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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:82 K and under vapor pressure were used to measure yield curves of the 272-keV
nuclear resonance in th&Ne(p,y)?*Na 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 directionByas=1.06+0.2 meV (corre-
sponding to an average kinetic energygyf,,/k=37=7 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 sample iso electrons in the target atorfis The resonance curve may
correlated with the mean square of the velocity distributionbe considered a convolution of several contributions. One
of the sample atoms. The mean-square velocity of atoms in eontribution is given by the cross section of the nuclear re-
solid has been measured directly in only a few cases, alaction around the resonance energy, which for an isolated
though it is of considerable interest, especially for quantunresonance is assumed to be a Lorentzian of widtiAnother
solids. However, it is well known that the velocity distribu- contribution is a Gaussian of widthEg, which is a combi-
tion leads to Doppler broadening of resonances in absorptionation of the energy spread of the ion bea&, and the
measurements. The Doppler effect on resonant reactions withoppler broadeningAE,. The convolution of these sym-
neutrons was first considered by Belttaad later refined by metric contributions yields a Voigt curve with a widthE,,
Lamb? In this paper we present a measurement of the averapproximately given by
age kinetic energy of an atom in a solid sample with nuclear
reaction analysi§NRA) involving a proton beam of very
high energy resolution. The Doppler broadening of a nuclear AEy==+
resonance was determined separately from effects due to pro- 2
jectile energy loss. We compare these results with data from
neutron Compton scatterin®CS), with the value deduced  The final contribution is called the energy-loss spectrum
from the Debye temperature, and with results from pathand is a complicated function of both the target parameters
integral Monte CarldPIMC) calculations’™ and the projectile type and energy. The energy-loss spectrum

In a nuclear reaction with charged particles, the recoilis asymmetric and primarily determines the behavior of the
energy is much larger than the binding energy of the targefine shape in the region above the resonance energy. In the
atoms. For this reason, final-state effects inVOlVing the targqtare case that a threshold energy exists for project"e energy
atoms may be neglectédf a Maxwell distribution of the |osses that is larger than the widtkE,, it is possible to
single-atom velocities is assumed, the widthll width at  extract the Doppler broadening without sensitivity to the
half maximum) of the Doppler broadenind Ep, is given to  choice of the energy-loss model. This leads to the unusual
first order by requirement that the Doppler broadening must be small in
order to be measured precisely.

A few years ago, we demonstrated that one can extract
Doppler broadening in resonant reactions with Ne gas, where
the ionization energy is exceptional hig§ithese measure-
whereEg, is the resonance energl,;, , is the average ki- ments utilized the*’Ne(p, y)?*Na reaction at 272-keV pro-
netic energy of the sample atom due to its motion in theton energy and a high-purity’Ne gas target cooled to a
beam direction, andh, andm;, are the masses of the target temperature of about 25 K to reduce the Doppler broadening.
atom and the projectile. However, for nuclear resonances inifthe measured Doppler broadening was consistent with the
tiated by charged particles, Doppler broadening is intervelocity distribution of atoms in an ideal g@gq. (1) with
twined with effects due to the stopping of charged particlesE,;, ,=kT/2, wherek is the Boltzmann constant arldthe
in matter, namely, the small energy losses of the projectilesemperaturg®
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In this paper measurements are described for the same ' T ' ' ' '
resonance in a neon solié'Ne). Due to the low sublimation ;
point of neon, the experiment had to be performed at a tem-
perature below 10 K. In order to guarantee a pure neon tar-
get, an ultrahigh vacuurfliUHV) setup was employed. De-
tails of the experimental setup are given in earlier
publicationst®!!In short, the setup consists of a set of metal-
sealed UHV chambers installed at the high-energy-resolution
400-kV ion accelerator at the University of Mster. The gas
pressure ranges fromxi10™“ Pa in the beam line to below
1x 108 Pa in the target chamber. The protons are provided
by a hollow cathode ion source. The ions are extracted with 0.0 [l
an electrode at a potential of 7 kV that is provided by a -50 0 50 100 150 200
high-stability power supply. The terminal voltage is gener- Eo-Er(eV)
ated by a Cockroft-Walton cascade and measured with a pre- , ) .
cision voltmeter at a resistance voltage divider. The remains, FIG. 1'22Th'Ck'tar9‘?t yield curve of the 272-keV resonance in
ing ac ripple of the terminal voltage is measured with a_Ne(P.?)”Na on solid neon. Some data points are shown with
pickup plate mounted above the accelerator. The measuré%f"cal error_bars_. The SOl_'d line represents a$ee text for de'.
ac signal is amplified by a calibrated factor and then applie pils). .The y'elq 'S norm.al'zed to the maximum value of the fit

