PHYSICAL REVIEW B VOLUME 58, NUMBER 5 1 AUGUST 1998-I

Neutrino-induced Doppler-broadening study on oriented EuO single crystals
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The motion of excited recoiling atoms produced Bydecay of1®Fu causes a Doppler broadening of
subsequently emittegirays. The neutrino-induced Doppler-broadeneaty line shape is measured in oriented
EuO single crystal targets using a high resolving power spectrometer. The motion and the slowing down of the
emitting atoms depend on the forces exerted by the other atoms and on the direction of observation with
respect to the crystal orientation. The comparison between measured and caleukatdithe shapes obtained
by molecular dynamic simulation, permits to test different interatomic potentials and slowing down theories.
The dependence of the observed line shape on the crystal orientation is also investigated.
[S0163-182698)01229-9

I. INTRODUCTION After the nuclear reaction, the atom starts to move a small
distance away from its equilibrium lattice site. By pulling

The two-axis flat-crystal GAMS4 spectrométémstalled  neighboring atoms away from their location it will slow
at the Institut Laue Langevin allows the measurement of thelown, stop, and start to move back to its initial position due
Doppler broadening of rays caused by the motion of atoms to the forces exerted by the other atoms. As its energy de-
in a solid state target. The recoil of the atoms is essentiall¢reases because of energy dissipation in the crystal by pull-
induced by nuclear deexcitation after thermal neutron caping more and more atoms away from their equilibrium posi-
ture. The analysis of the smajtray broadening permits the tjon, the recoiling atom will return slowly to its equilibrium
determination of short lifetimes of nuclear excited states ojposition and will finally thermalize. After the electron cap-
the study of the slowing down process. The latter yields inture, the newly formed atomic nucleus can be created in an
formation on the form of the interatomic potential. The excited state. If the excited nucleus emity aay during its
present study leads to information concerning the slowingnotion, its energy will be Doppler shifted due to the velocity
down of atoms with kinetic energies of 1-3 eV in single of the atom. The isotropic distribution of initial recoil direc-
crystals. In this work, the Doppler broadening of the mea+jons leads then to the observation of a Doppler broadening
suredy rays originates from recoil induced by an electronof the line shape. The GAMS4 spectrometer, designed to
capture. This reaction is # decay process in which a measurey-ray broadening in the order cfE/E=10"* to
nucleus captures an atomic electron. The nuclear reactions) ¢ detected the neutrino-induced Doppl&iD) broaden-
involved are ing in solid state targetsBecause the velocity of the recoil-
ing atoms depends on the forces and on the direction of
motion, different structure should be observed in the
Doppler-broadening-ray line shape for different potentials.

In the past couple of years, europium targets were ana-
The first reaction is a thermal neutron capture needed ttyzed in many forms and compositioA3.However, they-
make the unstablé®Eu isotope that will partly decay by ray line shapes were never measured using oriented single
electron capture. In electron capture, a proton is transformedrystals targets in different orientations. Several techniques
into a neutron and the resulting nucleus is identical to thatnd theories were applied to calculate the possible line shape
which would be produced in 8 decay. In order to con- of the neutrino-induced Doppler broadening, such as the
serve the leptonic charge during tig¢ decay, the nucleus phonon creation modeland molecular dynamicgMD)
emits a neutrino. By this emission the atom acquires an imsimulationss Here line shapes from neutrino-induced
pulse equivalent to the one the neutrino has when it leaveBoppler-broadening data obtained with EuO single crystals
the nucleus. Since the neutrino has a well defined energy, ia different orientations are compared to the line shape cal-
unique recoil velocity results. This is a particularity that nor- culated on the basis of MD simulations of the recoiling at-
mal 8* decay does not have because the simultaneous emisms. Recently we presented data from experiments per-
sion of a neutrino and a positron leads to a continuous rang®rmed in oriented single EuO crystél$n the present paper
of initial recoil energies. those are combined with the results from another orientation

23EUgg+N(25 meV)— g ggt e —g5Smye+v. (1)

0163-1829/98/56)/260311)/$15.00 PRB 58 2603 © 1998 The American Physical Society



2604 STRITT, JOLIE, JENTSCHEL, BANER, AND DOLL PRB 58

| | | O O alom
7@77407V*QA7 Eu atom _
| [110] d‘irection | @ + 20 Tip=93h
; 1 ’[ ' Typ2=130y
O -—-0O-- By
I 11007 directlon | L
I | | 2574
% L
BT o < dp
. = = 3
| | \ & |3
) | | E
T+ 10
FIG. 1. Direction of observation toward the crystal spectrometer . 1- Tip=201s
measured in a fcc EuO single crystal. G
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and a detailed account on the MD simulations used to ana- IR
lyze the data is given. To all measured data sets, different 24 Typ=371fs
MD slowing down descriptions were applied. The different 2
orientations were chosen to check the influence of the crysta T 00 0+ =
structure on they-ray line shape. In a single crystal the or- 152 S
dering of the atoms is regular, and therefore, the anisotropy 62 SM

of the slowing down motion due to the direction of observa-
tion becomes relevant and is not smeared out as in polycry%-u
talline structures. For instance in th€0Q] direction, the re-

coiling samarium atom will first encounter an oxygen atom 2 -
while in the[110] direction the samarium atom will see an atom: '_I'herefc_)re, the_a_tom_does not have S“ff'c'?”t energy to
eave its lattice position in the crystal but will oscillate

europium atom. Figure 1 shows the pattern seen by the raro nd its equilibrium position. However. the recoil ener
coiling atoms in the two different directions of observation . und 1ts equilibrium position. However, ' 9y

