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BAND-GAP EFFECTS IN THE STOPPING OF Ge™?* ATOMS IN GERMANIUM*
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Measurements of the ionization losses of 10.0- to 30-keV Ge™” atoms in germanium
show no evidence for a cutoff for particle energies less than 23 keV, as might be expect-
ed from adiabatic arguments concerning the effect of an energy gap in germanium. The
ionization loss is consistent with Lindhard’s conjecture that the electronic stopping pow-
er of heavy particles is proportional to the particle velocity even at energies far less
than this cutoff energy. Any effective energy gap encountered by the germanium atoms
moving in a germanium crystal is less than ~0.1-0.2 eV.

We report on a search for the effect of the en-
ergy gap on the ionization produced in a semicon-
ductor by slow heavy particles. The results bear
on the important practical question as to the in-
herent lower limits of resolution in solid-state
particle detectors. They also resolve, at least
for germanium, a basic question of long standing
concerning the energy-loss processes of slow
particles in insulators and semiconductors, as
will be summarized presently.

It is known from the work of Fermi and Teller!
and of Lindhard and Winther® that in a free-elec-
tron gas the energy-loss cross section of slow
particles approaches zero linearly with the parti-
cle velocity. Brandt and Reinheimer® studied the
theory of the slowing down of a heavy point charge
in a uniform electron gas with an energy gap.
They found, as did Schweinler® who considered
the band structure of specific insulators, that the
electronic energy loss of a moving point charge
has a threshold. It drops to zero as the particle
velocity v becomes smaller than a critical value,
Vo, which is determined by the energy gap of the
material. Bohr® and Seitz® have argued from
adiabatic considerations that heavy ions of mass
M moving with an energy E < E, also encounter a
cutoff in the electronic energy loss, with a criti-
cal energy E¢ ﬁMEg/4m, where m is the band-
gap energy. This implies that, for example, Ge
atoms moving in a germanium detector cannot be
detected if the particle energy has fallen signifi-
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cantly below E, ==~23 keV.

The total energy-loss cross section of heavy
atoms in this low-energy range is dominated by
the momentum transfer in atomic collisions, and
electrons are excited in these processes because
of the exclusion principle. Lindhard’ has argued
that these collisions, although slow and practical-
ly elastic with regard to momentum transfer, are
actually quasielastic in the sense that the elec-
tron clouds interpenetrate during the collisions,
in effect setting the outer electrons free. If one
nevertheless maintains a description of the total
energy loss in terms of independent contributions
from elastic atomic collisions and from inelastic
electronic excitations, the electronic stopping-
power component must be nearly the same as that
in a free-electron gas, and approach zero linear-
ly with v even for v «v,, or E <E.

Our measurements of the ionization yield pro-
duced by Ge atoms moving in germanium detec-
tors give no evidence for a cutoff near E~E ..
They support Lindhard’s conjecture of an elec-
tronic stopping power proportional to v for parti-
cle energies at least down to (0.1-0.2)E.

Previous experiments®!° determined the ioni-
zation yield produced by the stopping of Ge atoms
in germanium for energies 2E =23 keV. There is
satisfactory agreement with the theory of Lind-
hard et al.'* on the fractions of the initial parti-
cle energy lost in electronic excitations and in
atomic collisions. In the present experiments the



VoLuUME 21, NUMBER 20

PHYSICAL REVIEW LETTERS

11 NOVEMBER 1968

measurements are extended down to 10.0 keV and
the accuracy of the data in the 17- to 30-keV
range is improved.

