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The gamma-ray-induced Doppler-broadening method, relying on high-resolution gamma-ray spectroscopy,
involves direct measurement of the Doppler broadening of gamma rays emitted when nuclei decay in flight
following recoil induced by preceding gamma rays. This method is used to study interatomic collisions at low
energy in solids and in this way to probe the repulsive interatomic potential. Line shapes of gamma rays,
emitted by the recoiling®Ni isotope after thermal neutron capture in Ni single crystals, were measured and
compared to results obtained by molecular dynamics simulations of the slowing down. Several potentials
(including different embedded-atom method potentiale investigated using the observed fine structure of the
line shape, which depends on the crystal orientations. From a detailed study of the line shapes measured in two
different orientations, a new potential is then deriviga163-182€09)06409-1

I. INTRODUCTION determining the gamma-ray line shape permits with the
GRID data to test the other. As many nickel isotopes and
The gamma-ray-induced Doppler-broadenif@RID)  their nuclear state lifetimes are fairly well known and are
method is based on the observation of Doppler shifts prolisted in a recent articld,a study of the slowing down as a
duced by the motion of emitting nuclei in solid targétds-  function of the Ni-Ni interatomic potential is possible from
ing thermal neutron capture, a nucleus is excited to an energg$RID data. It should also be noted that a similar experiment
equal to the neutron binding enerdlypically 9 MeV). The  was conducted several years ago with polycrystalline targets
newly formed capture state will then decay by emission ofand aiming to the determination of the lifetimes of excited
gamma rays. Each emission of a gamma ray induces a recailclear state$?
to the nucleus. If the nucleus emits a second gamma ray As a result of the ordered structure of single crystals, the
while still in flight, the measured energy of the latter will be profile of the line shape should vary for different orientations
Doppler shifted. In the measurement reported here, the recdih between the crystals planes and the spectrometer. Thus the
energy given to the atom is between 200 and 400 eV. Thisise of single crystals as targets presented in this work per-
gives enough recoil to the atom to move several sites awagnits us to test several orientations. While the nuclear lifetime
from its equilibrium position and to make collisions with is independent of the orientation, blocking and/or channeling
other atoms in the bulk. As the emissions of primary gammaffects due to the crystal structure of the target influence
rays, hence the recoil directions, are isotropically distributedstrongly the exact form of the measured Doppler-broadened
this leads to a Doppler broadeniricather than a Doppler line shape. Using the crystal-GRID method, the anisotropy
shift) for the measured energy distribution of the gamma ray®f the slowing-down motion in the crystals becomes observ-
emitted in flight. The broadened line shape depends on thable and is not smeared out like in polycrystalline structures.
recoil velocities at the moment of emission of the measured’herefore, this technique becomes a sensitive tool for the
gamma rays. The velocity of the atoms at that time is relatedtudy of the interatomic potentiadl$ and permits a more
to two effects: the lifetime of the nuclear state which givescomplete analysis of the potentials. Theoretical interatomic
the time of emission and the slowing down of the atom in thepotentials, such as the Born-Mayé€BM) and Ziegler-
bulk. As the residual recoil velocity depends on the slowingBiersack-Littmark(ZBL) type, and potentials derived using
down the nucleus has experienced since the emission of thihe embedded-atom methddAM) exist and are still being
first gamma ray, the GRID method will give valuable infor- developed. Many of these potentials can reproduce quite well
mation on the slowing-down process governed by the intersolid-state properties and are usually based on reproduction
atomic potential. The GAMS4 spectrometer, installed at theof crystal constants. In particular, the EAM potentials have
high-flux reactor of the ILL and designed to measure gammdeen widely used to study a variety of problems including
rays with a resolution of a few eV, can detect the gammapoint defect propertieS, surface relaxatich and
ray-induced Doppler broadening. With the use of moleculareconstructiorf,surface and bulk phonor8Jiquid structure,
dynamics(MD) simulations which predict the slowing down thermal expansiof segregation in alloy¥’ grain boundary
of atoms in bulk material, the comparison between the theostructure, and mechanical propertieand give fairly good
ries (given by interatomic potentiglsand the measurement results. The purpose of this paper is to test the same inter-
(GAMS4 data can be realized.Knowledge of one of the atomic potentials in another energy domain by investigating
two unknowns(slowing-down theory or the lifetime value if the description given by these potentials is adequate for the
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0 0 with E,, the energy of the primary gamma ray, the mass

. n(25meV) of the recoiling atom, and the velocity of light.
, neution capture reuton captaee The isotope investigated in the present experimeniNg
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S R The first reaction is a thermal neutron capture producing the
o o ' excited *Ni isotope. After thermal neutron capture, a /2

” level at 8999.2 keV irr®Ni is populated® This excited level
1/2- —1— E2=464.98 1/2- —— E2=464.98
P . decays by gamma-ray cascades to the ground state. Three
Egs. - . levels and Doppler-broadened transitions were chosen to be
analyzed by the GAMS4 spectrometer: two for the gamma-
© ray-induced Doppler broadening and one for the determina-

FIG. 1. Description of the nuclear reaction and the nuclear-statéion of the brogdeni%g ,due to thermal mof[ion_. A p_c';\rtialll-level
levels and transitions of interest for tA#i-%Ni isotopes. For sim-  S¢heme showing theéNi decay of interest is given in Fig. 1.
plicity purpose, the movement of the recoiling atom is restricted tol N€ levels and transitions studied in this work are summa-
one dimension. rized in Table I. The first level at 4140 keV decays with a
lifetime of 6.5 fs(Ref. 3 via emission of a 3675-keV gamma
slowing down of atoms having a kinetic energy of a few ray to a Ipng-li\_/eq 1/2 state at 465 keV. The second level
hundred eV. It will then be shown how the matching of thedeca){s via emission of a 1950-kev gamma ray to the same

long-lived state. Formulél) gives a recoil energy of 215.8

description of the line profiles measured in different 0r|enta—ev for the 3675-keV transition and a recoil energy of 396.5

