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rors M; and M,, and adjusting the uncompressed
pulse delay by moving Ps, it is possible to direct
most of the beam of the uncompressed pulse and part
of the compressed pulse beam below the beam
splitter and have these pulses scan across each
other inside the dye cell, thereby obtaining a meas-
ure of the squared envelope function A%(#). Actually,
the fluorescence intensity is proportional to
JA*(1)B*(t — t")dt, which approximates A*(¢') when
the function B*(t —t') is sufficiently narrow. At the
same time, that part of the compressed pulse that
is intersected by the beam splitter produces a flu-
orescence intensity proportional to [BX()B3(¢ — t")dt,
which usually appears as a sharp line in the photo-
graph, and one can estimate readily the degree of
resolution in the envelope measurement from the
sharpness of this line. | If this latter fluorescence
intensity display produces a sharp line, we have
some confidence that we are measuring an average
A%(¢) that is heavily weighted in favor of a small
number of identical pulses.]

Although an accurate measure of A%(t) will re-
quire more sophisticated photographic techniques
than we are using at present, two interesting re-
sults have been obtained. First, the width of the
display for the scan of the uncompressed pulse with
itself [ JA%(#)A%(¢ — t')dt] is considerably narrower
than for the simultaneously measured scan of the
compressed with the uncompressed pulse
[ jA%()B*(¢ — t')dt), as would be expected. The ratio
of the widths appears to be about 1.4. (It would ap-
proach v2 for Gaussian pulses with large compres-
sion ratio.) The second result is that the pulse en-
velope is unsymmetrical," and in all cases ob-
served so far the rise time of the pulse is larger
than the fall time. Figure 4 shows a microdensi-
tometer trace of a (squared) pulse envelope made
in this way. The asymmetry is greater in this par-
ticular pulse than in any of the other pulses meas-
ured so far. The ratio of rise time to fall time is

about three on the microdensitometer trace, al-
though the cut-off may be actually sharper, the
trace being limited by the resolution of the micro-
densitometer. Pulse shape measurements made
with single pulses will probably be more meaning-
ful than those averaged over the pulse train.

It is a pleasure to acknowledge the technical as-
sistance of R. Bodurtha and R. Michaud as well as
the many fruitful discussions with W. H. Glenn and
A. J. DeMaria.

Note added in proof. The width ratio referred to
above would be expected to be the other way around.
Our result is probably due to the low amplitude
part of the pulse that is not readily visible in the
ordinary display. The author is indebted to Robert
A, Fisher for pointing out this error.
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The validity of the Kinchin—Pease formula is re-examined on the basis of recent progress in the theory
of collision cascades and irradiation experiments on semiconductors and metals.

The average number of Frenkel pairs produced in
a solid by an energetic heavy ion or recoil atom is
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usually estimated by the formula’
N(E) =E/2E,, (1)

where E is the ion energy and E; an effective dis-
placement threshold energy. Despite frequent use
of this formula, its validity has never been con-
firmed experimentally. Contrary, it has been an
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intriguing problem for many years that Eq. (1) ap-
peared to overestimate N(E) in irradiated metals
and semiconductors by a factor of two to ten,? and
the only attempt to measure the energy dependence
of N(E) over a large energy range (50-200-keV re-
coil atoms in gold) gave a quadratic rather than
linear relationship.® Several attempts to modify
Eq. (1) by improving the underlying assumptions®*”
were more or less successful in pushing N(E) down
to smaller values as compared to Eq. (1), but the
great number of uncertain parameters made reli-
able predictions virtually impossible.

A new feature came into this discussion when
Davies et al.® reported as many as 3000 displaced
atoms per ion in silicon crystals bombarded with
40-keV Sb" ions. With their technique—backscat-
tering of a channeled 1-MeV He' bea.m—theay de-
tect every atom displaced more than ~0.2 A from
a lattice site and not located in a regular intersti-
tial hole. This result is insensitive to implanta-
tion temperature between about 100° and 300°K.°
Since E; is about 14 eV in Si,'° N(E) would be 1400
according to Eq. (1). The question arises whether
we deal with 3000 dynamical displacement pro-
cesses, such that we would have the first example
where Eq. (1) underestimates the damage rate; in
other words, can we push the theoretical ‘‘predic-
tion’’ up by a factor of two?