analyzed in this work. In addition to the change in inter- is five times higher Fhan the kineti_c energy an Eu atom has
atomic distance, as the potential is either attracte-O) due to thermal motion at the typical temperature inside a

or repulsive(Sm-Ey, the velocity of the recoiling atom and nuclear reactor.
therefore the Doppler-broadenegseray line shape could vary
with the direction of observation. All these effects give riselll. SLOWING DOWN THEORIES AND MD SIMULATIONS

to the observation of different line shapes when the spec- ,
trometer is aligned along these two directions. In order to analyze the data molecular dynamics codes

were adapted for this particular experiment. The programs
contain subroutines for the calculations of potentials and
forces, and for the determination of time dependent positions
The crucial Eu isotope in this experimelitEu has a 47% and velocities for all atoms in the MD cells. Two programs
natural abundance. The 9000 b neutron cross section of were developed: one for thermalization of the EuO crystal to
151Ey makes thermal neutron capture for this isotope prefera given temperature and a second one which includes the
ential over the other natural isotop@%Eu. After thermal €Xxtra recoil energy given by the neutrino emission to a sa-
neutron capture 36% of the forméeEu atomic nuclei end Marium atom and then follows this atom during the appro-
up in the 0" state at 45.6 keV. This isomeric state decays inPriate time interval, which is in the order of a few hundreds
28% of the cases with a half-life of 9.3 h via electron capturedf femtoseconds. The-ray line shape is calculated by simu-
forming 1525m. After electron capture allevel at 963.4 lating the motion of the atom using a constant energy and
keV in 152Sm is populatedsee Fig. 2. Some other states are vVolume molecular dynamlcs method. The MD .S|mulat|on
also created in this process but they play a negligible role ifPrograms solve numerically the Newtonian equations of mo-
this experiment, since electron capture represents 99.97% §pn for each atom using a Verlet algoritrin.
the total feeding of the 963.4 keV levéelThe 1~ level de- At the beginning of.the simulation, the 1OQO atoms of the
cays with a lifetime of 284) fs (Ref. 5 via emission of either MD cells are placed in a fcc array and periodic boundary
a 963.4 keVy ray to the ground state or a 841.6 ke\fay to conditions are gpplled' in a_tII three dimensions. No sgrface
along lived (r=2.06 ns) 2 state. The lasy ray is followed ~ €ffécts are considered in this approach and the crystal is seen
by a 121.8 keVy ray to the ground state. The recoil energy &S mﬂmte._Beforg giving the initial kick glmulatmg the recoil
E, given to the atom by the emission of a neutrino at theafter neutrino emissiory( /c=6.54<10"") to the most cen-

FIG. 2. The partial level scheme 8PEu and*®*’Sm showing the
clear reactions and transitions involved.

II. NEUTRINO-INDUCED DOPPLER BROADENING

moment of the electron captut@® decay is given by tral atom, all atoms in the MD cell are thermalized to the
desired temperature by scaling the velocity of a few percent
Ef Q? of the atoms chosen randomly in the MD cell each 20 fs.
B =Mz~ 2M 2’ (2)  This is realized by a constant temperature algoritlwhich

brings the crystal slowly to the desired temperature without
with Q the energy liberated in the reactidvl, the atomic rest  disturbing to much the system during the rescaling by leav-
mass,c the velocity of light, andE, the neutrino energy. ing enough time for the relaxation of the atoms between each
Formula(2) gives a kinetic energy df, =3 eV for the’®Sm  rescaling events. The process is simulated for a 15 ps period
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TABLE |. Parameters of the different theoretical potentials for the EuO single crystal.

Potential Eu-Eu 0O-0 Eu-O
Born-Mayer A=42020 eV A=2143.4eV A=10048.38 eV
Va(ri;) p=0.28508 A p=0.26396 A p=0.27449 A
Born-Mayer modified A=42020 eV A=2143.4eV A=669.71 eV
V(rij) p=0.28508 A p=0.26396 A p=0.39536 A
Buckingham A=1715.0eV A=22764.3 eV A=5045.4eV
V(ri;) p=0.317 A p=0.149 A p=0.290 A
C=0.0eV A® C=279eV A8 C=34.0ev A
Buckingham modified A=1715.0eV A=22764.3 eV A=1148.9 eV
Vu(rij) p=0.317 A p=0.149 A p=0.3257 A
C=0.0eV AS C=279eVv A C=-140.1eV A

with a time step of 0.5 fs. After 3 ps the cell has a constantvhereM is the mass of the nucleus,the velocity of light,
temperature and the temperature algorithm is removed to ak,, the x-ray energy, ané. the energy of the Auger elec-
low the system to further relax. The velocity distribution of tron. In Sec. V Auger cascaddiss of many successive
the equilibrated state of the atoms is described by a\uger electrons which could lead to a highly charged state
Maxwell-Boltzmann distribution. for the atom, will be discussed in more detail.