. K . . nergies are given relative to the resonance energy.
to the electrically insulated targetripple compensation
technique.® With this method an energy resolution of about tained at the cryostat head. The continuous neon gas flow
10 eV is obtained at a beam energy Bf,=272 keV  was adjusted such that the sputtering loss of neon at the solid
(AE,/Ep=4X 107°). surface was compensated by the growth rate of the solid in

The beam is defined by two apertures and a deflection unthe neon atmosphere. The increased pressure in the target
and can be swept over a 10 mM0 mm area in order to chamber of about 8 10" ° Pa(ion gauge reading corrected
reduce the current density at the target surface. The beam Ne ga$ was still sufficiently low to prevent significant
current is measured with a precise rotating wire dosimeterprojectile energy losses on gas atoms. The quality of the
The target zone consists of a gold-covered copper end of agolid was monitored during the experiments by the color and
helium evaporation cryostat shielded by a copper cylindethe intensity of the stimulated luminescence. The beam spot
that is connected to the first cooling stage of the heliumyas of an almost homogeneously light-violet-colored rectan-
evaporation cryostat. A 25 mx10 mm hole in the cylinder gular shape. Figure 1 shows the part of the yield curve
serves as a beam entrance and a viewport. A 3-mm coppeéfound the resonance enery taken with this target. The
tube connected to a gas purifier serves as an entrance for tdata points are sums over six independent sweeps in energy
neon gas. The temperature of the target is monitored by steps of about 1 eV over the range from 100 eV below the
four-point measurement on a platinum resistor mounted atesonance to 400 eV above the resonance. Since each indi-
the cryostat head. A 7.6 cxi7.6 cm Na(Tl) detector is vidual sweep has the same line shape, energy shifts, and
located 5 cm from the beam spot. The detector signals argrget changes during the measurement period can be ne-
processed with standard nuclear electronics to count the dejected. The plateau at higher energies represents the thick-
tectedy rays between 3 and 7 MeV. A personal computertarget yield of a nuclear reaction that can be described by
automatically varies the high voltage at the terminal over aassuming an averaged stopping power for charged particles
predefined interval and records terminal voltage, count ratesf the target material. Note the intense peak at the resonance
beam current, time, temperature, and pressure in the targehergy that is given by those nuclear reactions that are not
chamber. affected by energy losses of the projectiles. The gap between

Prior to the measurement on the solid, the energy spreageak and plateau is caused by the discrete nature of the en-
of the ion beam at the resonance energy of 272 keV waergy loss, which in turn is an effect of the binding energy of
determined by measuring the yield curve of the resonancghe electrons in the solid.
with a neon gas target at 2 K. Since the Doppler broad- In a first-order treatment of the yield curve a Voigt func-
ening can be calculated precisely for monoatomic gas targetion was fit to the rising edge. The result was a widtg,,

(see abovg the energy spread of the ion beam could be=21.6 eV. A more thorough analysis was performed by cor-
determinedAE,=10.6-1.5 eV Immediately afterwards, recting for the influence of those nuclear reactions in which
the solid target setup described above was installed. Whenthe projectiles undergo an energy loss with target electrons.
pressure in the target chamber below 10 8 Pa was ob- The solid line in Fig. 1 represents a best fit using a convolu-
tained, neon ga@sotopically enriched to 94% iR'Ne), was  tion of a Voigt curve with a sophisticated energy-loss spec-
brought into the copper cylinder and the cryostat was coolettum. Details of the evaluation of an energy-loss spectrum
with a liquid-helium flow of 25 I/h. Under these conditions, a are given by Schultet al® In short, a Monte Carlo simula-

neon solid started to grow on the substrate of the cryostat.tion is performed in which the energy-loss spectrum is gen-