Most of the experimental technique has been de-
scribed earlier.®»° Briefly, moving Ge atoms are
produced by neutron bombardment of a Ge(Li)
gamma-ray detector. The detector output is the
sum of the total ionization produced by a moving
Ge atom and by the de-excitation radiation of the
excited Ge nuclear state in question. The time
constants in the electronics are made long enough
to minimize the effect of the lifetime of the excit-
ed state on the pulse height. For the low-energy
measurement the energy of the bombarding neu-
trons was chosen to be just above the reaction
threshold. This makes the emerging Ge atoms
essentially monoenergetic with an energy which
depends on the threshold for the excited state.
Specifically, we observed the 691.4-keV first-ex-
cited state of Ge™ (J"=0%, T,,,=0.290 usec)'?®
at neutron energies between 703 and 733 keV,
i.e., just above the threshold at 701 keV. This
state is especially convenient because it decays
by the emission of a conversion electron which
is detected with nearly 100% efficiency. The re-
sulting maximum Ge recoil energies vary from
9.7 to 10.5 keV, with energy spreads ranging
from 2.9 to 8.7 keV. Hauser-Feshbach calcula-
tions show that the angular distributions of the
scattered neutrons are isotropic, as would be ex-
pected so close to the threshold, and therefore
the energy distribution of the Ge recoils is near-
ly rectangular. The ionization produced in the
detector is proportional to the level energy of the
excited state plus the fraction of the recoil ener-
gy that produces ionization. Since at these low
energies the fractional energy lost to ionization
turns out to be approximately 20%, and since the
total spread in the recoil energies is small, the
width of the observed line is determined mainly
by the ionization statistics of a 691-keV event
and by the preamplifier noise. Therefore, the
ionization produced by the recoil shifts the line
upward in pulse height without changing its shape
appreciably. Recognition of these consequences
of the kinematics of the inelastic scattering pro-
cess makes possible the extension of ionization-
loss measurements to a hitherto unfeasible low
energy. For this experiment counters were used
with a resolution of 2 keV or less for the 661.6-
keV Bal®” gamma ray.!* The position of the cen-
troid of the line was measured relative to the
Ba®" line with the aid of an auxiliary pulser cali-
bration. Typical examples of the pulse-height

spectrum are shown in Fig. 1. The average
amount of recoil energy lost to ionization is found
by subtracting the level energy from the energy
of the line produced by the inelastic neutron scat-
tering process.

New measurements were performed in the en-
ergy range from 17 to 30 keV. Here, the recoil
energy lost to ionization becomes a substantially
larger fraction of the total recoil energy than at
the lowest energies investigated, and it is no
longer possible to use the centroid of the line to
determine the ionization loss. As described ear-
lier,® the sum of the level excitation energy and
the maximum recoil energy ionization loss is
found to a good approximation from the half-yield
point on the high-energy slope of the line. The
energy lost to ionization is then equal to the ener-
gy so determined minus the level excitation ener-
gy of 691.4 keV. The energy resolution of 2 keV
in the present experiments is substantially better
than the 5 keV resolution in the previous experi-
ments.2°
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FIG. 1. Pulse-height spectra showing the 691.4-keV
conversion-electron line in Ge'® produced by inelastic
neutron-neutron scattering, for maximum recoil ener-
gies of Ge™ from 10 to 30 keV. The maximum and
minimum recoil energies for various incoming neutron
energies are given for each spectrum. The energy dis-
persion is about 0.2 keV per channel.
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Table I. Summary of results.

Energy lost to Fractional energy

Ep ionization loss to ionization
keV) keV) N(ER)
10.0£0.2 2.0+0.28,b O.ZOi0.0Zb

17.6€ 4.0d 0.23+0.03
19.4 4.7 0.24+0.03
22.5 5.7 0.25+0.02
24.1 6.5 0.27+0.02
29.8 8.2 0.28+0.02

aMeasured by centroid shift method described in the
text. The results given are the averages of seven runs
taken under slightly different conditions.

bThe random uncertainty is +5 %. An estimated sys-
tematic uncertainty of +5 % is also included to give a
total estimated uncertainty of 10 %.

CUncertainties, where not given, are +0.07 keV.

dUncertainties, where not given, are 0.5 keV. The
technique used to obtain this value, and the values be-
low, is described in the text and in Ref. 8.

The total recoil energy imparted to the target
is calculated from the kinematics of the inelastic
neutron scattering event. The ratio of the mea-
sured energy lost to ionization and the maximum
calculated recoil energy, Epg, gives the fraction-
al energy loss to ionization, ﬂ‘(ER). The present
results are summarized in Table I.

