I

(MeV)

Protonj

AN L AR DWW W NN

469
537
.633
.649
721
.749
715
771
L7917
722
.756
.801
.758
787
.830

Protons

3
3
5
5
7

.897
922
923
.942
933

E (MeV)

Alphas

9

10
13
13
13
16
16
16

867
10.

132

478

326
511
768

565

.704
.947

7Li

19
20
20

.606

175
955

Table

8.2

3ANDOM STOPPING POKERS IN DIAMOND

(k»V/vm)

(thick crystal)

40.68
39.68
38.58
30.50
30.22
30.07
24.84
24.66
24.34
21.28
20.93
20.92
18.56
18.28
17.92

(thin crystal)

28.3
27.8
21.1
20.6
18.4

f
i (MeV/amu)

(thick crystal)

NS

467
533
.620
332
378
442
141
176
237

A A DWW WD

(thick crystal)

2.801
2.882
2.994

i (MeV) 51 (keV/ym)

Protons (thick crystal)

7.786 16.42
7.810 16.31
7.843 16.50
8.809 14.66
8.831 14.47
8.863 14.45
9.827 13.28
9.847 13.10
9.876 13.09
10.837 12.48
10.857 12.24
10.881 12.51
11.844 11.94
11.862 11.86
11.890 11.62
Protons (thin crystal)
7.950 17.6
8.942 16.0
8.955 16.0
3.948 14.2
9.961 13.8
(keV/ym) 4 r
162.9 40.72
159.9 39.98
160.0 40.00
127.8 31.96
127.5 31.88
129.5 32.38
109.6 27.40
111.0 27.75
110.7 27.68
336.3 37.37
327.5 36.39
320.2 35.57
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and the rete of increase. It is possible that this is due to approximations
in the theory, but it is moie probable that the experimental points are
perturbed by the crystal structure of the target. It was observed that

the random peak tended to be skewed toward, higher energies, especially

for lalter relative energy losses in the target, and more so in <100> where
the points lie above the other axes in Figure 8.4. It is probable that
some feeding into channels is occurring; this would be expected to be

more probable in targets where morr multiple scattering can occur, that

is, at larger energy loss. This then leads to a lower energy loss for

some ions ant a skewing of the peaks to higher energies, with a consequent

apparent increase in straggling. This is likely to occur in any crystal-
line target: it can be concluded that crystals are not the ideal target
in which to study straggling at larger relati/e energy losses Nevertheless

it can be concluded that the Bohr approximation is valid at smaller energy
losses, in the Gaussian energy loss distribution regime. Straggling in

carbon has also been examined by Langley and Brice [Lai 78] who uetermined
it from the broadening of the resonances at 4S9 keV and 1.7 MeV in elastic

proton scattering. A value close to that predicted by the Bohr theory

was found at 1.7 MeV.

8.4.3 Channelled lon Stopping Power

The ratio of channelled to random stopping i: given in Table 8.3
and is plotted in Figure 8.5 for the three axes <110>, <11*' and <100>.
There was no evidence for any ion dependence of these values, and the
points in Figure 8.5 are not distinguished according to the ion. It is
interesting that the peak values for the <110> axis in the thin diamond

are close to the leading <110> values for the thick diamond. The width



i/A
(MeV)

Proton*

2.53"
3.72]
4.771
S.756
6.787
7.810
8.831
9.847
10.857
11.862

Protons

3.922
5.942
7.950
8.955
9.961

A -

2.533
3.378
4.176

Table 8.3

RATIO OF CHANNELLED TO RANDOM STOPPING POWER

ABC/ AER <no>

Peak Leading
edge
(thick crystal!
0.774 0.619
0.791 0.642
0.793 0.642
0.801 0.641

0.799 0.620
0.820 0.635

0.818 0.636
0.817 0.628
0.831 0.634

0.837 0.440

(thin crystal)

0.695
0.662
0.637
0.663
0.674

thick crystal)

0.782 0.635
0.802 0.649
0.795 0.647

71i (thick crystal!

2.882

0.775 0.610

i/A
(MeV)

2.469
3.649
4.715
5.722
6.758
7.786
8.809
9.827
10.837
11.844

3.897
5.973
7.935
8.942
9.948

2.467
3.332
4.141

2.801

AE(;/dER <U1>
Peak -2ding
edge
0.880 0.775
0.880 0.775
0.879 0.760
0.883 0.760
0.882 0.757
0.884 0.760
0.86L 0.749
0.887 0.727
0.891 0.722
0.897 0.723
0.881
0.889
0.894
0.918
0.911
0.861 0.779
0.089 0.803
0.879 0.787
0.856 0.772

I'y.