Once thermalization is achieved, snapshots of positions Both MD programs can be easily changed to include dif-
and velocities of all 1000 atoms are recorded every 100 fsferent interatomic potentials. Because various descriptions
This time interval insures that the thermal velocity directionand theories for interatomic potentials in solids eXist
of the atoms has significantly changed. The stored positionseveral potentials were investigated and tested in this work
and velocities are then taken as initial conditions for the secby the crystal-NID method. Very few of these potentials
ond MD program which starts by neutrino-emission-inducedwere investigated before due to lack of experimental data in
kick to the most central atom in the MD cell. As the neutrinothe energy range between 1-10 eV. Especially for this en-
energy is well defined, the neutrino-induced recoil is uniqueergy region the combination of the recent development of
The direction of motion is chosen in a random way by themolecular dynamics simulations and the GAMS4 data yields
MD program. opportunities to check interatomic potentials. Two potentials

Another process affects the atomic recoil: after the reacwere analyzed in Ref. 4 and two others are developed in
tion, an electron is missing, in most caseX @lectron® and  more details in this work. The four potentials used are only
the electron rearrangement process induces either an x-rajependent on the distance;) between two atoms and are
(in 90% of the cas@sor an Auger electron emissiaid0%) of the form:

(Ref. 9 by the refilling of the vacant orbit. Both processes

impart also a small recoil to the atom. X rays and Auger e2 rj Cij

electrons are emitted immediately after the electron capture Vi(rij) = q;q; P rf-I-AijeXr{ - —) - O
decay, therefore at the beginning of the recoil. Since many Teo Tij Pij i

electrons could leave the atom in the case of an Auger casI:
cade it is possible to obtain a highly charge state for th . . L
recoiling atom. Therefore the interatomic potential will alsoe.ralble . All potentials contain a Coulomb term for the ionic
be modified due to the Auger cascade. These extra recoils ajieraction due to Ithe lonic nature of the Eu? cr);stal hbond-
small(5—15 %9 compared to the neutrino-induced recoil, but Irr;%ul-g ﬁ/;/ilr(ligr)a;?oﬁ ?5 Egg;_dMZﬁt;e{rT; %{‘}e—r&) ;‘rtr:eeelec
are taken into account by the MD program for the most prOb:[ron cloudst® As the Born-Mayer parameters are fitted to

able x-ray transitions and Auger emissions. In the simula- A . . .
tions the recoil velocity of theK-LL, K-LM, K-MM, reproduce the Thomas-Fermi-Dirac calculation for identical

L-MM Auger transitions and théa1, K a2, andk 81 x-ray atoms interaction, a sum rule theory was included to describe

transitions were included. The MD program calculates usin EZ g‘é?fﬁ:lsr bg?gﬁt?; ?(;frf;rzr)‘(tcgt(ﬁhzf%g)Euus_%s iﬁltse(r)ac-
the Monte Carlo method the extra recoils and adds vectori- yer p P

ally the additional recoil to the neutrino-induced recoil. Theion parametersAg,o, peuc) Were modified to reproduce the

probabilities and energies of these transitions are taken frorﬁlas’[IC constants, bulk modulus, as well as co_he3|on energy
Ref. 10. The nucleus extra recoil velocity is calculated for calculated by an accelerated convergence lattice summation

X ray emission by formul&3) and for Auger electron emis- gasekq Or? EW(?Id prqcedturéts.\/sfrijl) ttacl;es into acciolunt ram
sion by formula(4): uckingham dispersive term calculated using crystal param-

eters such as elastic constants, cohesion energy, and stable
E structure lattice constan?s\/4(rij) is similar toV(rj;) but
—=—1, (3) comes from another method of calculation with the same
Mc initial crystal parameter:!” Compared to the initial poten-
tials Vy(rj;) and Vs(ri;), respectively, theV,(r;;) and
V,(r;) potentials only differ by the interaction between
Eu-O. For all potentialsy; andq; represent the ionic charges

he parameters of the four different potentials are given in

vy VEo(Eet1.022 MeV)

c Mc? : “)
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The long-range Coulomb force is treated by a cutoff ra-
1 dius method forcing the force to go smoothly to zero at the
Eu—Eu, 0-0 1 cutoff distance. The cutoff radius was set for all potentials to
9.5 A. Another method using an Ewald summatfoly
— Born—Mayer V,(r) 1 instead of the cutoff radius method to treat the long-
~ Born—Mayer modified V,(r) range force was tested in the MD simulations. The only po-
____ gaz‘;::g:zg \r/ﬁ'é;)med v tential investigated with this Ewald method is the Born-
g 4 Mayer potential V(rj;)] due to the increase of CPU time.
As already mentioned in Ref. 4, although after the reaction
the recoiling atom is no longer a europium atom, no distinc-
tion is made for the calculation of the MD potential between
Eu and Sm, the relative difference between the potential for
Eu-Eu/Sm-Eu and Eu-O/Sm-O fofy(rj;) being less than
1.3%. Figure 3 shows the four different potentials used in the
molecular dynamics simulations. The total potential energy
seen by an Eu atom for two potentials is illustrated in Fig. 4.
These two figures demonstrate that the Eu atom needs more
kinetic energy(or a higher initial recoil if it wants to travel
the same distance under the Born-Mayer potential than under
the Buckingham. Once the atom has reached a certain veloc-
\ ity, the slowing down process is thus much faster for the
G E 1 Born-Mayer simulations and therefore thermalization of the
- ] recoiling atom is achieved more rapidly. The modified Born-
Eu=0 ] Mayer potential,(ry;) is the least repulsive potential for the
| Eu-O interaction at short distance.
IS The second simulation program records, after the kick
given to the central atom by the neutrino emission, the mo-

tion and velocities of the recoiling atom during 125 fs. This
FIG. 3. Theoretical potentials for Eu-Eu, O-O, and Eu-O inter-time interval corresponds to four times the expected 963.4

actions. The two Born-Mayer and the two Buckingham-type potenkeV nuclear state lifetime. As the probability of theray
tials only differ by the Eu-O interactiofsee text emission is given by

20
A

10

Potentia!l [eV]

