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Synopsis

Experiments carried out on diamond crystal counters are described. The
use of a new diamond specimen leads to the same value for the product of
the mobility and the mean free time in the crystal as had been found for a
previous specimen, the data for which have been already published by the
same authors.

The energy necessary for the liberation of one electron in a diamond
crystal appears to be 8,6 e.V. or less. Evidence is given that the parts of a
mixed crystal used for the counting of a-particles are of type II (transparent
to ultra violet light).

§ 1 Introduction. For a crystal showing electron-conductivity under
irradiation with particles or quanta, it is possible to define several
characteristic quantities; the mobility v of the electrons in the crystal,
the mean time T that a liberated electron stays in the conduction
band and the energy E necessary to liberate an electron. The beha-
viour of the crystal under the particular radiation can be described
with the aid of these quantities. Under the simple circumstances of
one single kind of electron trap and if a homogenous distribution of
these traps in the crystal is considered, these quantities will be suffi-
cient to account for the properties of the crystal. However, a descrip-
tion of the experimental behaviour of real crystals is rather difficult
because in general these simple circumstances are not present: very
little is known about the depths of the traps and the distribution of
the traps in depth and in space. It is usually assumed that:

1) The electrons remain trapped for either a long time or a very
short time when compared with the time of measurement;

2) The traps are homogeneously distributed in the crystal. It has
already been shown ?) (this paper is afterwards referred to as paper I)
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that at least for diamond, the second assumption is not usually cor-
rect. This was done by measuring different effects at different spots
of one diamond, under identical external circumstances (same exter-
nal fields, some irradiation with a-particles and red light). A conse-
quence of this is that another result might be obtained if another
diamond is used, or if the irradiation is performed with a- or §-
particles, electrons of low energy, or quanta. This is especially true
if only the effect produced when the entire crystal is irradiated with,
for example, light is measured. Thus, structure-dependant results
may be expected. To solve this difficulty a diamond used as a crystal
counter was irradiated with a-particles and the induced conductivity
of each particle was measured separately. As in paper I, only part of
the effects were compared under varying circumstances, namely the
part consisting of the largest effects only®

A second problem is introduced by the creation of a space charge
during the measurements. This means that the result will depend
upon the history of the crystal. Up till now the best elimination of
space charge in diamond is probably given by K. G. Mc K ay 2 3),
whose recently improved experiments give consistent results for one
diamond specimen (irradiation with electrons of low energy). As it
was intended to measure the individual effect caused by «-particles
the method of M c K ay is less convenient for our purpose. There-
fore, another method was studied, namely a simultaneous irradia-
tion with red or infrared light during the experiments 4). This enables
the determination of Hecht’s function, which gives the relation
between the magnitude of the signal and the field strength in the
crystal, and in consequence thereof, determines a minimum value
for the product of the mobility » and the meantime 7.

This paper contains a repetition of the previously described experi-
ments with another diamond specimen and under different circum-
stances; at the same time the absolute number of electrons liberated
is measured. This number, together with the energy of the a-particles
(of Polonium), determines the energy E necessary to take one
electron into the conduction band. The values of E found for diffe-
rent circumstances happened to be different and the reason for this
discrepancy is given. As before, in determining the energy E, only
the largest signals were considered. This method has the advantage
— above those by which one irradiates a larger surface obtaining an
average result — of eliminating the influence of internal cracks,
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laminated structure and inhomogenity in the distribution of the
electron traps. The importance of this elimination was discussed in
paper I, and we have already utilised the laminated structure of
some diamonds to explain observed phenomena 4).

Up till now, it is not yet known which part of each diamond will
count a-particles and which will not %) 8) 7). In general it is known
that two different kinds of diamond 8) exist distinguished princi-
pally ®) by the property that diamond I absorbs in the ultraviolet
(2000—3000 A) while diamond II transmits in this region. As many
counting crystals are partly transparent, it is difficult to decide
whether both parts have counting properties or, if not, which part is
counting. In the third section of this paper the experimental data is
given which shows clearly that the ultraviolet-transparent parts
(diamond II) are the most important — if not the only — parts
contributing in the counting of a-particles.

The experimental arrangement was the same as that described in
the two previous papers 1) 4).