(MeV)

2.633
3.749
4.797
5.801
6.830
7.843
8.863
9.876
10.881
11.890

3.939
5.955
7.961
8.965
9.970

2.620
3.442
4.237

2.994

AE./AE- <100>

Peak Leading
edge
0.888 0.754
0.880 0.761
0.879 0.74i
0.873 0.728
0.882 0.723
0.883 0.729
0.876 0.715
0.883 0.718
0.881 0.711
0.890 0.693
0.77
0.75
0.71
0.79
0 90
0.860 0.776
0.872 0.766
0.873 0.770
0.860 0.725

316.
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The result;* can now be compared with the theoretical results also
shown In Figure 8.5. It Is Immediately clear that there Is a much more
pronounced axial variation than that predicted by the Dettmann theory. The
theory must, therefore, be modified to include the effect of channelling
on the valence electron stopping, and this has been done by treating the
valence electrons as a spatially periodic gas as described in Chapter 2.

It can be seen that the results from this modified theory are very close

to those the theory of F.sbensen and Golovchenko, and these may be
considered together, as the approximations involved in the theories render
this difference insignificant. This agreement is perhaps to be expected
for the reasons given in Section 2.4.5: the equation (2.4.29) from the

the- v of Esbensen and Golovchenko can be regarded as a local density
appioximation obtained frum equation (2.4.35) for the periodic electron gas.
The theoretical values then follow the trend of the experimental values,
but the reduction in stopping power and axial dependence are more pro-

nounced than that vbssrved in experiment.

It has been pointed out that the true least energy loss will only
be experienced by hyperchannelled ions, that is, those trapped in tne
channel throughout their motion in the crystal [Ap 72]. It can be expected
that these will be observed only in experiments using the thinnest crystals
[Ap 72); the least energy loss in 'nicker crystals will then be that of
ions that have wandered from channel to channel along the most widely
spaced plane intersecting the channel [Ei 72], This widest planar channel
is (111) (wide spacing) for tho <I110> axis and (110) for both <l11> and
<100> axes. Accordingly, this minimum planar energy loss was evaluated
and is also shown in Figure 8.5, for the modified Dettmann theory. These

values are more in accord with the experimental least energy loss values.
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of realistic X-ray scattering factors is iaportant in both theories, if

detailed comparison with experiment is to be made.

The results reported here are somewhat limited by the variation

in target thickness and subsequent im itation on obtainable accuracy. It

would be worthwhile to improve the uniformity of thin diamond crystals.

In this regard, the crystal, should be of Type la, uith a low h-nitrogen

concentration, and with little (or preferably no) B-ni.rogen or platelets.

These can be expected to be the hest channelling dia-nds. , -or. uniform

crystal would enable more accurate measurement, to be made, and also alloc

the investigation of allotropic effects.



CONCLUSION

Channelling measurements on natural diamond have been extended co

include dechannelling, the effect

of amorphous and impurity layers on the

surface, and energy loss measurements. The increase in dechannelling in

a series of Type la diamonds (which comprise the majority of natural

diamonds) compared with the best crystals has been quantified and shown

to be due to the presence of platelets on (100) planes.

The yield, as a function of depth, has been measured for the

major axial directions at a variety of energies and temperatures. The

vacation of yield with temperature 1, rather small on account of the high

Debye temperature of diamond and the scaling of the yield with ujt, that

has been observed in silicon and germanium, has not been found in diamond.

However, the yield as a function of depth has been found to scale with an

energy dependent characteristic length, i., determined by electron

multiple scattering. This has been interpreted as being the dominant

dechannelling mechanism in good crystals. The scaled yield is very similar

for the three major axes, indicating that the same mechanism is acting in

all cases, and that small differences between the axes in the initial

transverse energy distributions, and in the distribution of electron, in
the channel are u:

relatively minor importance. Such differences that do

exist are rapidly 'washed out' in the diffusion process in transverse



Theoretical calculations using the steady increase model fail

to reproduce the experimental behaviour, but the diffusion model giv*s

good results, if realistic electron scattering terms are used. The model

employed used multi-string transverse energy distributions and included

damping and absorption terms, although the effect of these is small. An

analytical solution of the diffusion equation has been given for the Lind-

hard single-string initial distribution, and a constant ~ . This can

give reasonable results for small depths, but fails at larger depths where

the detailed variation of the diffusion function with transverse energy

becomes important.

The numerical solutions have enabled the effect of various terms

of the diffusion model to be examined and it was r.rted that the damping

term can lead to an increase in the yield at large depths (while the yield

is decreased at smaller depths) in contrast to a decrease at all depths

noted with the steady increase model.

The effect of amorphous surface layers on the minimum yield at the

surface has been studied in <110>. Layers of carbon, aluminium and gold

were evaporated onto a polished diamond surface, and a wide range of

thicknesses was obtained by removing the layers sequentially using argon

ion milling. The effect could then be studied down to relatively small

increases in the yield. The use of gold, aluminium and carbon layers

allowed a wide range of reduced thickness, T, to be covered, from

x - 0.2 to 140.

The results were, in general, in good agreement with calculations

based on Thomas-Fermi multiple-scattering theory, but small deviations



could be due to deviations of the true ion-atom interaction potential

from the statistical Thomas-Fermi potential. It Jj probable that high
precision measurements could be used to distinguish between different
potentials. The increase in yield is due pr.dominantly to the tail of the
multiple-scattering distribution and thus this type of measurements is
complementary to direct measurement of the distribution which gives greatest

weight to the maximum of the distribution at small angles.

