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Average kinetic energy of atoms in a solid measured with resonant nuclear reactions
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Solid neon samples at 862 K and under vapor pressure were used to measure yield curves of the 272-keV
nuclear resonance in the21Ne(p,g)22Na reaction. The Doppler broadening of the narrow resonance due to
target atom motion was determined with very good beam energy resolution. The average kinetic energy of
single neon atoms in the solid due to their motion in the beam direction wasEkin,z51.0660.2 meV ~corre-
sponding to an average kinetic energy ofEkin /k53767 K!. This value is in good agreement with published
values obtained from neutron Compton scattering and from path-integral Monte Carlo calculations.
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The average kinetic energy of atoms in a solid sampl
correlated with the mean square of the velocity distribut
of the sample atoms. The mean-square velocity of atoms
solid has been measured directly in only a few cases,
though it is of considerable interest, especially for quant
solids. However, it is well known that the velocity distribu
tion leads to Doppler broadening of resonances in absorp
measurements. The Doppler effect on resonant reactions
neutrons was first considered by Bethe1 and later refined by
Lamb.2 In this paper we present a measurement of the a
age kinetic energy of an atom in a solid sample with nucl
reaction analysis~NRA! involving a proton beam of very
high energy resolution. The Doppler broadening of a nucl
resonance was determined separately from effects due to
jectile energy loss. We compare these results with data f
neutron Compton scattering~NCS!, with the value deduced
from the Debye temperature, and with results from pa
integral Monte Carlo~PIMC! calculations.3–5

In a nuclear reaction with charged particles, the rec
energy is much larger than the binding energy of the tar
atoms. For this reason, final-state effects involving the ta
atoms may be neglected.2 If a Maxwell distribution of the
single-atom velocities is assumed, the width~full width at
half maximum! of the Doppler broadeningDED is given to
first order by

DED54S 2 ln 2
mp

mt
EREkin,zD 1/2

, ~1!

whereER is the resonance energy,Ekin,z is the average ki-
netic energy of the sample atom due to its motion in
beam direction, andmt andmp are the masses of the targ
atom and the projectile. However, for nuclear resonances
tiated by charged particles, Doppler broadening is int
twined with effects due to the stopping of charged partic
in matter, namely, the small energy losses of the project
PRB 580163-1829/98/58~17!/11103~4!/$15.00
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to electrons in the target atoms.6–9 The resonance curve ma
be considered a convolution of several contributions. O
contribution is given by the cross section of the nuclear
action around the resonance energy, which for an isola
resonance is assumed to be a Lorentzian of widthG. Another
contribution is a Gaussian of widthDEG , which is a combi-
nation of the energy spread of the ion beamDEp and the
Doppler broadeningDED . The convolution of these sym
metric contributions yields a Voigt curve with a widthDEV
approximately given by

DEV5
G

2
1S G2

4
1DED

2 1DEp
2D 1/2

. ~2!

The final contribution is called the energy-loss spectr
and is a complicated function of both the target parame
and the projectile type and energy. The energy-loss spect
is asymmetric and primarily determines the behavior of
line shape in the region above the resonance energy. In
rare case that a threshold energy exists for projectile ene
losses that is larger than the widthDEV , it is possible to
extract the Doppler broadening without sensitivity to t
choice of the energy-loss model. This leads to the unus
requirement that the Doppler broadening must be smal
order to be measured precisely.