-10

Interatomic Distance [&]

and are equal te-2 for Eu and Sm and-2 for O. The two —t
Buckingham type potentials present an anomaly for short Py(t)ocexp(—),
interatomic separation<{(0.7 A). At this short distance they
become again attractive as the ternC;; /rﬁ- is dominant

(6)

where 7 is the lifetime of the excited nuclear state, the con-
compared to the other two terms. In the present MD simulatribution of longer times to the Doppler-broadened line shape

tions this problem is negligible by the fact that the crystalcan be neglected since the numberohys emitted after 4
atoms never come to that short distance because of their loig less than 2%. The measurement of many recoils events and
kinetic energy.

many Doppler-shiftedy rays will result in a blue-red-

Born—Mayer potential V,(r) Buckingham potential V5(r)
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FIG. 4. The total interatomic potential for the Born-Mayaft) and for the Buckinghanfright) potential. The full lines represent the
equipotential surface. The difference between two equipotential lines represents 6.0 eV and the maximum potential value is cut at 300 eV.

The (x,y) positions of the Eu atoms af@1.58,11.58 (11.58,16.78 (16.73,11.58 (16.73,16.73 and the positions of the O atoms are
(11.58,14.15 (14.16,11.58 (14.16,16.78 (16.73,14.1%
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broadenedy-ray line shape. The neutrino-induced Doppler- Nondispersive geometry Dispersive geometry
broadenedy-ray line shape, obtained by the motion of the (n,m) @)
atoms in the bulk material, is described by the forritla Tugel Tuget
» vi(t)-n
I(E)=c, f e‘”Ta[E—Ey 1+ '(C) ) dt, (7)
T Jo

with C a constant used for normalizatiom, the excited
nuclear state lifetimeE,, the nonshifted energy of the tran-
sition, v;(t) the velocity vector of theth simulated atom at
the moment of emission as calculated by the MD programs,
n the relative direction of observation awdthe velocity of
light. The index(i) ranges generally from 1-1500 and rep-
resents the number of recoil events calculated by the molecu-
lar dynamics simulations. The natural linewidth of the line
(T 963 k=1 ! Tg63 kev= 0.0235 eV) is neglected in the calcu-
lation of the line shape since its effect contributes to less than 5
1% of the total broadening=10 eV). The symmetries of /\

the EuO crystalline structure are also employed to increase

statistics for the calculation of the line shape. For example a

simulated recoil in th¢100] direction is identical to a simu- : 20,

lated recoil in thg010] direction, however, the contribution % 0

to the line shape will be different. Using thus these symme-

tries, one can construct g-ray Doppler-broadened line FIG. 5. Schematic representation of the two modes that can be

shape with less recoils events. obtained with two successive crystals. The full line corresponds to
Once the motion and velocityv;(t)] of the recoiling at- ¥ rays with a wavelength, the dashed to those with a wavelength

oms are stored, and once the instrumental response is méea= AN

sured, they-ray line shape can be evaluated for different

lifetime values(7) from the MD slowing down simulations. 25 mmx18 mmx2 mm in order to be placed safely inside

Such line shapes are then fitted to the measured data usifige reactor. Three graphite holders were necessary to contain

the least square fitting routinerIDDLE,*" with the lifetime  the different matrix and were placed parallel one after the

and experimentally related numbeltsackground, intensity, gther with the 25 mmx2 mm oriented surface looking in the

e_tc.) as free paramegers. As a result of this procedure_a lifegirection of the spectrometer. As the natural isotdpEu

time valuer and ax" per degree of freedom are obtained. g 5 high neutron cross section, small crydials size are

Eoth valuis perl\r;\g to qulant|fy tff1ehagr?ement/éjlsagrezmerguﬁiciem to have enough intensity for this kind of measure-

theetvéii)r;:rtir::r&(NlD 3;?; azotr;/pci)cefl i/llgosvivrlr?glaticc))ﬁmglgu ments. For the second orientation, the same technique and

’ preparation were used. Again three targets holder were

time for the following of one recoil event during 125 fs is . .
equal to 250 sec on a HP 9000 Model 712/80 computer. needed to place the d|fferent smgle crystals for a total mass
of EuO of 767.8 mg. The orientations of all crystals for both
directions were checked with back-reflection Laue picture
created by x-ray irradiatioff. The sets of oriented EuO tar-
gets were placed at the GAMSA4 in-pile target position of the
A. Target preparation Institut Laue Langevin, where they are irradiated with a neu-
gron flux of 5x 10" em2s L,

IV. NEUTRINO-INDUCED DOPPLER-BROADENING
MEASUREMENT

The data were measured using fcc single crystals of Eu
These magenta crystals have a lattice constant of 5.141 A
and a NaCl crystalline structuf8The high melting tempera-
ture [22898) K (Ref. 23] insures that the fcc crystalline
structure of the EuO crystal stays stable during the neutron The instrument used in the present work is a two-axis
irradiation inside the nuclear reactor. These crystals have #at-crystal spectrometer. It is composed of two flat hyper-
density of 8.20 g/crhand were grown by a high-temperature pure Si crystals, several collimators and moving tables that
chemical transport methétifor the first experiment and by a permit to rock the two crystals. Theray detection is then
solution sintering proce$sfor the second one. done with a semiconductor Germanium detector. A complete

Two orientations, th¢100] and the[110], were investi- description of the mechanism and operating system as well
gated in this experiment. The first orientation comprisesas of the extraction of the data can be found in Ref. 1. The
seven pieces of EuO single crystal embedded in a two parispectrometer can operate under two modes: the nondisper-
graphite matrix. The total mass of the EuO crystals wassive and dispersive modes. The nondispersive mode allows
equal to 672 mg. They were placed in the matrix with theone, as the two crystals are parallste Fig. %, to measure
[100] orientation in the direction of the spectrometer. Eachthe instrumental response of the line by setting the first crys-
target (closed matrix containing the EuO crystalis then tal to the position to have the Bragg reflectiofig] for a
inserted in a graphite holder with dimensions ofgiven energy and by rocking the second one around this

B. The GAMS4 spectrometer
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TABLE II. Fitted values of the excess width in fringesK % 0.04 arcsecjRef. 1) for the transitions from
long lived states obtained with the two orientations.