A scaling law for the yield as a function of t, derived for power
law scattering, has been demonstrated to hold approximately for the range
of T used in the exp.-riment and has been used to correct the aluminium

thicknes for a small oxygen contribution.

The use of small layer thicknesses has enabled comparisons to be
made with Lindhard's estimates of the effect on the yield of contamination
leyers. While his expression, derived from Rutherford scattering, gives
reasonable results for low Z layers, deviations occur at high Z. Using an
approximation to the Thomas Fermi single scattering cross-section, an
alternative expression has bee" derived, which gives good results up to

6x m 0.1.

Calculations of the yield as a function of depth in a crystal over-
laid with an amorphous layer have been made using the diffusion model.
Results are in good agreement with experiment, lending further weight to

the validity of the diffusion model.

The dechannelling produced by defects has been studied in a group
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thin diamond crystals has been measured. The random energy losses are

in agreement with those tabulated by Andersen and Ziegler, but the errors

are such that it cannot be determined if any differences are due to the

ellotropic form of carbon used. The straggling n the random beam is in

accord with the theory of Bohr for small energy losses in the crystal,
and increases in qualitative agreement with the theory of TschalXr for
larger energy losses. It is possible that the width of the spectrum at

larger energy losses is effected to some extent by feeding into channels,

and close comparison hcs not been made.

The channelled ion energy loss has also been measured, and values
for tl.e ratio, m, of channelled to random stopping for 'best channelled'
ions are m- 0.64 ¢ 0.02 for <110>, m < 0.3 for <I11> and m4 0.75

for <100>. No dependence of m on the atomic number of the incident ion

was observed.

Comparison has been made with the theories of Dettmann and of

Esbensen and Golovchenko. It has been shown that the effect of channelling

on the valence electron contribution to stopping should be taken into
account in the theory of Dettmann. An expression for the energy loss in
a periodic electron gas las been drived by using a sum rule. When combined

with the core contribution of Dettmann, results close to those of Esbensen

and Golovchenko are obtained. The theoretical results calculated at the

channel centre are rather lower than the experimental results, but
calculations for the prin.ipal plane passing through the axis are in closer

accord with the experimental results. This indicates that effects of

hyperchannelling are not seen.



The use of diamond as a target in channelling experiments is not

without difficulties, but these can be overcome with care in the selection,

characterisation and preparation of crystals. Selection from a larStf

suite of crystals allows perfect crystals, at least by channelling standards,

to be obtained and differences between the channelling in these and In lesf.

perfect crystals may be explained quantitatively in terms of known defects.

Channelling experiments may be performed on diamond with the aame con-

fidence as on other laboratory-grown, crystals.



APPENuIX 1

CHANSPEC

A FOMRAN computer program, CHANSPEC, was written for the off-
line analysis of channelling spectra on the Nuclear Physics Research Unit's
Interdata (Perkin-Elmer) 7/32 computer. This programme accepted input
spectra from cards or magnetictape and performed operations on the data
defined by a sequence of command cards ('card' isused here loosely as a
term for any suitable sequenceof records and thus input orcommands could

be on cards, disc file or read from a terminal):

i) READ

Spectra can be read in, and a number of random spectra averaged.

ii) FIT
The surface edge of the spectra could be 'deconvoluted* and the
surface peak extracted from the channelling spectra. The yield
could then be extrapolated to the surface. This was performed by
fitting a suitable function to the edge, using least-square methods.

The surface peak was fitted with a gaussian,

and the underlying edge with a quadratic step (that is,

n(x) * a ¢ b(x - XQ) ¢ c(x - XQ)2, where n is the number of
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I11)

iv)

V)

vl)

printer

read-in

DEPTH

A conversion from an energy scale to a depth scale could be
performed using the method of Zeldins [Za 74] and his parameter-
Isation of the stopping-power and range, with values suitable for
diamond. The program allowed a lower channelled energy loss (a
constant fraction of random energy less) to be used if required.

This is discussed in Chapter 5.

NORM

Spectra could be normalised to random.

SMOOTH

Statistical fluctuations in the data could be smoothed using a
least squares cubic spline smoothing technique [Rei 67]. A
parameter to define the amount of smoothing was calculated by
the program, but could be over-ridden. The former was generally

adequate.

DAMAGE

This command allowed extraction of radiation damage profiles
[Der 76] or the analysis of dechannelling probability using the
single scattering model (Chapter 7), depending on the version of

the program.

Processed data could be printed (PRINT) or plotted on the line
(PLOT) at any stage, or analysis could be re-started at the as

stage without a re-read (RESTART). Additional commands allowed a



sequence of commands to be stored,

analysed using one command.

and thus a series of spectra could bt

The program was designed to have a flexible structure that could

easily be expanded to accommodate extra commands.

independent subroutines to perform each command.

A central core called

The sequence of commam s

could be arbitrary within the confines of compatibility (for example,

FIT could not be performed after TF.PTH). The flexibility provided by the

program was a great aid in the analysis of spectra, and the program was

found to be more useful than a simpler program with a fixed purpose.

A listing of the program follows.
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