Let us recall the assumptions underlying Eq.
(1). (1) Random slowing-down. (2) Elastic colli-
sions. (3) Hard-sphere scattering. (4) An atom
recoiling with energy T is displaced when T > E.
(5) No energy is lost if T > E; while all energy is
lost if T < E4. (6) An atom of energy E makes a
replacement collision if E — T < E,.

Assumption (1) overestimates® N(E), so we may
neglect lattice effects throughout this paper. If as-
sumptions (2) and (3) are dropped Eq. (1) is modi-
fied to

N(E) = tv(E)/(2Ey), (1a)

where v(E) is the amount of energy not lost to elec-
tronic excitation,’ and £ a factor < 1 dependent on
the atomic interaction.>” Recent calculations'" indi-
cate that £ ~ 0.8. If we want to be flexible with re-
spect to assumptions (4)~-(6) it is convenient to con-
sider the recoil density F(E, Eo)dE,, defined as the
average number of atoms recoiling with an energy
{(Eo, dEo) as a consequence of a primary ion slowing
down from E to zero energy. F(E, E,) satisfies the
following integral equation:

7

0= foEK(E,T)dT[F(E, Eo) — F(E—T, Eo)
~FI U, E) - 6 - B,

where K(E,T) is the differential cross section and
U a binding energy lost by an atom when leaving a
lattice site. Equation (2) holds strictly only for
elastic collisions, but electronic energy loss could
easily be superimposed. It is also assumed that
the primary ion is of the same type as the target
atoms, but generalization to unequal masses is

(2)

straightforward. Equation (2) is similar to the
equation defining the collision density,'? the main
difference being that the collision density counts
both collision partners after every collision, which
would add another source term §(E—T — E,) in Eq.
(2).

If we solve Eq. (2) for the power approximation
of the Thomas~Fermi cross section,” K(E,T)
« E"MT 7™M where 0 =m =1 we obtain the asymp-
totic solution

m E
(V)=p(1—m) (Eo + U)" " E,* ™
(3)

F(E, Eo) =
]

for EX> Eo > U,

where $(x) = d[InT'(x)]/dx. This result is asymp-
totically exact and has been derived by use of La-
place transform” in connection with a series ex-
pansion in powers of UU. Equation (3) holds also for
unequal masses of ion and target.

Since a recoiling atom is displaced when E, > E;
we get

E _(1+U/E) "1
NE) = [p  ABF (B B = iy (T=m)

3

E
Ug)

for EX> E; > U.

It can be shown'' that m has to be chosen in such
a way that K(E,T) describes collisions at low ener-
gies, i.e., 2E; < E < 100 E;. This means™ m
< 1/4. For m =0 Eq. (4) reads

N(E) = % gln (1+U/Ey). (4a)

This is an upper limit for the number of displaced
atoms since loss of defects by replacement colli-
sions has been neglected.

Since current models for displacement processes
in metals and semiconductors are substantially dif-
ferent from each other, we divide the following dis-
cussion into two parts.

I. Semiconductors. We adopt the displacement
model of Biuerlein,' i.e., E; is determined by the
number of bonds to be disrupted, E; = 4E), for Si
and Ge, where Ej, is the bond energy. This implies
that a dislodged atom does not have to travel far
away from its site to form a stable defect, other-
wise E; would be higher. It also implies that re-
placement collisions, though possible, do not lead
to a loss of defects, so Eq. (4a) should be adequate.
With U = E; = 4E, we obtain from Eq. (4a) N(E)
=0.42 (E/E ), which is essentially the same re-
sult as Eq. (1a), despite rather different underlying
assumptions. Note that the present assumptions
are those of Snyder and Neufeld,'® except for the
cross section.