After several minutes a proton beam of about L3 erated by monitoring the energy losses of a large humber of
was focused on the target area with the beam axis perpeprojectiles. The energy loss of a single projectile is consid-
dicular to the target surface. During the measurement thered as a sum of discrete energy losses caused by single
beam was swept over an area of 7 mih mm. Under collisions with electrons in the neon atofh$he number of
these conditions a stable temperature af B K was ob-  collisions follows a Poisson distribution and the most prob-
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able number of collisions for a single projectile is a function 60
of the target thickness and the cross section for a single col
lision. The problem is thus reduced to determining the 5q
energy-loss spectrum for a very thin target in which not more
than one collision occurs. 40
Here we assume that the probability of an energy loss&
with a certain energy transfer in a single encounter decreasex
approximately with the square of the transferred endtlg s
Thomson model In a collision with a target atom, a lower u1°
limit for the energy loss of a projectile is the electron binding 20
energy plus the minimum recoil energy, which is transferred
to the neon atom due to the binding of the electron to the 10
nucleus. The fact that a neon atom contains electrons witt
different binding energieg; was taken into account by add- 0
ing two probability functions: one for the electrons of the
shell (E;=48 eV) and the other for thé&.2 andL3 shells
(E;=22 eV). The K shell contributes only to large energy o _
transfers and was neglected here. Since the number of elec- FIG- 2. Average kinetic energy of single neon atoms vs sample
trons in theL 2/L3 shells is three times the number in the temperatgre;t;he IeXpe;'me”ta' ‘t’a'“eCObta':‘ed in ttTITf'J\;vg.(IZ (fs
shell, the corresponding probabilities were multiplied by 3.0MPared with vaiues from neutron ©.ompton Scatlefing(ret.
This somewhat parbitra(ﬁ:r]ypestimate gives betterpagree)r/ne ? (Eeff. 4] "f‘rnhd path-integral Mortlte q:rlolci];]ulaélo[r;s ((le.ef'
with experimental data than more detailed atomic physicsa n q s(()lizé ?}the %Z%?:%rsg;ﬁvei;bTé;}? (goli dg-”nig aen d ;n)e
models, which seem to underestimate the influence of thg75 K (short-dashed line D
L2/L3 shells>'? The total probability for an energy loss was

adjusted such that the energy-loss spectra agreed with mea-

. . 4 _
surements on neon-gas targets and with the stopping powiﬁ?;ogilgtﬁgzggEtgit:)jrhNEZQ%@SLJrejetpeem?/rﬁ;agﬁ]renggzg-
The energy-loss spectrum obtained with this method wa P y 9

fitted by convoluting with Voigt curves of different Lorent- ening of a time-of-flight distribution of incoherently scat-

zian and Gaussian contributions. The best fit to the data is tgred energetic neutrons. The calculated values are pased on
Voigt curve with a total widthA Ey =20.9+ 1.0 eV. (This is a path-integral Monte Carlo approach, where the motion of a

only 0.7 eV less than a fit to the rising edge alone, thussmaII set of sample atoms is followed in detail using anhar-

demonstrating the excellent separation between broadenir{OEeo.mC mteratomlc_potentlals_. Thermodynamic properties are
. : rived by averaging over time. Note that the errors of these
and energy-loss effecjs.With a resonance widthI’

—10"19 eV given by the Lorenzian contribution of fits to calculations as listed in Table I do not include changes with
z;I év_efi'lgble’ 3?ield cu}r/ves and an energy spread of the ic)rtéhe choice of the interatomic potential and other systematic

' ) rrors.[Incidentally, the results of the PIMC calculations can
beam AE,=10.6£1.5 eV (see abovge we determined a [ y

Doppler broadenind Ep=17.4+1.6 eV[Eq. (2)]. From Eqg. . . L
(1) F(J)F;]e obtains an %veorage Kinetic ene[rg(j/ f)f)i’lhe atom gue to TABLE _I. Measured and calculated single particle kinetic en-
its motion in the beam direction d,;, ,=1.06=0.20 meV. Srgy of solid neon below 10 K.