§ 2. Hecht's function and the energy per liberated electron. In order
to determine the liberation energy per electron, Hecht’s function
was measured, the absolute number of electrons liberated by one
a-particle verified, and then the energies of the a-particles at the
moment of entrance into the crystal compared. Hecht’s function
gives the relation between the charge pulse Q measured and the field
strength in the crystal: '

1
6=0(1 —e %)

Here § = x/l = Q/Ne. (N is the number of liberated electrons, X the
average distance covered in the crystal by the electrons,  the thickness
of the crystal) and 2 = FvT /! (F is the field strength, v the mobility,
T the average free time of an electron). For any particular diamond
specimen, the method of determining this function has already been
explained in paper I. Ne is found, in arbitrary measure, by comparing
the experimental values with the theoretical curve. The calibration
was obtained by inducing a known charge on the grid of the first valve
of the amplifier. The energy of the «-particles at the moment of
entering the crystal was calculated from the distance between the
Polonium-source and the crystal. Under normal circumstances this
energy was 4,0 MeV.
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Using this calibration for the diamond for which Hecht’s function
in the stationary situation and with red light was given in paper1, a
charge pulse for an a-particle of 2,15.10° e.c. was obtained; this
means an energy of 18,6 eV per liberated electron. This value is much
larger than one should expect. According to Seit z 19 from theory
a value between 7 and 10 eV might be expected. A. J. Ahearn?)
found a minimum value of 10 eV using o-particles and K. G.
McKay?® a value between 7 and 13 eV using electrons of low
energy. :

There are two reasons why the value obtained in our investigations
might be too large, firstly it might be that even the largest charge
pulses do not cover an average distance of more than 0,3 times the
thickness of the -crystal and secondly that a number of electrons
might be trapped before making a contribution to the signal. As a
consequence of the very good correlation between the experimental
data and the theoretical curve (see paper 1) the first possibility can
be eliminated. The long time this crystal has'been in use also suggests
the second possibility may be true. Moreover, after the measure-
ments have been interrupted, the pulses obtained of resuming
measuring were for a short time larger than usual. For that reason
the crystal was not used for a week. After a week, (with I = 6000
V/cm) — in absence of red light — pulses were obtained for a few minu-
tes corresponding with 4,5.10° electron charges. This number was
derived assuming that the curve of He cht did not depend on the
rate of recombination. The corresponding energy-value wanted s
8,9 V. One has to distinguish between a higher trapping chance in a
region that has been under irradiation for a longer period, as sup-
posed here, and a normal recombination chance. The higher trapping
chance depends on the history of the crystal; the recombination is
independant of this history.

Further investigation is therefore necessary to elucidate the
question: “Does the trapping depend on the field strength?” for if
this is true than the value of vT already found is incorrect. The
answer is, that a possible dependence of the rate of recombination on
the field strength may be eliminated as a consequence of the
correspondence between the experimental data and the theoretical
function,

To investigate this Hecht’s function was redetermined, this time
with a new, completely unused diamond specimen. To eliminate a
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possible influence of red light, and to diminish the influence of earlier
measurements, a counting time of 15 minutes was used for each
value and the crystal was not used for one day between every two
values determined. At 60 V and 100 V only a small amount of red
light was used while above 100 V experiments were carried out in the
absence of red light. The results are given in fig. 1. It appears that
within the limits of accuracy the curve gives the same value of
5,3.107° cm?/Volt for vT as in the case of the other diamond speci-
men with red light and long time measurements (paper I). Conse-
quently no important influence of circumstances is found.

When calibrated, the energy per liberated electron appeared to be
even less than the value of 8,9 eV
which had been found previously.
This indicates that trapping, if
present, is less. The number of
electron charges at 700V was 4.10°,

corresponding to an energy of 8,6 L e Vet

A ° 1 ) ]
eV per electron. The accuracy is °© = 2° 30 w50 e
about 79,. Because we do not Fig. 1.

know the influence of recom-
bination, it is possible that the real energy value is smaller.

One phenomenon occurred which we did not understand. During
the first days the crystal gave scarely any effect for field strengths
below 1500 V/cm; above this value the signal grew rapidly with
tension. After some days of use the counting of the crystal improved
and larger signals were produced. Moreover the charge pulse in-
creased during the first minutes of every measurement after which it
decreased again, probably owing to the growing space charge.

§ 3. The counting sections of diamond. In order to explain some
experiments 4) it has already been supposed that a counting diamond
possesses a laminated structure. The size of the counting cells
however was unknown. This, together with contradiction in litera-
ture, makes it desirable to investigate the characteristic properties
of counting diamonds more closely.