A few years ago, we demonstrated that one can ext
Doppler broadening in resonant reactions with Ne gas, wh
the ionization energy is exceptional high.8 These measure
ments utilized the21Ne(p,g)22Na reaction at 272-keV pro
ton energy and a high-purity21Ne gas target cooled to
temperature of about 25 K to reduce the Doppler broaden
The measured Doppler broadening was consistent with
velocity distribution of atoms in an ideal gas@Eq. ~1! with
Ekin,z5kT/2, wherek is the Boltzmann constant andT the
temperature#.1
11 103 ©1998 The American Physical Society
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In this paper measurements are described for the s
resonance in a neon solid (21Ne). Due to the low sublimation
point of neon, the experiment had to be performed at a t
perature below 10 K. In order to guarantee a pure neon
get, an ultrahigh vacuum~UHV! setup was employed. De
tails of the experimental setup are given in earl
publications.10,11In short, the setup consists of a set of met
sealed UHV chambers installed at the high-energy-resolu
400-kV ion accelerator at the University of Mu¨nster. The gas
pressure ranges from 131024 Pa in the beam line to below
131028 Pa in the target chamber. The protons are provid
by a hollow cathode ion source. The ions are extracted w
an electrode at a potential of 7 kV that is provided by
high-stability power supply. The terminal voltage is gen
ated by a Cockroft-Walton cascade and measured with a
cision voltmeter at a resistance voltage divider. The rema
ing ac ripple of the terminal voltage is measured with
pickup plate mounted above the accelerator. The meas
ac signal is amplified by a calibrated factor and then app
to the electrically insulated target~ripple compensation
technique!.8 With this method an energy resolution of abo
10 eV is obtained at a beam energy ofEp5272 keV
(DEp /Ep5431025).

The beam is defined by two apertures and a deflection
and can be swept over a 10 mm310 mm area in order to
reduce the current density at the target surface. The b
current is measured with a precise rotating wire dosime
The target zone consists of a gold-covered copper end o
helium evaporation cryostat shielded by a copper cylin
that is connected to the first cooling stage of the heli
evaporation cryostat. A 25 mm310 mm hole in the cylinder
serves as a beam entrance and a viewport. A 3-mm co
tube connected to a gas purifier serves as an entrance fo
neon gas. The temperature of the target is monitored b
four-point measurement on a platinum resistor mounted
the cryostat head. A 7.6 cm37.6 cm NaI~Tl! detector is
located 5 cm from the beam spot. The detector signals
processed with standard nuclear electronics to count the
tectedg rays between 3 and 7 MeV. A personal compu
automatically varies the high voltage at the terminal ove
predefined interval and records terminal voltage, count r
beam current, time, temperature, and pressure in the ta
chamber.

Prior to the measurement on the solid, the energy spr
of the ion beam at the resonance energy of 272 keV
determined by measuring the yield curve of the resona
with a neon gas target at 1262 K. Since the Doppler broad
ening can be calculated precisely for monoatomic gas tar
~see above!, the energy spread of the ion beam could
determined:DEp510.661.5 eV.11 Immediately afterwards
the solid target setup described above was installed. Wh
pressure in the target chamber below 131028 Pa was ob-
tained, neon gas~isotopically enriched to 94% in21Ne), was
brought into the copper cylinder and the cryostat was coo
with a liquid-helium flow of 25 l/h. Under these conditions,
neon solid started to grow on the substrate of the cryost

After several minutes a proton beam of about 1.5mA
was focused on the target area with the beam axis per
dicular to the target surface. During the measurement
beam was swept over an area of 7 mm37 mm. Under
these conditions a stable temperature of 862 K was ob-
e
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tained at the cryostat head. The continuous neon gas
was adjusted such that the sputtering loss of neon at the s
surface was compensated by the growth rate of the soli
the neon atmosphere. The increased pressure in the t
chamber of about 831025 Pa ~ion gauge reading correcte
to Ne gas! was still sufficiently low to prevent significan
projectile energy losses on gas atoms. The quality of
solid was monitored during the experiments by the color a
the intensity of the stimulated luminescence. The beam s
was of an almost homogeneously light-violet-colored rect
gular shape. Figure 1 shows the part of the yield cu
around the resonance energyER taken with this target. The
data points are sums over six independent sweeps in en
steps of about 1 eV over the range from 100 eV below
resonance to 400 eV above the resonance. Since each
vidual sweep has the same line shape, energy shifts,
target changes during the measurement period can be
glected. The plateau at higher energies represents the th
target yield of a nuclear reaction that can be described
assuming an averaged stopping power for charged part
of the target material. Note the intense peak at the resona
energy that is given by those nuclear reactions that are
affected by energy losses of the projectiles. The gap betw
peak and plateau is caused by the discrete nature of the
ergy loss, which in turn is an effect of the binding energy
the electrons in the solid.