::glns of the target allows the determination of a new poten—ev for the 1950-keV transition. The third level at 339 keV
' used for the determination of the thermal broadening has a
long lifetime [98.1 ps(Ref. 3] and decays to the 372
Il. CRYSTAL-GRID METHOD ground state. _ _
In order to have a clear analysis of the data, several cri-
The processes involved in the production of a Doppler+eria for the selection of nuclear levels and transitions to be
broadened gamma-ray line shape are described in Fig. $tudied must be fulfilled. First, the level must be principally
First, (i) neutron capture forms an excited nucleus. The(90-100% populated by a primary gamma ray and not by
newly formed atom will deexcite by emitting a first gamma gamma-ray cascades to induce a well-defined recoil erfergy.
ray (i ). This emission will induce a recoil to the nucleus and|f the nuclear state is populated by gamma-ray cascades, the
the atom starts to move in the crystil). If a second gamma distribution of the recoils of the nucleus becomes complex
ray is emitted during the flightiv) at a time depending on and hard to reproduce. Second, the lifetime of the nuclear
the nuclear state lifetimer), it will be Doppler shifted due to  state has to be in the right order of magnityttem 10 **to
the velocity of the emitting atom. The GAMS4 spectrometer10-1%s) such that a measurable fine structure is observable.

measures the energy of the second gamma ray with respectt@st but not least, the transition must have enough intensity
a fixed direction and gives valuable information on theto be analyzed by the GAMS4 spectrometer.

gamma-ray line shape. If the recoil is induced by only one

primary gamma rayno cascade then the recoil energyg) 1. SLOWING-DOWN THEORIES AND MD
and velocity ¢,) of the atom at the moment of emission are SIMULATIONS
given by

In order to extract the nuclear state lifetime from the
E2 E crystal-GRID data, molecular dynamics simulations are

E — "1 and Ur_ ™ 1) needed. For the reproduction of the measured gamma-ray
r2Mmc? c Mc?’ line shapes obtained with the GAMS4 spectrometer, the

TABLE |. Reaction and levels used.

Reaction o E,2 E,? 12 Slin /Sl g ' Purpos@
[b] [keV] [keV] [%]
S8Nii(n, v) 5°Ni 4.6 4140.34 3675.23 0.96 100 6154 fs T
2414.97 1950.05 1.7 96 5342 fs T
339.42 33942 7.1 98(11.5 ps vy

®Reference 3.
b7 lifetime measurementy,, thermal velocity measurement.



6764 STRITT, JOLIE, JENTSCHEL, BANER, AND DOLL PRB 59

100

TABLE Il. Repulsive potentials parameters for nickel.

ST BM ZBL PAIR
=3 BM i
" > ERvios A=13271eV  ¢;=0.02817 b=3.52 A
: Eﬁ;ﬁi‘én ar B=0.28025A  c¢,=0.28022 $(0.60)=0.0504 eV
=8 EAMATVE | c3=0.50986 $(0.70)= —0.4138 eV
2 c,=0.18175 $(0.80)= —0.3078 eV
% T #(0.9)=—0.1415eV
£g 1 d;=0.20162 #(1.00)=—0.0715eV
3l d,=0.40290 #(1.1b) = —0.0455 eV
. ds=0.94229 #(1.20)=—0.0245 eV
® | d,=3.19980
St r.=4.841A
o ‘ . . s . x=0.23 #(r;)=0.0eVv
: 2 : ¢ ° y=—1.0 $'(0.60)= —3.620 eV/A

Interatomic distance [4]

¢'(ro)=0.0eV/A

FIG. 2. Theoretical interatomic potentials for the Ni-Ni interac-

tion. All the potentials are placed in the figure from the m@&) 1 ) ) o
to the leastEAMATVF) repulsive potential. Baskes! were also investigated. The basic idea of the EAM

potentials is that the electron density in a metal can be ap-
proximated by a superposition of the electron densities of

individual atoms. The electron density near an atom is deter-
: . e mined by the electron density of that atom plus a background
13.72 atomd6 translations n th_e(, y, andz d|rect|_o_ns ofa electronydensity from the otKer atoms. Thsrefore eac% atom
unit cell of 4 atoms and periodic boundary conditions were .o, e thought of as being embedded in the electron density
applied in all three dn_‘nensmns. Atoms were placed in a fCCot the surrounding atoms. In this approach, the total energy
array and are thermalized to the desired temperature by Solyg yqgejed by a sum over all atoms as having two contribu-

ing numerically the equation of motion using a Verleti,ng. the energy to embed an atom into the local electron

algorithm?® during a few ps. Once thermalization is density provided by the remainder of the atoms and an elec-

ach|e(\j/ed, ?]m |sotr0p|callyIdlstnbL_Jtec:] re|00|_l veLomt)(/j(\j/\_/as M- trostatic interaction represented by a pair potential that ac-
parted to the most central atom In the lattice by adding Vecz, s for the core-core repulsion. The total energy is written
torially the gamma-ray-induced velocity to the thermal ve-

locity. The simulation is then continued with a time step of

0.5 fs until the probability of gamma emission determining 1

the line shape of interest is sufficiently low. Typically, the U=> Fi(p)+ > > D), ()
simulation is performed during7(r is the lifetime of the ! ']

excited state This time interval ensures that 98% of the whereF; is the energy required to embed atoin the back-
gamma rays will be emitted due to the exponential decayyround electron density anl;; is the short-range pair inter-
law. The velocities and positions of a set of recoiling nucleiaction representing the core-core repulsion between atom
are stored for future evaluation of the line shape. For thexndj with interatomic separation; . The host electron den-
calculation of the gamma-ray line shape, 1500 of such eventsity (p,) at the position of atom is approximated by the

were simulated. _ . superposition of the atomic electron density{) of the
The dependence of the simulated gamma-ray line shapgeighborg by

on the interatomic potential was studied with seven different

potentials. A Born-MayerBM) (Ref. 15, a ZBL (ZBL) a

(Ref. 16, a pair (PAIR) (Ref. 17 potential, and four pi=2 p;(rij). 4
embedded-atom methofEAMFBD (Ref. 12, EAMVC .

