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Measurements of the amount of energy lost to ionization in the stopping of low-energy Ge
atoms, produced by inelastic neutron scattering in a germanium y-ray detector, have been
extended down to energies of about 1 keV. The results are about 35% higher than theoretical
values of the Lindhard theory found from an extrapolation to this energy region. The energy
of the "Ge third excited state was measured for this experiment and found to be 68.752

+0.007 keV.

I. INTRODUCTION

The amount of ionization produced in the stop-
ping of a heavy atom has been studied theoretical-
ly by Lindhard et al.' A number of experimental
measurements®~® have been made for the particu-
lar case of Ge atoms stopping in a germanium
crystal with the energy of the Ge atoms ranging
from 10 keV to 1 MeV. The agreement of these
measurements with theory is reasonable over the
entire range of energies.

In order to search further for deviations from
the theory it seems reasonable to try to carry out
measurements at very low energies. This should
be a good test of the validity of the theoretical cal-
culations at low energies, and it should be a sensi-
tive indicator of any threshold of channeling ef-
fects in the ionization process. We have previous-
ly shown® that if threshold effects occur, they may
be important for recoil energies of 2 to 5 keV or
less but are not important at higher energies.

In the present paper, we present the results of
measurements at about 1-keV germanium ion en-
ergy and compare the results with the theoretical
predictions of Lindhard ef al.' Some new informa-

tion on the level schemes of *Ge and "As is also
presented as a by-product of the primary experi-
ment.

II. EXPERIMENTAL TECHNIQUE

Much of the experimental technique used in the
present experiment has been described in our pre-
vious papers.®~® This experiment is mainly made
possible by the great improvement in the resolu-
tion of lithium-drifted germanium detectors at low
energies resulting from recent improvements in
fabrication and in electronics. Since, in stopping,
a 1-keV atom should lose about 200 eV of its en-
ergy to ionization and the balance to atomic scat-
tering, excellent resolution is a sine qua non for
a successful experiment.

The 1-keV Ge atoms were produced by the in-
elastic scattering of neutrons from the third ex-
cited state of "*Ge. Figure 1 shows the variation
of recoil energy with incident neutron energy. If
the experiment is carried out just over the inelas-
tic scattering threshold, then a beam of 0.9-keV
"Ge atoms, with an energy spread of +250 eV, is
obtained. At such a low neutron energy the scat-
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tering is isotropic and the mean energy corre-
sponds to a 90° inelastic scattering. At energies
which are somewhat more than the threshold en-
ergy the scattering remains isotropic and the
mean recoil energy and the spread in recoil en-
ergies both increase slowly. The increase in
width of the recoil distribution does not become
important until it exceeds the resolution of the de-
tector.

The technique used to observe the stopping of
the 1-keV germanium atoms was then the follow-
ing. Neutrons of a suitable energy from the "Li-
(p, n)"Be reaction at an angle of 120° were used to
irradiate a 1-cc high-resolution Ge(Li) y-ray de-
tector. The detector served as the source of ger-
manium in which the inelastic scattering took
place. It was placed 6 cm from the neutron source
at an angle of 120° to the incident beam. Inelastic
scattering events to the 69-keV third excited state
then produced an approximately monoenergetic re-
coil atom as well as the v ray produced in the de-
cay of the excited state. The ionization produced
in the detector is the sum of the ionization pro-
duced by the two individual events. If we compare
the resulting peak in a pulse-height distribution
with suitable calibration peaks, then the total en-
ergy of the two events can be deduced. If the en-
ergy of the excited-state v ray is known, the
amount of ionization produced by the Ge recoil is
given by the difference of the two energies. This
procedure assumes that an energy calibration de-
duced from y- and x-ray sources can be applied
to the ionization from the germanium recoil.

It soon became apparent during the experiment
that the energy of the state of interest in "*Ge list-
ed in the literature was seriously in error. This
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FIG. 1. Kinematics for the *Ge(n,n;)"*Ge* reaction.
The energies for the ®Ge* recoil nucleus are shown for
center-of-mass scattering angles of 0, 90, and 180° as a
function of incident neutron energy. The mean recoil en-
ergy is given by the 90° line.
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TABLE I. Summary of measurements of energy of
the "Ge third excited state.