Transition Orientation Order No. of x? per degree Fitted Error
energy[keV] [xyZ] (n,m) scans of freedom excess widtf F] [%]
121.8 [100] 1,9 10 1.0937 0.30&7) 8.76
221.2 [1200] 2,2 13 0.9750 0.24®9) 27.64
221.2 [110] 2,2 11 1.0615 0.21®3) 29.16

angle. In this case the only broadening the spectrometer meaponse can be directly measured in nondispersive mode with
sures is due to the instrumental response of both crystalsoth spectrometer crystals parallel. The results of these non-
when they are irradiated by rays of a certain energy range. dispersive scans in the different orientations are given in
The response of the spectrometer is described by dynamic@lble 1l. Although the error on the fitted excess width is
diffraction theory folded with a small Gaussian extra broad-relatively high in some cas€29.299, the effect on the fitted
ening (excess width?’ The second modédispersive mode  thermal velocity obtained from dispersive scans of the same
uses for the second crystal the mirror image angle. Irtransition is not significanfless than 5% in the worst cgse
that case the second crystal is again rocked but around this A comparison between the line shape obtained in the
mirror image with respect to the direction of the diffracted [100] and thg 110] orientation can be seen for the 221.2 keV
beant—6g) (see Fig. 5. With this method an extra broaden- transition in Fig. 6. The fitted thermal velocities and the cor-
ing which is not related to the instrumental response but taesponding crystal temperatures obtained with the least
physical processes such as Doppler broadening and the nasguare fit of the data given by the prograsRIDDLE are
ral linewidth can be measured. In dispersive scans, the totahown in Table Ill. The adopted value for the thermal veloc-
line shape is described by three contributiofisthe instru- ity, taken as the weighted average from the two different
mental responsdiji) Doppler broadening due to the thermal lines and from the two orientations, is equal to 83§ m/s.
motion of the atoms, andiii) by recoil-induced Doppler The corresponding crystal temperature calculated by the
broadening. All these contributions are analyzed separatelyMaxwell-Boltzmann theory with the measured thermal ve-
With these two modes of operationyaay peak can be fully locity is equal to 175@54) K. This temperature is close to
described. Once the instrumental response is known from
nondispersive scans for a given transition, one can measur 2000
the extra broadening caused by the motion of the atom emit
ting this y ray. The GAMS4 spectrometer can also run using
different orders of reflection. The higher the order becomes,,
the more information one can obtain from a line. Intensity §
and statistical problems limit the use of too high orders as< g0 |
diffraction theory predicts in most cases a smaller intensitys
with increasing order of reflectich. 3
During the two sets of measurements, differgmay tran- 500 |
sitions were analyzed. The principal lines of interest for this
nucleus are the 841.6 and 963.4 keV transitions to measur

Direction [100]

1500

the broadening due to the motion of the emittiigsm atom. 0—6.0 -4'.0 -é.o 0.0 20 20 6.0
The 121.8 and 221.2 keV transitions are needed to measul Doppler shift [eV]
: . 2000 : . : . .
the extra broadening due to thermal motion of the atom.
Since the 1 state at 963.4 keV reached after electron cap- : Direction [110]

ture is short lived, the Doppler broadening of the 841.6 and 1500 |
963.4 keV transitions comes essentially from the recoil ancg
the slowing down after the neutrino emission. In contrast thed
121.8 and 221 keV transitions are created by decay of lon¢g 1000 |
lived states with lifetimes in the ns time intenflIn these
last cases, the emitting atom has sufficient time to slow dowr
and to thermalize. Therefore, the extra broadening injhe
ray line shape is caused essentially by the thermal motion.

Coun

500 -

0 1 1
-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0
C. Measurement of the broadening due to thermal motion Doppler shift [eV]

The thermal broadening was determined using the 121.8 g, 6. They-ray line shape of the 221.2 keV transition in first
keV transition from the 2 state and the 221.2 keV transition order of reflection. The dotted line represents the instrumental re-
(a prompty ray emitted after neutron captyrdo be able to  sponse(diffraction theory curve folded with a small Gaussiand
determine the extra thermal broadening coming from transithe full line is the fit which includes the thermal broadening. The
tions emitted from long lived nuclear states, the spectrometealpper part shows the sum of 21 scans in [the0] orientation and
response function has to be known. The spectrometer reke lower part the sum of 16 scans in {e.0] orientation.
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TABLE lll. Fitted values of the thermal velocity for the transition from long lived states obtained with the
two orientations.