(Ref. 18, EAMOJ (Ref. 19, and EAMATVF (Ref. 20] po-  In order to apply this method, the embedding functions
tentials were investigated using molecular dynamics simulaF;(p), pair repulsiond;; , and atomic density;(r) must be
tions. Figure 2 shows the seven potentials used in this worknown. By assuming reasonable functional dependencies for
A detailed description of those is given in Appendixes A andthe pair potential, the atomic electron density, and the em-
B. The values of the different parameters used for the detetbedding function, these functions can be fitted to yield the
mination of the interatomic potentials are listed in Tables Ilknown lattice constant, elastic constants, vacancy formation
and lll. All potentials are analytically simple to be imple- energy, and sublimation energy of a perfect homonuclear
mented in the computer code and are mainly dependent atrystal. Many forms for the different functions needed have
the interatomic distances () between atoms andj. The  been developed in the last years for nickel crystals and are
three first well-known potentials are described in Appendixsummarized in Appendix B.

A. To simplify the determination of the total energy given by
Potentials derived using more recent theories, which deEqg. (3) and the interatomic potential in the MD simulation,
scribe the interaction between atoms in a solid by the soan effective pair potential was used. The effective pair po-
called embedded atom method introduced by Daw andential reduces considerably the calculation of the EAM po-

slowing down of Ni atoms was simulated using a constant
energy and -volume MD prografiThe MD cells comprised
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TABLE lll. EAM potentials parameters for nickel.
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EAMFBD EAMVC EAMOJ EAMATVF
a;=0.07093? D,=1.5335eV B=6 a;=29.057 09 eV
a,=0.146 03% ay=1.7728 A1 v=9 a,=—76.046 25 eV
r.=3.0045 A Bu=3.6408 A1 5=20 a;=48.089 20 eV
Ry=2.2053 A re=4.729 A a,=—25.966 04 eV
F(0.0A % =0.0eVv r.=4.7895 A $.=0.63199 eV as=79.15121eV
F(0.014 46 A %)= —3.5847 eV a=—3.1684 r;=4.3111021 A
F(0.02891 A %)=—5.1449 eV b=-5.1237 r,=4.0645630 A
F(0.057 83 A %)=—3.4041eV n=0.12501 r;=3.9353829 A
F(0.066 50 A" %)=0.0eV pe=12.551 A3 r,=3.5200000 A

rs=3.0484094 A
A,;=60.537 985 eV
A,=—80.102 414 eV
R;=4.3111021 A
R,=3.9353829 A

a/alue expressed in electron charge units.

tential as this method permits us to consider the differenexponential term in formulé7) expresses the lifetime depen-
EAM potentials as pair potentials. In an approach developedence of the line shape and the last term the Doppler broad-
by Foileset al,’ the EAM energy can be approximated as anening due to the velocity of the emitting nucleus. In formula
effective pair potential by expanding the embedding func<7), the integration goes from 0 to, because the gamma ray
tional in a Taylor series around the equilibrium electron den-can be emitted at anytime due to the decay law probability,
sity p and dropping three-body and higher-order terms. Théout in the present work, the integration was cut attd
effective total energ¥,,; and effective pair potential (r) restrain the simulation time as explained above.
are then given by At the moment of emission the velocities of the atom and
L gamma-ray directions are fixed by the molecular dynamics
_ — simulations and by the crystal orientation with respect to the
EorNLF(p) = pF' (p) ]+ 2 .E, vlrip), ®) GAMS4 spectrometer, such that the gamma-ray line shape
i#] can be evaluated for different lifetime valu@s. These line
_ , a " a2 shapes are then fitted to the measured data using the least-
Pr)=(r)+2F (p)p™(r) +F"(p)Lp"(r)]% ©) squgres fitting routin&RIDDLE,?? with the lifetime ar?d ex-
whereF’(p) andF"(p) denote the first and second deriva- perimentally related numbefbackground, intensity, efcas
tives of the embedding energy with respect to the local elecfree parameters. As a result of this procedure, a lifetime
tron densityp andN the total number of atoms. The equilib- value r and ay? per degree of freedom are obtained. Both
rium electron densities used in the present work are 0.028;alues permit one to quantify the agreement or disagreement
0.38, 12.55, and 37.41 & for the EAMFBD, EAMVC, between theoryMD simulation of the slowing downand
EAMOJ, and EAMATVF potentials, respectively. The large experiment(crystal-GRID data
difference inp, p(r), andF(p) is due to the different pro-
cedures used for reproducing the solid-state and bulk-metal
properties.

Once the recoiling atom velocities and positions have
been recorded following the MD simulations according to
the selected potential, the gamma-ray-induced Doppler-
broadening line shape can be calculated by the formula