In a first-order treatment of the yield curve a Voigt fun
tion was fit to the rising edge. The result was a widthDEV
521.6 eV. A more thorough analysis was performed by c
recting for the influence of those nuclear reactions in wh
the projectiles undergo an energy loss with target electro
The solid line in Fig. 1 represents a best fit using a convo
tion of a Voigt curve with a sophisticated energy-loss sp
trum. Details of the evaluation of an energy-loss spectr
are given by Schulteet al.9 In short, a Monte Carlo simula
tion is performed in which the energy-loss spectrum is g
erated by monitoring the energy losses of a large numbe
projectiles. The energy loss of a single projectile is cons
ered as a sum of discrete energy losses caused by s
collisions with electrons in the neon atoms.6 The number of
collisions follows a Poisson distribution and the most pro

FIG. 1. Thick-target yield curve of the 272-keV resonance
21Ne(p,g)22Na on solid neon. Some data points are shown w
typical error bars. The solid line represents a fit~see text for de-
tails!. The yield is normalized to the maximum value of the fi
Energies are given relative to the resonance energy.
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able number of collisions for a single projectile is a functi
of the target thickness and the cross section for a single
lision. The problem is thus reduced to determining t
energy-loss spectrum for a very thin target in which not m
than one collision occurs.

Here we assume that the probability of an energy l
with a certain energy transfer in a single encounter decre
approximately with the square of the transferred energy~the
Thomson model!. In a collision with a target atom, a lowe
limit for the energy loss of a projectile is the electron bindi
energy plus the minimum recoil energy, which is transfer
to the neon atom due to the binding of the electron to
nucleus. The fact that a neon atom contains electrons
different binding energiesEi was taken into account by add
ing two probability functions: one for the electrons of theL1
shell (Ei548 eV! and the other for theL2 and L3 shells
(Ei522 eV!. The K shell contributes only to large energ
transfers and was neglected here. Since the number of
trons in theL2/L3 shells is three times the number in theL1
shell, the corresponding probabilities were multiplied by
This somewhat arbitrary estimate gives better agreem
with experimental data than more detailed atomic phys
models, which seem to underestimate the influence of
L2/L3 shells.9,12 The total probability for an energy loss wa
adjusted such that the energy-loss spectra agreed with
surements on neon-gas targets and with the stopping po

The energy-loss spectrum obtained with this method w
fitted by convoluting with Voigt curves of different Loren
zian and Gaussian contributions. The best fit to the data
Voigt curve with a total widthDEV520.961.0 eV.~This is
only 0.7 eV less than a fit to the rising edge alone, th
demonstrating the excellent separation between broade
and energy-loss effects.! With a resonance widthG
51.020.7

11.0 eV, given by the Lorenzian contribution of fits t
all available yield curves, and an energy spread of the
beam DEp510.661.5 eV ~see above!, we determined a
Doppler broadeningDED517.461.6 eV@Eq. ~2!#. From Eq.
~1! one obtains an average kinetic energy of the atom du
its motion in the beam direction ofEkin,z51.0660.20 meV.
With the assumption of isotropic motion of the single ato
we get the average kinetic energy per atomEkin53.18
60.60 meV orEkin /k53767 K.

The average kinetic energy of an atom in a solid sam
can be calculated in the Debye model:

Ekin5
9

2
kTS T

uD
D 3E

0

uD /T

t3S 1

et21
1

1

2Ddt. ~3!

The low-temperature limit (T!uD) of Eq. ~3! is Ekin
59kuD/16. The Debye temperature of the21Ne solid atT
5862 K was interpolated from Ref. 13 to beuD56664 K,
yielding Ekin /k53762 K in very good agreement with th
experimental value.

