The {110} planes are not seen.

Fig. 3. The transmitted intensity at @ = 45° is shown as a function
of @ » The bean is incident at © = hSo (Fig. 1b). The four
dips appear at the same ¢ -values as in Fig. 2. The {110} planes

are not seen,

Fige. 4. The transmitted intensity at a = 35° is shown as a function
of 2. The beart is incident at © = 350 (Fig. 1lc). Dips appear
at 9 ~values corresponding to {100}, {110} and {130} nlanes.
The very broad dips are interpreted as beeing due to the {111}
planar channels and the <112> and <123> directional channels.

Fig. 5. The transmitted intensity at o = 35O is shown as a function
of 9. The bean is constantly incident parallell to the <001>
chennel (Fig., 1d). The interpretation of the curve is about
the sarme as the one given for Fig. 4. The intensity variations

are smaller.

Fig.b. The transmitted intensity at @ = 40° is shown as a function of
9 . The beam is incident at © = 40° (Fig. 1le). The broad dips
are interpreted as being due to the blocking fror one {111}

plane on each side of the {100} plane.

Fige To The transmitted intensity in the forward direction (a = 0)
is shown as a function of g. The beam is incident at O = 45°
(Fig. 1f). The four sharp pesks indicate the ¢ ~values of the
{100} planes.



Fig. 8.

Figs 9.

Fig., 10.

The transmitted intensity in the forward direction (a = 0)
is shown as a function of ¢ (Fig. lg). Some indices of
crystallographic planes and directions are given., Fig. T and
8 together serve as calibration curves for the orientation

of the crystal.

The transmitted intensity in the forward direction (o = 0)

is shown as a function of © in the two planes {100} and
{110}. The curve is taken from ref. 6 showing numerous direc-
tional channels as indicated plus the presence of the {100}
plane indicated by the dashed line, The dot-dashed line is

the random intensity as a function of 0.

The transmitted intensity at a = + 350 is shown as a function
of 0. The bean is incident at © = - 35° (Fig. 1h). The rather
sharp dips at ¢.values corresponding to {110} planes may be
an indication of a planar channeling along these planes.

The negative current at ¢ = hSO, 135O and 318o is caused by

secondary electrons.
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Teble I

The Table shows the o-values for three different
corbinations of © and ¢, The third cimbination
represents & channeling condition.o is the charac-
teristic half width of the dips.

C) o o

deg. deg. deg.

0 45 10,5 * 0,3

45 45 9,1 £ 0,3 #
L5 0 6,3 ¢ 0,2
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