IV. GAMMA-RAY-INDUCED DOPPLER-BROADENING
MEASUREMENTS

A. Experiment

fce single crystals of Ni in its natural isotopic composition
were used for the experiment. The density of the single crys-
* vi(t)-n tal is 8.908 g/crand the fcc lattice constant is equal to 3.52
I(E)=C>, f e 7y c ) A.% Two different orientations of the crystal planes with
b0 respect to the spectrometer, tiE0] and the[111], were
where C is a normalization constant; the excited-nuclear- analyzed. In both measurements, threex 2DX 25 mn?
state lifetime,E,, the nonshifted energy of the transition, single crystals of Ni were irradiated at the in-pile target po-
v;(t) the velocity vector of thath simulated atom at the sition of the ILL high-flux reactor in a neutron flux of 5
moment of emission as calculated by the MD programs, X 10“cm 2s L. The crystal orientations were checked with
the relative direction of observation, amdthe velocity of  back-reflection Laue pictures created by x-ray irradigfton
light. The index(i) ranges generally from 1 to 1500 and before beginning the experiments. The crystals were then
represents the number of recoil events calculated by the manserted in graphite holders and placed inside the reactor.
lecular dynamics simulations. The natural linewidth is ne-The orientation uncertainty is determined by the precision of
glected in the calculation of the line shape since its effecthe crystal cut and of the positioning system inside the reac-
contributes to less than 1% of the total broadeninthe  tor and is equal to-2.0°. For the measurements of the Dop-

1+

dt, ()

E-E,
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pler profiles, the ultrahigh resolution of the GAMS4 spec- 2500 , .
trometer was used. This two-axis flat-crystal spectrometer Non-disoarsive qeomet
allows measurement of gamma-ray broadening in the order 2000 persive geometty Order (2.2)

of AE/E=10"“-108,% using twice the Bragg law to select EW=0481(0.041) o

the correct energy. The first crystal is set to the Bragg angle
for a given energy. The second crystal is then rocked around
this angle, and the gamma intensity is measured for each

1500 -

1000

Counts 720 s/Pts

position with a germanium detector. For thEL1] orienta- 500 |-

tion, besides the full energy peak, the single- and double- bt e
escape peaks in the germanium spectrum were also consid- 840 30 20 a0 o0 10 20 30 40
ered for the analysis of the highest-energy transition. The Doppler Shift [eV]

GAMS4 spectrometer can operate under two modes: a non-
dispersive mode denoted kip,n), wheren is the order of
reflection, by setting the two crystals parallel to each other, Dispersive geometry
and a dispersive mode denoted hy, £ m) by turning the VT=532(40) mis
second crystal to its mirror position with respect to the inci-
dent gamma ray withm=n or to any angle suited for
mth-order diffraction on the second crystal with= —n. %5

The nondispersive mode allows one to experimentally deter-
mine the instrumental response. This is well described by

350 T T

Order (3,-3)

250 -

150 +

Counts 1080 s/Pts

A

s

dynamical diffraction theory folded with a small Gaussian 50 ‘ - - ' ‘

with a full width at half maximum which is called the excess w0 80 20 ';fpple?g)hm [;\',(]) 2080 40

width (ew). The dispersive mode is used to measure the

Doppler-broadened line shapes. FIG. 3. Gamma-ray line shape of the 339-keV transition in dis-

persive and nondispersive geometry. In the upper part, the dotted
line represents the diffraction theory curve and the solid line exhib-
) its the diffraction theory curve folded with a fitted excess width. In
The thermal broadening related to the target temperaturge |ower part, the dotted line corresponds to the instrumental re-

inside the nuclear reactor is determined with the 339-keVsponse(calculated by nondispersive scans; note that the reflection
nuclear state. As this level has a very long lifetit88.1 p3  order is not the same for both modesd the solid line is the line
compared to the slowing-down time, the nucleus has suffishape fit representing the given thermal velocity value.

cient time to thermalize before the emission of the observed

gamma ray. Therefore the only Doppler broadening theother method$, which permits the selection of the inter-
gamma ray will undergo is the one due to thermal motion.atomic potential by the value obtained for the nuclear life-
The spectrometer response function was first determined itime. The 4140-keV level with its 3675-keV transition has a
the second order, and then the dispersive mode gives a thesmaller lifetime, and the influence of the target orientation on
mal velocity of 53240) m/s in the third order. The third the structure should be more obvious. However, the lifetime
order of reflection was not measured in the nondispersivenentioned in the literature was only measured by the GRID
mode to reduce the measuring time, because the ew does roethod. Therefore the selection of a potential by checking
depend on the order of reflection and the intensity decreasdbe lifetime cannot be made directly with only this transition.
with higher orders of reflectioff. Figure 3 shows the line Before measuring the gamma-ray-induced Doppler-
shape obtained for the 339-keV transition in both dispersivdroadening profile giving a value for the lifetime with the
and nondispersive modes for the00] orientation. The ef- aim of the MD simulations, the instrumental response func-
fective temperature corresponding to the mentioned thermadion for the transition has to be known. The fitted excess
velocity is equal to 66@.01) K. The present thermal velocity width for both transitions and for both orientations was de-
is consistent with the velocity obtained with polycrystalline termined by the dispersive mode of the 1950-keV transition
targets under the same irradiation conditiéhhe tempera- in second order of reflection and is set to 9Gt51) marcsec
ture value of 666 K was adopted for the thermalization of thefor the [100] and 9.940.76) marcsec for thd111] orienta-
cell in all molecular dynamic simulations performed in this tion. Figure 4 shows the nondispersive line shape obtained
work. Note that this imposes the same Maxwellian distribu-for the 1950-keV transition in theL00] orientation.

tion on the simulation as the one measured.