Transition No. Lifetime X2 per Thermal Crystal
energy Orientation Order of used degree of  velocity temperature
[keV] [xyZ] (n,m) scans [ng] freedom [m/s] [K]
121.8 [100] (1,-1) 12 2.06 1.1096 62%63) 2379(403
221.2 [100] (2,-2) 21 200.0 1.1328 57@87) 1979(257)
221.2 [110] (2,-2) 16 200.0 1.0186 42636) 1116(188

the calculated temperature 6f1600 K for an EuO crystal tions of the atoms in the crystal is great, a minor effect on the
with the specific irradiation conditions at the target positionnuclear lifetime measurement is found. In the following MD
inside the ILL nuclear reactor. The discrepancies betweefalculations the average temperature of 2170 K calculated
the different measurements and orientations are probably récom the 121.8 and 221.2 keV transitions in {1®0] orien-
lated to statistical problems. In several other experiméfits, tation was adopted.
there are still differences between two sets of identical mea-
surements about the effective targets temperature. The col, Measurement of the neutrino-induced Doppler broadening
rectness of the experimental temperature determination using - ] )
the depopulation of long living states is yet not evident and 1€ 841.6 keV transition was chosen to investigate the
can be influenced by instrumental procedures and analysif)fliénce of the potential on the 963.4 keV nuclear state
Further investigations will follow to solve these target tem-/fétime and to check the change in the line shape due to
perature problems. crystal orientations. This tran'sm_on hgs several advantages.
As discrepancies exist and because the measured tempefa? On€ hand the nuclear lifetime is known by another
ture varies from 2379 to 1116 Ksee Table I}, MD simu- method Wh|(_:h permits us to select which p(_)ter_mal is suit-
lations were started with different crystal temperatures to se@Pl€ for the interaction in the crystal. As the lifetime value is
the influence on the fitted nuclear lifetime of the 841.6 kevknown, the interatomic potential must be chosen to repro-
line. This was realized by starting the molecular dynamicgduce this lifetime. If a wrong slowing down theory is chosen,
simulations with different crystal temperatures. Figure 72 Wrong lifetime value will be obtained. On the other hand
shows the Maxwell-Boltzmann distribution of the Eu atomsthe lifetime is in the right order of magnitude-@30 fs) to be
in the cell for three different temperatures calculated by théhalyzed by the NID method and to be simulated by the MD
MD program using a Buckingham-type potential. Simula-Programs 'Wlth rgasonable CPU time. Thls tran§|t|on also_has
tions at 700 and 2170 K for two potentials were done and théufficient intensity to be measured with the high resolving
influence on the 963.4 keV nuclear state lifetime is shown iPOWer crystal spectrometer. _ _ »
Table IV. The values differ by less than 5% between simu- The mstrumental response functhn for this trans_ltlon was
lation done at 700 and 2170 K except for the BuckinghamMeasured in both directions. The fitted excess width mea-
potential in thg110] orientation where the difference equals sured with nondispersive scans in third order of reflection for

13.7%. While the influence on the positions and thermal moth€ 841.6 keV transition is equal to 0.1868.0075 fringes
for the [100] orientation and is equal to 0.20769.0077

fringes for the[110] orientation(see Fig. 8 One fringe cor-
responds to an angle of 0.04 arcsec. For the 841.6 keV tran-
sition, the motion of the emitting atom due to neutrino emis-
sion and then the slowing down due to the interatomic

0.04 T T T T

003 i 1 potential are responsible for the Doppler broadening of the
) ' — Temp=3000K l h di he di . Ei 8
d N ine shape measured in the dispersive geometry. Figure
N Temp=2170K shows the third order of reflection measured line shape of the
002 - y + Temp=700K | 841.6 keV transition for thg110] orientation. The difference

1(v)

in line shape for the 841.6 keV transition in th&00] and
[110] orientations is illustrated in Fig. 9 using the MD Buck-
ingham potentialV;. This figure shows that the slowing
down of the recoiling atom is slightly dependent on the di-
rection of observation. Although the recoil energy is small
compared to usual crystal-GRID measureméhis contrast
‘ , , , . between the two directions of observation is still measurable
0 200 400 600 800 1000 1200 1400 and shows that the difference is statistically significant. As
v sl the lifetime fitted with the simulation using the Buckingham-
FIG. 7. Distribution of the thermal velocity of 250600 Eu  type potential differs by a few fs for the two orientaticisee
atoms in a EuO lattice at different temperature. The points represerfi@ble V), a forced fit to the[110] measured data was also
the molecular dynamics simulations and the full line the Maxwell-realized with the lifetime of th¢100] orientation taken as a
Boltzmann distribution theoretical curve for the mentioned tem-fixed parameter. This shows that the difference is essentially
perature. due to the direction of observation and not due to the differ-

0.01 -

0.00
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TABLE IV. Influence of the crystal temperature on the lifetime of the 963.4 keV nuclear state.

No. MD crystal X2 per Fitted
Orientation MD temperature degree of lifetime
Potential [xyZ] recoils [K] freedom [fs]

Born-MayerV(rj;) [100] 1500 700 1.1530 18(6.9?2

[100] 1500 2170 1.1493 17(2.8

[110] 1500 700 1.1448 19(8.9

[110] 1500 2170 1.1484 20(8.2)

BuckinghamVs(rj;) [100] 1500 700 1.1553 26(1.1)

[100] 1500 2170 1.1487 26(9.2)

[110] 1500 700 1.1439 27(2.3

[110] 1500 2170 1.1495 31(5.7)

#The molecular dynamics simulations were realized without the x-ray and Auger emission subroutine.