Friedman, Birks and Gauvin? were the first
authors who poirited out that a possible correlation exists between
the counting properties and the type of diamond. They found the
best y-rays-counting diamonds to be of type II, ultraviolet transpa-
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rent ones. Shortly afterwards A. J. Ahearn?® with a-particles
obtained the largest signals in crystals classified as type I. However
he did not exclude the possibility that his crystals were mixed ones
of which only the type I parts counted. Then R. Hofstadter?9)
supposed the type I to have a mosaic structure and type II a lamina-
ted one. In consequence the type II would give the electrons the
possibility of a longer free path in one direction and thus constitute
the better kind of counting crystals. This idea however was severely
contradicted by K. Lonsdale?) who declared the type I crystal
to be nearly the most perfect crystal known. That type II shows a
laminated structure was demonstrated by the experiments of
Krishman and Ramachandran, published in a sympo-
sium under direction of Sir C. V. Raman?8). They investigated
the crystals optically as well as by means of x-rays.

Our experience is that no type I crystal counts a-particles; only
those which are at least partly transparent might show an induced
conductivity by a- and g-particles. Moreover the supposition of a
mosaic or laminated structure is needed to explain the behaviour of a
counting crystal 4). In addition there is still another consideration,
given below, which for counting diamonds indicates at least a
laminated structure. It is possible to give a minimum for the average
linear dimension of the hypothetical cells. For the diamond described
in paper I — as well as for the other investigated by us — the magni-
tude of the maximum signals decreased after about ten minutes_
This implies that on the average in every counting cell at least one
a-particle is trapped at this moment.

If the experimental data given are considered (about 6.10% a-
particles per minute, e.c. 6.10° in 10 minutes, an efficiency of 25%,,
a surface of 6 mm?), one obtains for a linear dimension x:

22> (1,5.10%/6.10% w2, so x > 15 p.

A maximum value might also be given for the same linear-dimension
of the cells. The distribution of the magnitude of the signals given by
mono-energetical a-particles has been measured and such a distribu-
tion is sketched in fig. 2. With a resolution power determined by the
noise of the amplifier we find about seventeen maxima. If we explain
these maxima in the way we believe to be correct by introducing one
cell (at least one) for each maximum, this gives a maximum value
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A3

for the square of the linear dimension of such a cell ¥2<(1,5.10%/17)u?
which means, x < 300 p.

Moreover in the third direction, the depth, a similar value is found.
The charge is trapped.after having covered a distance varying
between 100 and 1000 g. This too suggests a mosaic or laminated
structure. If one compares these values 15 x4 < X < 300 u with
those given by Ramachandran for the dimension of the
laminated cells in diamond II which lies between 10 and 100 g, it
must be concluded that the agreement between the results is very
good, the more so, since our estimate
is a rough one.

In our opinion these experimental
data and considerations result in the
conclusion that the ultraviolet trans-
parent parts, those of diamond II,
are the most likely to count, at least
for a-particles. The experimental
contradiction with A. J. Ahearn’s results is not conclusive, as his
crystal might be a mixed one, of which a small part of type II counts.

—— Oumber of counts

—— magnelude of charge oulses

Fig. 2.

§ 4. Conclusion. We have already discussed some striking differ-
ence with older experiments. K. G. Mc K ay with his recently
improved method 32) obtained an average value of v7 = 8,3.10~® cm?/
Volt with one diamond specimen and for a varying irradiation. We
are convinced that the value of vT = 5,3.10™° cm?/Volt we found is
more correct, especially because the same value was obtained with
two different specimens. Moreover, in our experiments the influence
on the result caused by the inhomogenous distribution of traps in
different parts of the crystals, and the influence of internal cracks
was eliminated. To get the same result as K.G. Mc K ay, it is only
necessary to average the distributions of 6 = Q/Ne as given in fig. 2
e.q. For F = 6000 V/cm, as in this figure, the average value must be
2/5 of the maximum value in order to have a near correspondence
with the value found by K. G. McKay. Itis evident that our
average values lie very near to those of K. G. McKay, thus
proving again the correctness of the deductions.

If a trapping cross section o of 10~'° cm? is assumed, one finds the
number of traps N in the best parts of the crystal:

N = 1/Tou
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to be about 2.10'*/cm® (where « is the thermal velocity, the mobility
of the electrons is supposed to be 900 cm?/V sec according to
Klick and Maurero).

The energy necessary to liberate an electron appeared to be 8,6
eV, which is a little less than the average value of 10 eV found by
Ahearn and also by McKay. The question remains if our
value is also too high, as one does not know the influence of recombi-
nation. .

Finally it should be pointed out that the influence of recombina-
tion and trapping appears to be more important in investigations of
this kind than one would expect according to older publications.
More attention must be paid to the influence of the method on the
result than has been done up till now. This is especially important if
a crystal js used continually for a long period.
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