B. Measurement of the broadening due to thermal motion

V. DATA ANALYSIS AND RESULTS

C. Measurement of the gamma-ray-induced

. The fitted lifetime values extracted using seven potentials
Doppler broadening

are summarized in Tables IV and V and are illustrated in Fig.
Two transitions were chosen to investigate the influencé. For comparison, the most recent adopted values for the
of the potential and the effects due to the target orientatiotifetime of the nuclear states measured by other
on the line shape. The 3675- and 1950-keV transitions allownethod&*2@-270).28 5re also shown in the figure.
one to study the motion of the emittimdNi after the emis- The measurement proves that the gamma-ray line shape
sion of a primary gamma ray of 4854 and 6884 keV, respecdepends strongly on the orientation of the target with respect
tively. The 2415-keV nuclear level and its 1950-keV transi-to the GAMS4 spectrometer. The Doppler-broadened line
tion were selected because the lifetime was known by severahape is thus indeed correlated for short lifetimes to the or-
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400 ‘ ! On average, the atom moving towards fh&1] direction has
Non-dispersive geometry Order (2,2) more freedom due to the positions of the neighboring atoms
300 - EW=13.43(1.52) eV : and the slowing down in this direction is less pronounced.
The resulting line shape is therefore more broadened as can
] be seen by comparison with the line shape obtained from the
[100] direction in Fig. 6.
. Figure 7 shows the fitted line shape obtained for[ &0
orientation using three distinct potentials. Although the
S =t gamma-ray line structure is relatively close for these three
-200.0 -100.0 0.0 100.0 200.0 . . . . . .
Doppler Shift [eV] potentials, there are huge differences in the fitted lifetime
value. By comparing the fitted lifetimélables IV and V
1500 ' ‘ with the form of the interatomic potenti&Fig. 2), one can
Dispersive geometry Order (1,-2) conclude that the more repulsive the potential is, the smaller
LT=82.72@.11)fs [ 3 the lifetime becomes. With a highly repulsive potential, the
- slowing down of the recoiling atom takes place more rapidly,
which decreases the fitted lifetime in order to have the same
] Doppler broadening(A smaller lifetime increases the Dop-
pler broadening, as more gamma rays will be emitted due to
7 the exponential decay law with greater velocitieAs the
9900 1000 o0 o0 5500 4140-keV nuclear-state lifetime obtained with the EAMVC
Doppler Shift [sV] and the EAMOJ potentials are very similar, @%) and
FIG. 4. Gamma-ray line shape of the 1950-keV transition in_7'9(0'6) fsf' one m_lght eXp_ECt that the_fo_rms of these two
nondispersive second-ordéop) and dispersive third-ordefbot-  INteratomic potentials are identical. This is the case for the
tom) geometry. In the upper part, the dotted line represents th&é€Pulsive part, but not for the form of the potential at equi-
diffraction theory curve and the solid line corresponds to the dif-librium distance(see Fig 2, which indicates that in the par-
fraction theory curve folded with a fitted excess width. In the lowerticular case of nickel the attractive form of the interatomic
part, the dotted line corresponds to the instrumental respmase  potential does play a minor role in the calculation of the
culated from nondispersive scans; note that the reflection order igamma-ray line shape for a slowing-down energy in the or-
not the same for both pajtand the solid line corresponds to the der of a few hundred of eV and lifetimes in the fs range. To
line shape fit for the given lifetime value. In order to have the saméllustrate the differences in line shapes obtained from the MD
scale in both parts, the ew was converted into eV in the upper pagimulations, the lower part of Fig. 7 shows the profiles cal-
of the figure. culated for a given lifetimer=7 fs.

The lifetime of the 2415-keV nuclear state deduced from
dering of atoms in the crystal. The difference in the gammathe data using the MD simulations can be used to judge the
ray structure is shown in Fig. 6 for the 3675-keV transitionreliability of interatomic potentials. If a MD potential can
in the [111] and [100] orientations. Also shown is the fit reproduce the lifetime measured by several other nuclear
obtained from MD simulations using the EAMVC potential. methods, then it will be suited for a description of the slow-

200 -

Counts 1980 s/Pts

100

R

1000

500 -

Counts 11220 s/Pts

TABLE IV. 5Ni nuclear-state lifetimes obtained using the different potentials fitted to the GAMS4 data.
For the potentials names, refer to Appendix A.

Number BM ZBL PAIR
Ey E, Orientation  Order of lifetime lifetime lifetime
[keV] [keV] [xyZ] (n,m) scans [fs] [fs] [fs]
4140.34 3675.23 [100] 1,-1 12 3.60.9) 5.7(0.8 22.47.2)
1,-2) 16 5.60.9 9.51.5 >50°
Both 28 4.10.9 6.7(0.7) 32.510.7)
[117] (1,-1 15 4.10.4) 6.7(0.9 29.610.9
1,-2) 17 6.01.2) 8.51.9 >50°
Both 32 4.40.4) 7.2(0.7) 38.1(13.8
Both? Both 4.20.9 6.900.5 35.38.7)
2414.97 1950.05 [100] 1,-1 7 28.93.1)) 52.55.5 >200¢°
1,-2) 34 25.41.0 44.01.8 >200¢°
Both 41 25.71.00 4541.7 >200°
[111] 1,-2) 12 29.92.6) 53.44.6) >200°
Both? Both? 26.21.00 46.31.6 >200°

AVeighted average from the two orientations, not a fit.
bweighted average from the two orientations, not a fjtL00] two orders[111] one order.
‘Lifetime fit not convergent, lower limitsee text
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TABLE V. Ni nuclear-state lifetimes obtained with different embedded-atom meAaM) potentials
using the MD simulations fitted to the GAMS4 data. For the potentials names, refer to Appendix B.

Number EAMOJ EAMVC EAMFBD EAMATVF

E, E, Orientation Order of lifetime lifetime lifetime lifetime
[keV] [keV] [xyZ (n,m) scans [fs] [fs] [fs] [fs]
4140.34 3675.23  [100] (1,-1) 12 6.40.9 6.5.9 9.6(1.4) >100°
1,-2) 16 10.91.8 11.21.9 17.94.0 >150¢

Both 28 7.60.9 7.70.8 11.51.3 >150°

[117] 1,-1 15 7.60.9 7.700.9 11.51.6 >100°

1,-2) 17 9.12.2 9.92.2 15.64.9 >150¢

Both 32 8.00.9 8.2(0.8 12.31.9 >150¢

Both? Both 7.80.5 8.0(0.6) 11.91.0 >150F

2414.97 1950.05 [100] (1,-1 7 58.16.1) 60.36.3 102.313.9 >300°
1,-2 34 49.q1.9 50.42.00 92.04.6 >25(F