Figure 2 and Table I show the average kinetic energ
determined in this experiment and by other experimen
methods, as well as calculated values taken from the lit
ture. The long-dashed line gives the expected values f
21Ne-gas target. The solid line gives the values predic
from Eq. ~3! with a Debye temperatureuD566 K. A direct
measurement of mean-square velocities is given by neut
Compton-scattering measurements on solid neon of na
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isotopic concentration.3,4 NCS measures the average mome
tum distribution of sample atoms by determining the broa
ening of a time-of-flight distribution of incoherently sca
tered energetic neutrons. The calculated values are base
a path-integral Monte Carlo approach, where the motion o
small set of sample atoms is followed in detail using anh
monic interatomic potentials. Thermodynamic properties
derived by averaging over time. Note that the errors of th
calculations as listed in Table I do not include changes w
the choice of the interatomic potential and other system
errors.@Incidentally, the results of the PIMC calculations ca

FIG. 2. Average kinetic energy of single neon atoms vs sam
temperature. The experimental value obtained in this work (d) is
compared with values from neutron Compton scattering@n ~Ref.
3!, s ~Ref. 4!# and path-integral Monte Carlo calculations@3 ~Ref.
4!, 1 ~Ref. 5!#. The curves represent an ideal gas~long-dashed line!
and solids in the Debye model withuD566 K ~solid line! anduD

575 K ~short-dashed line!.

TABLE I. Measured and calculated single particle kinetic e
ergy of solid neon below 10 K.

Method Ref. T ~K! Ekin /k ~K!

NRA a This work 862 3767 b

NCSc 3 4.760.1 49.262.8
9.460.1 49.164.0

NCSc 4 4.2560.05 4461
10.260.1 4361

Debye model This workd 862 3762
PIMC, e LJ f 5 560 42.860.1

1060 43.260.1
PIMC, e HFD-C g 4 4.12560 41.660.1

10.15460 42.660.1
PIMC, e LJ f 4 4.12560 42.060.3

10.15460 43.260.1

aNuclear reaction analysis.
b
For 21Ne solid, including surface effect, see text.

cNeutron Compton scattering.
dEquation~3! with QD 5 66 6 4 K.
ePath-integral Monte Carlo calculations.
fLennard-Jones potential.
gAziz HFD-C potential.
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be approximated by using Eq.~3! with uD575 K as shown
by the short-dashed line in Fig. 2.# Our value for the kinetic
energy of neon is in good agreement with the more rec
NCS data and PIMC calculations of Refs. 4 and 5 and wit
two standard deviations of the NCS values of Ref. 3.

Note that for two reasons the average single-particle
netic energy determined in this work is not expected to
exactly the same as for the NCS measurements and the
culations. The first reason is that our measurement was
formed with 21Ne that has a single-particle kinetic ener
about 1 K smaller than natural neon@with QD568 K at
T58 K ~Ref. 13!#. The second reason is that the resona
peak in the yield curve is sensitive to atoms near the s
surface, while neutron scattering is more sensitive to b
atoms. Elsewhere11 it was discussed that the weaker bindi
of surface atoms compared with bulk atoms in a solid
duces Doppler broadening. An estimation of the surface
fect on our measurement using slab model calculations
Allen and de Wette14 yields a single-particle kinetic energy
K lower. Thus we expect thatEkin at T58 K measured with
the (p,g) reaction should be about 3 K lower than the
neutron-Compton-scattering value. However, the fact t
our value ofEkin /k is more than 3 K below the measuremen
and calculations from Refs. 3–5 should not be interpreted
.
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strong evidence for a special model of solid surface dyna
ics because the experimental uncertainties are still too la

These measurements demonstrate that nuclear reac
with charged particles can be used to measure the dynam
of atoms in solids. It may even be possible to extract info
mation about surface dynamics. An advantage of this met
is that the momentum of the charged particle in a nucl
reaction is much larger than the momentum of the sam
atom, meaning that final-state atomic effects may be
glected. This is not always the case for neutron Comp
scattering. Having established the approximate equivale
of the two methods, one could now adopt the single-parti
values from the neutron measurements, use the resu
value for the Doppler spread in the analysis of poorer re
lution resonance data, and determine the experime
energy-loss spectra. This would be of considerable inte
for testing energy-loss models of charged particles in mat
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