ence in the lifetime value. ThELOQ] orientation shows a
more broadened line shape mainly due to the smaller sepa- , . . . .
ration and the attractive form of the potential the Eu recoil- The five ditferent MD potentials _d|scussed in Sec, ”!
ing atom sees moving in this particular directi@ee Figs. 1 were used to analyze the measured line shapes._Ta.bIe V lists
and 3. Although they-ray line shape measured in one direc- the results of the fitted 963.4 keV nuclear state lifetime. All
tion is calculated from initial recoils in all directions, the the Born-Mayer pot'entlals.glve a Ilfgtlme value smaller than
greatest Doppler shifts arise when the atoms are moving iFEe one mentioned in the literatut&his reflects the fact that
the direction of the spectrometer the Born-MayeV,, V,, andV5 potentials are too repulsive

' at short distances. Even with a low recoil energy, where the

V. DATA ANALYSIS AND RESULTS

800 . x ' . . atom does not move far from its lattice position, the repul-
Nondispersive geometry
3,3 ] —_
b 600 I ( ) § 40 T T T T T T T T T
o @ _ _
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FIG. 8. They-ray line shape of the 841.6 keV transition in third 000 80 60 40 20 00 20 40 60 80 100

order of reflection obtained from a sum of 10 nondispersive scan
(top) and from a sum of 25 dispersive scabsttom for the[110]
orientation. In the upper part the dotted line represents the diffrac- FIG. 9. They-ray line shape of the 841.6 keV transition in third
tion theory curve and the full line stands for the diffraction curve order of reflection. The full line represents tfi00] orientation fit
folded with a Gaussian given by the mentioned fitted excess widthand the dotted line thE110] orientation fit. The dashed line repre-

In the lower part, the dotted line corresponds to the instrumentaents a forced fit to the data using the lifetime of fh@0] orienta-
response as determined in the upper part and the full line is the fiion instead of leaving the lifetime as free paramésee text Also
representing a lifetime of 31(2.6) fs. The two figures have the shown is the instrumental response of the spectrometer. The upper
same angular range. The Buckingham potential is used in the simart of the figure shows the relative differencel 1§y
lations for the calculation of the lifetime. — |[110]/| [100]) between the two orientations.

Doppler shift [eV]
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TABLE V. Fitted lifetime for the two orientations and the five different MD theoretical potentials. The
temperature of the crystal is set for all MD simulations to 2170 K.

No. MD Orientation X2 per degree Fitted

Potential recoils [xyZ] of freedom lifetime [fs]
Born-MayerV,(ry;) 1500 [100] 1.1493 17.20.89
1500 [110] 1.1484 20.81.2

[100] and[110] 19.00.7)2
Born-Mayer modifiedV,(r;;) 1500 [100] 1.1486 25.21.1)
1500 [110] 1.1496 27.01.4)

[100] and[110] 26.1(0.92
BuckinghamV(r;) 3000 [100] 1.1486 26.11.2
3000 [110 1.1482 31.21.6)

[100] and[110] 28.711.02
Buckingham modified/,(r;;) 3000 [100] 1.1489 29.21.3
3000 [110] 1.1506 37.€.1)

[100] and[110] 33.41.22
Born-Mayer-Ewald Vs(r ;) 1500 [100] 1.1513 21.20.9
1500 [110] 1.1450 25.11.1)

[100] and[110] 23.20.7)2

8Average lifetime taken from thELOO] and the[110] orientation.

sive Born-Mayer potentialsee Fig. 4 is strongly felt. This very large, the result on the lifetime is quite pronounced
results in a lowering of the measured lifetime as the atom hagspecially in thg110] direction). The result of the Ewald
less freedom to move around its lattice position and thereforenethod using the Born-Mayer potentl} is relatively close

the lifetime fitted decreases so to have the same Dopplab the cutoff radius method; (see Table V. As no signifi-
shift. The modified Born-Mayer potenti®f, gives, however, cant changes are observed with this method when an appro-
a much better result. Although its parameters correspond tpriate long cutoff radius is chosen, it is worthless due to CPU
the least repulsive interatomic potential for the Eu-O at smaltime consumption in the EuO case to perform this kind of
distance, the Eu-Eu and O-O interactions is less adequate D simulations.

reproduce the lifetime as the slowing down takes place more In the second MD program, the neutrino-induced recaoil
rapidly due to the repulsive part. For the Buckingham potendirection as well as the energy and direction of the x-ray- or
tial V5 the lifetime fitted 28.71.0) fs is in very good agree- Auger-emission-induced recoil are chosen randomly by a set
ment with the literature value of 29 fs and also gives the of selected random numbers. The influence of the random
smallesty? per degree of freedom for both directiof@xcept numbers and statistical errors on a fitted lifetime is shown in
for the[110] fit with V5). The Buckingham modified poten- Table VI for a given potential in both directioi400] and

tial V, shows some problems especially in fHel0] direc- [110]. As can be seen in this table the relative difference
tion which is probably caused by the form of the Eu-O in- between the lifetime obtained with both sets of random num-
teraction around the equilibrium positidsee Fig. 3 The bers and the mean lifetime valgsee last two row of Table
repulsive part of this interaction is too weak between 1-2 AVI) never exceeds 8% for a given orientation, when enough
and increases the lifetime of the nuclear state under studgvents(1500 recoil$ are considered.