Both 41 50.41.9 51.91.9 93.54.3 >300°

[111] 1,-2) 12 57.64.9 61.65.3 98.010.6 >400F

Both? Both? 51.31.7) 53.11.8 94.24.0 >400°

AWeighted average from the two orientations, not a fit.
bWeighted average from the two orientations, not a fjtL00] two orders[111] one order.
‘Lifetime fit not convergent, lower limitsee text

ing down of atoms in the given energy range. For the 4140same consistent lifetime valug$.5-8.9 f$ if the same
keV level studied in this work, this is not possible becauseslowing-down theory is used For the two least repulsive
the lifetime was only measured by the GRID method and bypotentials, namely, the EAMATVF and PAIR potentials, the
the present crystal-GRID approach. Therefore no direct confitted lifetime is 5—8 times higher than the literature value
clusion on the potential can be made with this only level.(confer Tables IV and ¥ In these two cases, the fitted life-
Both independent measurements reproduce, however, the
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FIG. 5. Lifetime values simulated with the different slowing
down potentials for the 4140- and 2415-keV nuclear-state levels. FIG. 6. Gamma-ray line shape of the 3675-keV transition in the
The lower part shows the comparison of the lifetime value with the(1,—2) order of reflection in th¢é100] and[111] orientations. The
lifetime found in the literature: (a) Ref. 27a), (b) Ref. 21b), (c) experimental line shapes are obtained from a summatior 18
Ref. 28, (d) Ref. 2, (e) Ref. 4, and(f) Ref. 3. The solid squares individual scans. They are based on the full energy peak only. The
represent the new crystal-GRID measurements and the open squateser part shows the fitted line shape for both orientations with the
the published lifetime measurements. maximum intensity normalized to 1.0.
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TABLE VI. x? per degree of freedom for the different potentials

120 ' ‘ ' ’ for the 4140-keV fitted nuclear state lifetime.
[100] —— 7ZBL . 2 a .2 a | ifati 2 b
100 BM Slowing down x5, {1001* x5, 111]* Lifetime [fS]  xmean
2 R T FAVOY BM 181089 201567 44 11385
3 80 - ZBL 1808.96  2012.90 69.5  1.1371
EAMFBD 1809.22 2013.45 11(92.0 1.1374
60 EAMOJ 1809.19 2013.24 7@8.5 1.1373
EAMVC 1808.80 2012.97 8(0.6 1.1371
49500 _360 -1'00 160 360 500 aAbsolute y2. The number of degree of freedoMlgeeqon for the
Doppler shift [eV] lifetime y? is equal to 1595 and 1766 for tH400] and [111]
orientations, respectively.
100 ' * 10.0 * o bMean y2 per degree of freedom taken from both orientations as
o TR L M TE 3 Xad = Nireecom
> 6ol 1 eol ; | (A4) in Appendix A] and by fitting the GAMS4 data for the
G 3675-keV transition. As the form of the ZBL potential is
2 40 L 1 40l i relatively close to the other EAM potentials, the change in
the ZBL potential should tend towards the EAM potential if
20 ] 20l B these two are correct. The fitted lifetime and feper de-
gree of freedom are then a measure of improvement or ag-

gravation of the description of the line shape. The smallest
x?2, which ensures the best fit to the data, is obtained for an
X parameter of 0.26. Thig parameter produces a lifetime
FIG. 7. The upper part shows the gamma-ray line shape for thy¥alue of 8.6€0.9) fs for the[111] and a lifetime of 8.20.8) fs
ZBL, BM, and EAMOJ potentials calculated with the MD programs for the [100] orientation. Figure 8 shows the change in the
and fitted to the crystal-GRID data for the 3675-keV transitions forsimulated line shape obtained with the ZBL potential for
the[100] orientation. The lower part shows the simulated line shapedifferent x parameters as well as the resulting potential for
for both orientations for a given lifetime value=7 fs. To have a  given parameter values. The variation of tpevalue is il-
better view of the structure, the instrumental response function wakistrated in Fig. 9 for both orientations. The dependence of

0.0 Fy 2
-500 -300 -100 100 300 500
Doppiler shift [eV]

0.0 YI L Il L
-500 -300 -100 100 300 500
Doppler shift [eV]

intentionally set to a small10.0 e\j value, compared to the mea-
sured ongsee upper part

time becomes very long and the programRIDDLE does not
converge towards a final result after several iterations. As the
simulation time interval, defined as the time needed to follow
the recoiling atom, was set before the fit to 75 847,
the maximum expected lifetimeor the 4140-keV nuclear
state, the exponential decay law gives rise to problems when
the fitted lifetime increases well beyond this estimated value.
As the number of gamma rays emitted after the predefined
471,.x Simulation limit increases, the contribution of these
gamma rays cannot be neglected and the line shape is per-
turbed. However, as the fitted lifetime value is far above the
literature value, no new longer MD simulations were per-
formed. The best interatomic potentials determined by the
crystal-GRID method for the slowing down of Ni atom in a
fcc Ni single crystal are the ZBL, EAMVC, and EAMOJ
potentials. The 2415-keV nuclear-state lifetime value ob-
tained with these potentials agrees quite well with the one
given in the literaturé and measured by other methods.
These three potentials also give the bgétper degree of
freedom(see Table V), which tends to prove that they are
the most appropriate. The lifetime for the 4140-keV state
measured with the present approach is also consistent with
previous polycrystalline GRID measuremefis.