In a cascade where many defects are created,
some atoms need not break all four bonds to get
displaced. In fact, if all atoms within a certain
region were displaced, only two bonds would have
to be disrupted per atom, in the average. This
would result in an increase of N(E) by about a fac-~
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tor of 2. However, using recent estimates of the
volume covered by high-energy cascades,'®’!” we
obtain V(E) ~ 220 (E/keV)? atomic volumes for

E < 100 keV in Sb"-bombarded Si, so a 40 keV
cascade extends over a volume of about 360 000
atoms. If this figure is compared to the 3000 ob-
served displaced atoms,® it is realized that the
assumption of all bonds being broken within a
certain volume is hardly justified. Hence we con-
clude that collision cascade theory cannot account
for 3000 displaced atoms under these experimental
conditions. Note especially that we have left out of
consideration the fact that the figure of Davies et
al.? does not include atoms knocked off into regular
interstitial holes, and that the damage rate may be
higher at some very low temperature. Both effects
enhance the discrepancy.

1t is supposed that an appreciable part of the ob-
served effect is due to atoms surrounding vacancies
and/or interstitials that are detected by the chan-
neling technique because of lattice distortions (and,
perhaps, enhanced vibrational amplitudes) greater
than ~0.2 A around the defects. At least in copper
relaxations of this order of magnitude have been
shown feasible by computer calculations.'® In view
of the rather large concentration of defects (about
1%) it may even be that all atoms within the region
of greatest defect density relax by a measurable
amount. If this were the case, the measured N(E)
should not be linear in E, probably increase less
steeply in the energy range under consideration.

II. Metals. A characteristic feature of displace-
ments in metals is the large recombination volume
of an isolated point defect, of the order of 100
atomic volumes or more.'’ Thus, E; is determined
by the energy lost to the environment by an atom
trying to escape the recombination volume. This
has the consequence that in cascades many defects
are lost by replacement collisions.”* The bonding
energy U is only a few eV and thus negligible as
compared to E;. Equation (4a) predicts N(E)
= (6/1%) E/E; = 0.61 E/E,, which is about 50% more
than the previous result Eq. (1a) that took into ac-
count replacement collisions. Actually, because of
lattice structure there may be even more replace-
ment collisions, resulting in a still lower damage
rate® than Eq. (la).

However, especially in heavy metals, defect
densities in keV cascades calculated from Eq. (1a)
may become much higher than the stability limit
determined by the recombination volume. In gold,
for example, the primary concentration of Frenkel
pairs has been estimated'’ ¢ p(E) = keV/2.1E for
E < 1 MeV, which means oversaturation at ener-
gies below about 100 keV. In an oversaturated cas-
cade the number of stable defects is essentially
determined by the volume of the primary damage
and has little or no connection with the Kinchin-
Pease formula. In gold we get'” V(E) ~ 7(E/keV)*
atomic volumes. Assuming a recombination vol-
ume of 135 atomic volumes'® this yields
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N(E) = 0.05(E/keV)? for E S 100 keV

in Au,

(5)

for a homogeneous distribution of vacancies and
interstitials within V(E). This will generally under-
estimate the damage, since considerable clustering
of vacancies takes place,?” and thus higher defect
concentrations can be achieved. Nevertheless, it is
seen that N(E) can be more than an order of mag-
nitude smaller than Eq. (1a) would predict. Also,
N(E) may be proportional to E?, consistent with a
preliminary experimental result.” It is important
to note that Eq. (5) is not valid at low energies
where cascade dimensions may be modified by re-
placement sequences.”® Thus, for small cascades
in aluminum at a few hundred eV, the linearity of
N(E) with energy has been established recently.*
In gold, because of the small ‘‘random’’ dimen-
sions, this linearity region may extend up to a few
keV.

In very light metals the primary defect density
is usually small enough to prevent spontaneous re-
combination from being dominant. In fact, mea-
sured damage rates in aluminum correspond closely
to the expected value.? In heavier metals, however,
in the energy range encountered in irradiations
with neutrons, protons, etc., the deviations from
the Kinchin—Pease formula may be so drastic be-
cause of rearrangement processes that Eq. (1)
may not even be an order-of-magnitude estimate.

The author thanks J. A. Davies, L. Eriksson,
and J. W. Mayer for extensive discussions. Inter-
esting comments by H. H. Andersen, T. H. Blewitt,
R. M. J. Cotterill, K. L. Merkle, and J. Wurm are
gratefully acknowledged.
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