Although the difference between the two potentials is not Another influence on the determined nuclear lifetime

TABLE VI. Influence of the random number generator on the deduced lifetime of the 963.4 keV nuclear
state in*%2Sm. The Buckingham-type potenti®k(ri;) is used. The measured 841.6 keV line shape was

fitted.
Random No. MD Orientation X2 per degree Fitted lifetime Error
set recoils [xyz] of freedom [fs] [%]
1 1500 [100] 1.1486 27.81.3 4.67
1500 [110] 1.1495 31.51.8 5.71
2 1500 [100] 1.1486 24.51.1) 4.49
1500 [110] 1.1475 31.1(1.6) 5.15
3 1500 (100 1.1487 28.01.2 4.29
1500 [110] 1.1481 33.21.8 5.42
4 1500 [100] 1.1491 24.81.1) 4.44
1500 [110] 1.1480 30.0(1.6) 5.33
All sets 1-4 6000 [100] 1.1486 26.31.2 4.56

6000 [110] 1.1481 31.41.7) 5.41
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that the atoms gain enough energy to destroy the entire MD
cell. In any cases, as the probability to have an emission of
an Auger electron to fill th&k hole is relatively low(10%)
for the Sm atom, the influence of the charge state on the
fitted nuclear lifetime is not pronounced.
Some MD simulations were made as follows to investi-
gate the influence of the charge state. When an Auger emis-
. . . sion occurs the charge state of the recoiling Sm atom is
10 20 30 o X0 50 changed to the desired val@e 2 to + 10) assuming an Au-
Interatomic distance [10 'm] . .
38.0 - ger cascade and keeping at the same time all the other po-
T tential parameters identical. Figure 10 shows the influence of
360 L T | the charge state in the simulations and reveals the minor role
' - [110] played by the charge state, because of the low probability of

Potential [eV]

-150

R I i Auger emission. The increase of the nuclear lifetime for
840 1 T 1 higher charge states is related to the fact that the Coulomb
N | | potential energy is converted into kinetic energy implying a
20r - LT § greater slowing down time for the recoiling atom. For charge
+ L L 1 T [100] state less th§n+ 6, the Coulomb interaction is not strong
300F t~ T 1+ -+ T // . enough to bring the Sm and O atom so close together that
1 \ LT 1 they gain enough kinetic energy to destroy the MD cell. With
28.0 | . L i a charge state of-10, the MD simulations generate an
- - anomalous great velocity and the MD cell is completely de-
26.0 L stroyed as the temperature of the cell explodes. The simula-
0o 1 2 3 4 5 6 7 8 9 10 11 tion of the loss of many electrons due to Auger cascades for
Charge state of "**Sm an atom and the change in electron configurations influenc-
ing the interatomic potential is hard to achieve especially in
FIG. 10. Dependence of the fitted lifetime of the 963.4 keV the solid state when electron recombinations from neighbor-
nuclear level in*®Sm on the charge state of the recoiling ion in the ing atoms can occur. Therefore careful attention is recom-
EuO single crystal. The Buckingham-type potentg(r;;) is used mended. The present MD approa@thange in the charge
during the simulations. The number of recoiling events is equal tostate only for the Sm atojris the only feasible way to in-
250. The result is a fit to a sum of 28 scans for[th@Q] orientation  ¢|ude Auger cascades, as the electron clouds and electron

and a sum of 25 scans for ti@10] orientation. The upper part regrrangement process cannot be incorporated in the MD
shows the interatomic potential for two different charge states. %rogram at present.

charge state of- 1 has no physical meaning, but was also simulated
for comparison.

Fitted Lifetime [fs]

. - VI. CONCLUSION
value is the charge state of the recoiling atom. All the pre-

cedent MD simulations were realized with a charge state of We have studied with the neutrino-induced Doppler-
+ 2 for the recoiling Sm atom. This 2 charge state follows broadening method the slowing down process of a recoiling
from the 8 decay, because of charge conservation during thé>?Sm atom in oriented EuO single crystal targets. The
nuclear reaction. The charge state of the Sm atom could irerystal-NID measurement permits the selection of a particu-
crease in the case of Auger cascades and can rangetfibm lar potential to reproduce the interaction between Eu-O, Eu-
to + 103! In the simulation the charge state does have a gredtu, and O-O. Although the studied potentials do not differ
effect on the local environment especially for high chargegreatly, the fitted lifetime value can select the best inter-
states. The crystalline structure can be destroyed around tlaomic potential. An inherent limitation of this method re-
recoiling atom by the Coulomb interaction. As the chargesides on the knowledge and the precision of the nuclear state
state of the Sm atom takes a high value, the attractive intefifetime. In the present case the 963.4 keV nuclear state life-
action between the Sm-O atoms as well as the repulsive pdime is measured with sufficient precision by another nuclear
tential between Sm-Eu changes significartityour case the method to permit the selection of a potential. The neutrino-
Buckingham potential see the upper part of Fig).IDhe induced Doppler technique shows that the Buckingham po-
four nearest neighbors, the O atoms, approach in the firgential is the most suitable interatomic potential for the inter-
10-20 fs interval extremely close to the Sm atom, the soaction between Eu-Eu, Eu-O, and O-O in EuO single crystals
called Coulomb implosion of the crystal. Then the repulsiveat low energies. With this potential, a lifetime of 28L70) fs
potential between the four O atoms overcomes the attractivis obtained for the 963.4 keV nuclear state'®Sm, which

part of the Sm-O potential and the O atoms move away fronagrees well with the 2@) fs given in the literature.

the Sm atom. During this process of implosion and after- Even at the low recoil energy us¢d 3 eV compared to
wards explosion, the O atoms gain an enormous kinetic ererystal-GRID measurement using200 eV (Ref. 30] it is

ergy which can in the case of high charge state destroy thstill possible to see structure on the line shape depending on
crystalline structure of the cell. This kind of process does nothe orientations. This tells us that the direction of observation
play any role for+2 charge state because in this case theplays an important role in the measurement of the GAMS4
distance between neighbor atoms never becomes so smafectrometer when single crystals are used. The influence of
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