In order to cross-check the reliability of the EAMVC and
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FIG. 8. Simulated line shape obtained with a given lifetime of

EAMOJ potentials, an optimization of the ZBL potential was r=7 fs for three differenk parameterga), (b), (c). Here(d) shows
tested. This was done by performing MD simulations withthe variation of the ZBL potentials for the given parameters. For the

different x parameters defining the ZBL potentigee Eq.

explanation of thex parameter, see E¢A4) in Appendix A.
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3822.0 N * ' * ' T FIG. 10. Comparison of the modified ZB(ZBL-NEW) inter-
38215 |- x=0.203 x=0.324 L atomic potential x=0.26 instead of 0.23; see Tablg With the two
' - > . EAM potentials. The main difference is at equilibrium distance.
8 X mint1 \
.8 38210 | . B
= - . . .
W 46205 - . | method potentials are the best for the parametrization of the
' interatomic slowing down in fcc nickel crystals at a few hun-
3820'%.15 o.‘17 o.l19 o.|21 o.lzs o.és o.é7 o.lzg 031 033 dred of eV. i i .
X All the errors given in the preceding tables are only least-

squares errors on the fitted lifetime. They do not include the
small statistical error made in the calculations of the excess
width which is used for the lifetime determination. The sta-
tistical error coming from the MD simulations, correlated to
the number of MD recoiling events, was also left out. The
influence of statistical errorfrom the measurements and
from the MD simulations is given in Table VII for the
the x? versus the lifetime is asymmetric due to fit related EAMOJ slowing-down theory. The final result, obtained
phenomena. As the measured line shape is fixed, the MDwith the EAMOJ potential, returns a value of {0®) fs for
simulated line shape has to be fitted to the data mainly byhe 4140-keV nuclear state.

adjusting the lifetime value. However, the simulated line
shape has also a structure which cannot be changed enor-
mously by the lifetime value. For instance, the line shapes
simulated for the[100] orientation with x=0.05 and x The influence of the form of the interatomic potentials on
=0.45 differ greatly. Once the maximum value is at the cen+ecoiling Ni atoms in fcc Ni crystals at an energy of 200—400
ter, and once a pseudominimum occurs at the center of thieeV was investigated by measuring the lifetime value of two
line shape(see Fig. 8 As the measured GAMS4 line shape nuclear levels. The selection of two best embedded-atom
has a maximum at the middlesee Fig. 7, the line shape method potentialfEAMVC (Ref. 18§ and EAMOJ (Ref.
simulated with thex=0.05 will be easier to fit to the data 19)] among seven different potentials investigated by the
than the line shape simulated with=0.45 will. This results crystal-GRID method was possible. A new ZBL potential
in a smallery? per degree of freedom for smallgrdespite ~ was deduced from this analysis. The convergence of the
the fact that the lifetime value diverges from the correctmodified ZBL potential toward the EAMVC and EAMOJ
value forx parameters away 0.26. Therefore an asymmetrypotentials tends to corroborate our choice for these two po-
arises in the mentioned function. The lower part of Fig. 9tentials as the best candidates. The smajégter degree of
shows the summeg? for both orientations. From these, it freedom obtained with these potentials proves that the two
can be deduced that the fitt&dsalue has an error o£0.06. embedded-atom potentials cannot only reproduce solid-state
If the lifetime were precisely known, this error could be re- constants quite well, but are also reliable on the slowing
duced by the constraint that tixeparameter also reproduce down of atoms with energy in the order of 200 eV in bulk
the exactr. material.

The besix parameter was then used to simulated the other It was also shown that the measured line shape depends
transition(1950 keVj, and it gives a lifetime of 54(2.9) fs.  strongly on the orientation of the target with respect to the
The new parameter of the ZBL potential gives thus a lifetimeGAMS4 spectrometer when single crystals are used. This
very close to the EAMVC and EAMOJ values, and if one confirms that crystal-GRID measurements are preferable,
looks at the form of the new ZBL potential, it resembleswhen possible, over GRID measurements.
closely the form of the two embedded-atom potentiakse The lifetime values obtained for the two transitions have a
Fig. 10. This reinforces the fact that the two embedded-atorrhigher precision than all previous measurements. The final

FIG. 9. x? per degree of freedom vs fitted lifetime for the dif-
ferentx parameters. Thea values are listed above the point. The
function shows a minimum fox=0.26. The solid line represents a
cubic polynomial interpolation of the points. The lower part gives
the absolutee? vs thex parameter. The absolug is obtained by
adding the absolutg? of both orientations.

VI. CONCLUSION
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TABLE VII. Statistical errors on the 4140-keV nuclear-state lifetime obtained with the EAMOJ potential
depending on recoil numbers and on the experimental error made in the measurements of the excess width.

Value used in Orientation[100] Orientation[111]

the fit Number of MD recoils lifetime [fs] lifetime [fs]

1) ew 250 7.60.9 8.30.9
ew 500 7.40.9 8.800.9
ew 750 7.20.8 8.8(0.9
ew 1000 7.%0.7) 8.2(0.9
ew 1250 7.40.7) 8.1(0.9)
ew 1500 7.60.9 8.0(0.8
ew 1500 7.61.1)2 8.0(1.62

2 ew+dew 1500 7.€0.8 8.10.8

ew—dew 1500 7.8.7 8.0(0.89

©) ew 1500 7.61.0)° 8.0(1.6)°

ew 1500 7.70.9°

aBiggest statistical errol. T et/ — (L Tmaxymint/—dLT). Example[100]: 7.56—(7.21—0.75)=1.10.
bBiggest statistical error from simulatiort$) and (2).
“Weighted average from both orientations using the error calculatég).in

result with the EAMOJ potential yields a value of QD) fs a,=0.8853(Z1+Z))Y, (A4)
for the 4140-keV nuclear-state level and a value of3bis

for the 2415-keV nuclear state including both statistical andvith ag=0.529 A the Bohr radius and, ; the atomic num-
MD simulation errors. These lifetimes are consistent with theder of the atoms andj, respectively. All the needed param-

values given in the literature. eters €,,d,,x,y) for the evaluation of the ZBL potential are
listed in Table Il.
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Vp(r)=D{e 2*""To)—2e alr~To}, (A5)