30

With the assumption of _isot_ropic motion of the single atom, ;4 Ref. T (K) Ein /K (K)
we get the average kinetic energy per atdfg,=3.18
+0.60 meV orE,;,/k=37+7 K. NRA 2 This work 82 37+7°
The average kinetic energy of an atom in a solid sampleNCS® 3 4.7£0.1 49.2:2.8
can be calculated in the Debye model: 9.4+0.1 49.1-4.0
9 T\3 fooiT 1 1 NCS°® 4 4.250.05 44+ 1
Ey=okT _) f D ts( e Y 3 _ 10.2+0.1 431
2 \6p) Jo e-1 2 Debye model This worK 8x2 37x2
PIMC,¢LJf 5 5+0 42.8-0.1
The low-temperature limit T<6p) of Eq. (3) is Eyi, 10+0 43.2-0.1
=9k#p/16. The Debye temperature of tiféNe solid atT PIMC, e HFD-C 9 4 4.125-0 41.6-0.1
=82 Kwas interpolated from Ref. 13 to I =66+ 4 K, 10.154-0  42.6-01
yielding Ey;,/k=37=2 K in very good agreement with the p;yc e 3t 4 41250 42.0+0.3
experimental value. 10.154+ 0 43.2¢0.1

Figure 2 and Table | show the average kinetic energies
determined in this experiment and by other experimentafiNuclear reaction analysis.
methods, as well as calculated values taken from the literaFor 2'Ne solid, including surface effect, see text.
ture. The long-dashed line gives the expected values for @eutron Compton scattering.
2INe-gas target. The solid line gives the values predictedEquation(3) with ©p = 66 = 4 K.
from Eq. (3) with a Debye temperaturé, =66 K. A direct  ®Path-integral Monte Carlo calculations.
measurement of mean-square velocities is given by neutroriennard-Jones potential.
Compton-scattering measurements on solid neon of naturéhziz HFD-C potential.
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be approximated by using E() with 6,=75 K as shown strong evidence for a special model of solid surface dynam-
by the short-dashed line in Fig.]2ur value for the kinetic ics because the experimental uncertainties are still too large.
energy of neon is in good agreement with the more recent These measurements demonstrate that nuclear reactions
NCS data and PIMC calculations of Refs. 4 and 5 and withirwith charged particles can be used to measure the dynamics
two standard deviations of the NCS values of Ref. 3. of atoms in solids. It may even be possible to extract infor-
Note that for two reasons the average single-particle kimation about surface dynamics. An advantage of this method
netic energy determined in this work is not expected to bdS that the momentum of the charged particle in a nuclear
exactly the same as for the NCS measurements and the cgaction is much larger than the momentum of the sample

culations. The first reason is that our measurement was pef{om. meaning that final-state atomic effects may be ne-

formed with ?Ne that has a single-particle kinetic energy glecteq. This is_ not aIways the case for neutron C_ompton
abou 1 K smaller than natural neofwith ©,=68 K at scattering. Having established the approximate equivalence
b=

T=8 K (Ref. 13]. The second reason is that the resonancé)f the two methods, one could now adopt the single-partic_le
peak in the yield curve is sensitive to atoms near the solid ::ugsfofrr(:ma t[r;g nl?—:- l#tgor:e;r:je%s?r:gn;ir;ﬁs,s_gs; ﬂ;irgfsr:lgg_g
surface, while neutron scattering is more sensitive to bul u P P ! ysl b

atoms. Elsewheré it was discussed that the weaker binding ution resonance data,. and determine the exper}mental
of surface atoms compared with bulk atoms in a solid re_energy—loss spectra. This would be of considerable interest

duces Doppler broadening. An estimation of the surface e]afor testing energy-loss models of charged particles in matter.

fect on our measurement using slab model calculations by We would like to thank Professor R. Santo and H.
Allen and de Wett¥' yields a single-particle kinetic energy 2 Baumeister for their support of the experiments. This work
K lower. Thus we expect thd&,;, at T=8 K measured with was supported in part by Deutsche Forschungsgemeinschaft
the (p,y) reaction should be abowB K lower than the (R0429/16-3, U.S. Department of Energ§Grant No. DE-
neutron-Compton-scattering value. However, the fact thaFG02-97-ER41042 Minister fr Wissenschaft und For-
our value ofgy;,/k is more tha 3 K below the measurement schung des Landes NRW(IVA5-10600387, and

and calculations from Refs. 3—5 should not be interpreted aSchlumberger-Doll Research.
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