Reaction

y-ray energy
(keV)

73Ge(p s p/,y) 73Ge

Ge(n, v)"’Ge

BGe(a, a’)®Ge

Mean value: with external error
internal error
Adopted value

68.751+0.018
68.740+0.018
68.748 £0.018
68.747+0.018

68.746 £0.018

68.759+0.018
68.773+0.018

68.752 +0.004

68
68

.752+0.007
.752+0.007

early value had been found by Chupp et al.® to be
67.03+0.010 keV by observation with a bent-crys-
tal spectrometer of the ¥ rays produced in the pro-
ton bombardment of "*Ge. We made a series of
measurements with both Ge(Li) and Si(Li) detec-
tors which utilized the "?Ge(n, y)"*Ge*, "*Ge(a, a’)-
Ge*, and "Ge(p, p')"*Ge* reactions to produce
the y ray. An average of these measurements,
which are summarized in Table I, gives a value
of 68.752+0.007 keV for the energy of the third
excited state of ®Ge. The energy calibration was
made relative to the 59.537+0.001-keV ?**Am y
ray” and Pb K x rays at 72.8042 and 74.9694 keV®
which were fluoresced by a *’Co source. A typical
spectrum is shown in Fig. 2 for the proton bom-
bardment of "*Ge observed with a Si(Li) detector.
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FIG. 2. Pulse-height spectrum observed with a Si(Li)
v-ray detector for the y rays at ~68-keV energy produced
by the bombardment of *Ge with 3.12-MeV protons. The
#1Am y ray and Pb x rays used for calibration are also

shown.
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The proton energy was 3.12 MeV.

The 67.03-keV line reported by Chupp et al.®
was also observed, but only in the proton bom-
bardment of *Ge. The intensity of the 68.75-keV
line is only 15% of the 67.03-keV line which ex-
plains why it was not seen by Chupp et al.® The
assignment of the 67.03-keV line must be to the
3Ge(p, n)"*As™* reaction and is in good agreement
with the recent result of 66.9+0.5 keV given by
Rao and Fink.® A summary of the low-lying ener-
gy levels of Ge and ™As in light of these results
is shown in Fig. 3. We note from Fig. 2 that the
75.7-keV level of "*As observed® in the decay of
"3Se was not seen.

A problem arising in the main part of the exper-
iment, the measurement of the energy of y-ray-
plus-recoil ionization just above threshold, is the
finite cross section for production of the state by
the *Ge(n,y)™Ge* reaction. This is evidenced by
production of the line at neutron energies below
the (n, n'y) threshold. Measurements of the yield
below threshold as a function of distance between
counter and target showed that the main contribu-
tion was from neutrons direct from the target and
not from a generalized room neutron background.

(1/27,3/27) ———————— 757
(5/27) 67.03
(3/727) =
3As
EC
9/2%,11/72%) 68.75
(1727) 66.70
(5/2%) 13.5
9/2* 0

736e

FIG. 3. Energy level diagram showing the low-lying
levels of ®As and "Ge. The diagram is based on the pres-
ent results as well as the summary shown in Nucl. Data
B1 (No. 6), 48 (1966), and the work of D. G. Douglas
[Can. J. Phys. 47, 1813 (1969)] on the decay of ®As.

Elaborate shielding of the detector was therefore
not necessary. The energy of the line was about
300 eV greater than the level energy. For the
thermal-capture case, the maximum possible en-
ergy given to the Ge recoil from y-ray emission
is 0.339 keV. This energy can be less, depending
on the various cascade deexcitations and the life-
times of the states compared with the stopping
time of the recoil germanium nucleus. If the
mean energy of the captured neutron is greater
than zero, the kinetic energy of the product nu-
cleus will increase by 4 of that amount. Thus,
the energy of a "Ge nucleus produced by the cap-
ture reaction can be comparable to the recoil en-
ergy of the nucleus when produced in the "*Ge-
(n,n’) reaction, and the contribution of the capture
reaction must be considered.

In part, the choice of angle of 120° for neutron
production was dictated by the desire to eliminate
the undesirable low-energy group of neutrons pro-
duced at low bombarding energies at 0° and thus
reduce background from capture. The relative
importance of the capture background is found by
measuring an excitation curve for the yield of the
68.75-keV y ray. This excitation curve is shown
in Fig. 4.

The effect of the capture background line was
investigated in most detail for the point at a re-
coil energy of 0.96 keV. Here the sensitivity to
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FIG. 4. Excitation curve for the ®Ge(n ,n;)"Ge* reac-
tion. The field is given by the yield of the 68.75-keV vy
ray. The NMR frequency is proportional to the incident
proton momentum. The neutrons are produced by these
protons in the "Li(p,n)"Be reaction and thus the NMR fre-
quency is closely related to neutron momentum also. The
background below threshold is produced by the 2Ge(n,y)-
™Ge reaction. The threshold NMR frequency is consis-
tent with the energy calibration of the electrostatic accel-
erator and the experimental geometry.
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background is most important since the real and
background rates are about equal. The position

of the peak of interest was found by a least-
squares fit of two Gaussian peaks and an expo-
nential background to the data. The relative areas
of the two peaks were chosen to fit the excitation
curve. At higher energies, the relative back-
ground intensity becomes steadily less and does
not appreciably affect the position of the "*Ge(n, n’)
peak. The energy of the *Ge line summed with
the ionization produced by the recoil was calculat-
ed for each run relative to the ?*’Am 59.537 + 0.001-
keV y ray and the two Pb x rays with an energy of
72.8042 and 74.9694 keV. Results were obtained
at eight energies above the threshold. Typical
experimental spectra above and below threshold
are shown in Fig. 5.