In Fig. 2, the data are compared with theoreti-
cal curves demonstrating the consequences of a
cutoff in the electronic stopping power. Approxi-
mation I represents the solution of the integral
equations given by Lindhard et al.!* for a sharp
cutoff: The electronic stopping cross section
S¢(E) is S,(E)=C(k)EY? for E>E,, drops linear-
ly to zero for 3 E, SE sE,, and is equal to zero
for E <{E.. The constant C(k) is related to
Lindhard’s reduced constant # which has numeri-
cal values between 0.1 and 0.2. The curves are
calculated for £=0.15. If the atomic collisions
are not completely elastic below 3 £., but give
rise to free electrons, they in effect lower £, or
increase S,(E) for E<E,. Approximation II is
calculated for an intermediate cutoff: S,(E)
=CEY? for E=E., and Sp(E)=(C/2)E'? for E
< %Ec, with a smooth transition between the two
energy ranges. Approximation III has no cutoff:
Sp(E)=CE"? for all E. The constant # perhaps
could be as large as 0.2, which would move the
curves I and II up, but not enough to fit the data.
In fact, for £=0.2, the data exclude a sharp cut-
off (I) at energies above 3 keV, and an intermedi-
ate cutoff (II) above 6 keV. For 2=0.15, a cutoff,
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FIG. 2. Comparison of experimental results and the-
ory. The open points 10-30 keV are taken from Table
I. The other points stem from Refs. 8 and 9. The
three solid curves are calculated with £=0.15, for (I)

a sharp cutoff in the electronic stopping power, (II) an
intermediate cutoff, and (III) no cutoff, respectively,
as specified in the text. The best overall fit is ob-
tained for (IID) with a # value between 0.14 and 0.15.

if it exists, would have to occur below 2 or 4
keV, respectively. In terms of electronic ener-
gies, the measurements are consistent with the
inference that the effective energy gap encount-
ered by Ge atoms moving in a germanium crys-
tal is at most (0.1-0.2)Eg. Without assuming a
cutoff the data are fitted well with a 2 value be-
tween 0.14 and 0.15.

In conclusion, the present measurements of the
energy loss of slow Ge atoms in germanium, if
compared with current theories, give no indica-
tion of a cutoff for electronic energy losses which
is related to the lowest internal ionization level
of the target material. They agree within experi-
mental error with the assumption that electrons
are excited within the range of interaction with
the moving atoms during collisions with the tar-
get atoms, and that they behave as if free with
regard to the electronic loss cross sections of
the moving particles. This implies that for heavy
particles the intrinsic low-energy resolution of
particle ionization detectors is generally not lim-
ited by their energy gap.
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SELF-FOCUSING EFFECTS ASSOCIATED WITH LASER-INDUCED AIR BREAKDOWN
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Sparks produced by focusing the beam from a single-mode ruby laser have been inves-
tigated, and photographs of radiation scattered at 90° to the incident beam show that
breakdown occurs in filaments or points having a diameter of 5 u or less. Intense puls-
es of coherent radiation scattered in the forward direction have also been observed, and
the measured divergence of this light indicates the presence of self-focused regions hav-
ing a diameter of ~1.7 u. These observations support the hypothesis that self-focusing
of the beam may initiate laser-induced breakdown.

Although the production of a spark by focused
laser radiation has been investigated in many
laboratories, the physical processes involved in
this phenomenon are by no means completely un-
derstood. In particular, the rapid development
of the ionized region has received widespread
attention,’™ and a number of theoretical mod-
els!5% have been proposed to account for it.
Nevertheless, there are certain experimental
observations which cannot be explained satisfac-
torily. For example, it was shown recently® that
the motion of the spark cannot be explained in
terms of only one mechanism, and it was con-

cluded that breakdown occurs in many points with
subsequent expansion from these isolated cen-
ters. As a possible explanation for this effect,
it was suggested that self-focusing of the laser
beam may be responsible for the initiation of
breakdown. In this paper, experimental results
lending support to this prediction are presented.
Sparks were produced in air, at atmospheric
pressure, by means of a passively @ -switched
ruby laser operating in a single axial and trans-
verse mode. Axial-mode selection was achieved
by means of a resonant reflector, consisting of
a pair of parallel quartz flats, while for trans-
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