The remaining problem is to determine the en-
ergy of the "*Ge recoil atom. This is found from
kinematics and the mean neutron energy. The
mean neutron energy was deduced from the exci-
tation curve shown in Fig. 4. A correction was
made for the finite target thickness by assuming
that the "Li(p, n)"Be cross section was constant,
that the "*Ge(n, n’')"*Ge™* production cross section
varied as (E, - E,;)"?, and that the angular dis-
tribution for inelastic scattering was isotropic.
The final recoil energy is the recoil energy for
90° neutron scattering averaged over the neutron
energy spread caused by the finite target thick-
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FIG. 5. Pulse-height spectra showing the 68.75-keV
line produced below threshold and about 1 keV above
threshold. The experimental conditions were slightly dif-
ferent for the two runs so that the peak positions and
yields cannot be compared directly. The yield of each
relative to the background shows the decrease in yield
below threshold. The areas of such peaks, properly nor-
malized, are shown in Fig. 4.

ness. The largest correction was about 200 eV.

III. DISCUSSION

Figure 6 displays the energy shift of the ob-
served line found from the difference between the
peak and level energies as a function of average
recoil energy. Table II lists the numerical re-
sults. Observe that all but the points at E, =0.96
and 1.75 keV lie substantially above the values giv-
en by the Lindhard theory for £=0.15, where k is
the electronic stopping parameter defined in Ref.
1. The uncertainties assigned represent primarily
the uncertainty in the incident neutron energy (ab-
scissa) and in deducing a line energy from an ob-
served line shape (ordinate). A measurement at
a recoil energy of 10 keV was made in this exper-
iment by a technique based on the line shape® rath-
er than the line shift. It agreed with a previous
measurement using the shift of the 691-keV level
in "Ge.® The two values are in agreement with
each other and with the Lindhard theory for &
=0.15.

The theoretical line for £=0.15, which fits the
higher-energy data well, extends the Lindhard
theory to the low-energy limit of the Thomas-
Fermi model. Calculations using both the extrap-
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FIG. 6. Amount of ionization produced by ™Ge recoil
atoms as a function of their energy. The experimental
points are shown as well as predictions calculated from
the theory of Lindhard et al. for two values of the elec-
tronic stopping parameter, k. Herek=0.2 gives a fair
fit in the low-energy region, while for energies from 10
to 100 keV, £=0.15 is better.
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TABLE II. Summary of results.

Recoil energy Energy lost to ionization

(keV) (keV)
0.962 0.169"P
1.04 0.224
1.12 0.276
1.22 0.272
1.35 0.349
1.48 0.334
1.62 0.435
1.75 0.326

3Uncertainty for all the recoil energies is estimated
at +0.2 keV at Ep=1.75 keV and at +0.1 keV at Ep=1.04.
The relative uncertainty is estimated to be +0.05 keV.

bUncertainty is £0.020 keV for all but the E5=0.96-
keV point where it is +0.04 keV.

olations of Eq. (5.2) of Ref. 1 and of the computa-
tion displayed in Fig. 3 of the same reference do
agree at €, the Lindhard dimensionless energy pa-
rameter,’ as low as 1072 or E; =0.28 keV. A bet-
ter fit to the low-energy data is obtained for %
=0.20, possibly indicating a trend to higher k val-
ues at low energies. An increase in the electron-
ic fraction of energy loss might also be explained
at low energy if a large fraction of recoils scat-
tered at random with respect to channel directions
were channeled because of the increasingly large
acceptance angle at lower energy. The channel-
ing acceptance angle'® for 1-keV Ge ions in Ge,
given a 2-A plane spacing, is 55°, which would al-
low a substantial fraction of initially randomly
scattered recoils to channel with enhanced elec-
tronic contributions.!’ Channeling effects are not
included in the Lindhard theory.

Predictions for the straggling in ionization are
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also made by the Lindhard theory.' Our results
indicate that the width of the line produced by the
sum of the 68.75-keV "*Ge y ray and the Ge recoil
ionization is essentially no larger than the lines
produced by y rays alone. If we assume that the
width of the lines result from the addition in quad-
rature of electronic noise plus statistics for the
68.75-keV line and the fluctuations in recoil ion-
ization, we conclude that the fluctuations are less
than 450 eV. This result is consistent with the
small values for the fluctuations predicted by Lind-
hard et al.' However, calculations have also been
made by Haines and Whitehead' who predict that
at low energies the energy dispersion is approx-
imately equal to the energy. Their result is not
supported by our present limit of 450 eV at recoil
energies of ~1 keV.

Finally we note that the Lindhard theory has
been shown to give good agreement with our ex-
periments in the range from 1 to 100 keV and with
other experiments at higher energies. There does
appear to be some possibility that the experimen-
tal results for the ionization loss start to deviate
from the Lindhard theory at energies around 1
keV. There is no evidence here for the existence
of a minimum recoil energy for the production of
ionization. However, this conclusion could possi-
bly be affected if channeling were to really play
an important role.
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