APPENDIX A with D=0.4205 eV,a=1.4199, and ,=2.480 A taken from

Here we present the different formulas needed to describB€fS- 29 and 23 for nickel. ,
the BM, ZBL, and PAIR interatomic potentials. For the val- The t°t6?' Interatomic pgtentlal IS calculated by connecting
ues of the different parameters for nickel, refer to Table I inth€ attractive and repulsive parts té) obtain a smooth total
the main text. The Born-Mayer pair potential has been opiNtératomic potential using the formdla
tained by Abrahamsdn by fitting an exponential function to

the results of Thomas-Fermi-Dirac calculations based on the VN =[1= 1OV FHr)Vu(n), (A6)
overlapping of the electron clouds and has the form with the attenuation factof(r) given by
V(rij)=Agve i Bem, (A1) 1
f(r)=—1+eb(,_,l), (A7)

with the two Born-Mayer parameters listed in Table II.
One of the most used potentials in stopping powerl%alcuwith b=5.0A"! andr,=1.9A. They are chosen in such a
lations at keV energies has been derived by Ziegteal. way that the repulsive potential is not affected above a

by fitting a universal function to a large number of calcula-yrashold value and that the Morse potential is not changed
tions for individual atoms pairs. This potential is given by 4t the equilibrium position.

5 The basic method to calculate the pair potentRAIR)
V(ri)= e” ZiZ ®(r;;) (A2) developed by Baskes and Meltdinvolves the selection of a
W Ameg 1y O functional form with a number of free parameters for the

potential and the variation of the parameters so that the vari-
ous calculated quantities agrée a least-squares senseith

the corresponding experimental data. A simple form, ex-
pressed by a cubic spline between a number of fixed-node
points, with the nodes as free parameters, was chosen for this
potential. The lattice constant, elastic constants, sublimation
and the screening length, is defined by energy, vacancy formation energy, and migration energy are

where the screening functioh has the form

drjj

(A3)

4
(D(rij)zlzl c ex;{
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used in the fitting procedure to evaluate the node points. Thand
fixed-node points and first derivative values at the end points
determining the pair potentidlare listed in Table II. f(r)=f.exd — B(r/ro—1)]— foext — B(ro/ro—1)]

e e e C e
APPENDIX B —Bffl—exgd 8(rire—r lre)l}

This appendix describes the embedded-atom method po- Xexp([—B(rc/re—1)]1/6, (B7)
tentials used in the MD simulations. In the EAMFBD
method developed by Foiléd,the atomic density 4%) is  with r,, the shortest equilibrium distance between two atoms.
taken from the Hartree-Fock calculatidhand is given by  The pairwise-additive interaction has a similar form and is
iven b
P3(r)=Nsp(r)+Ngpa(r), 8y IVEN DY

whereng and ny are the number of outes and d electrons S = exd — v(r/r.—1)1—P.extd — v(r-/r.—1
and ps and py are the densities associated with theand (N=Peext = y{rire=1)]= Geex = 7(re/re 1)

d-wave functions. The parameters used in the current calcu- —yOf1—exd 8(rirg—r lre) ]}
lation for the atomic configuration are summarized in Table
1. The total number of andd electronsng+ny, is fixed to xXexd = y(re/re—1)1/6. (B8)

10 for nickel. Thus the atomic density depends only on the

single parameten,. This parameter was determined so to The nine parameters3(y,d.,rc, ¢.,a,b,n,pe) for both em-
have the proper heats of solution of the alloys. The paibedding and pair potential terniEgs. (B5)—(B8)] are listed
potential is expressed in terms of an effective chafge)  in Table Ill.

such that®(r)=Zz2(r)/r. The effective charge is param-  Ackland, Tichy, Vitek, and Finnf§ (EAMATVF) used a

etrized by the simple polynomial form square-root function for the embedding energy based on the
X 5 . second moment of the density of states. The function for
Zo(r)=ay(re—r)°+ay(re—r) (B2)  both F(p) and &(r) consists of a series expansion with

for r<r. and is zero otherwise. The valuesaf, a,, andr. built-in step function H(x)]. The distinct coefficients have

for nickel are listed in Table Ill. The embedding energies ard*€en fitted to the experimental data as well as the pressure-

described by natural splines. The knots used for the Sp”ngolume_values calculated from first principles. The functions

and the corresponding valuesfofp) are also given in Table '€ defined as follows:

I

Voter anq Chetf had developed a similar embedded- F(p)=—p;, (B9)

atom potentialEAMVC) to the EAMFBD. The difference

resides in the pairwise-additive function taken to be a Morse
. Where

potential of the form

®;j(r)=Dy{l—exd—aw(r—RwI]}*~Du, (B3)

=2 f(r;; B10
where Ry, Dy, and a), define the location, depth, and Pim & (") (B10)
curvature of the minimum, respectively. The density function
p(r) is given by and

p(r)=r®exp(—Br)+2°exp(—2pr)], (B4)
2

which is a modification of the density of a hydrogenis 4 f(r)= 2 [A(R—T)PH(R_)]. (B11)
orbital, with the second term added to ensure @) de- k=1 o

creases monotonically with over the whole range of pos-
sible interaction. The functions and their first derivative arethe pairwise-additive ternd(r) has the form
forced to go smoothly to zero at a cutoff distange The
parameters of the two functions are defined in Table IIl. 5
They were fitted to the same experimental data used in the _ 3
EAMFBD approach. The EAMVC embedded functiBiip) q’(”—g«l [a(r=1)"H(re-n)]- (B12)
is obtained in tergnﬁof a tabular forff.
Oh and Johnson (EAMOJ) developed an approach with . . ) .
simple functional forms which result in fewer parameters to;rgf;iiavi'\?lednetpr functior(x) defined in Eqs(B11) and
fit and provides easy access for adapting the EAM model: 9 y
The embedding enerdy(p) is defined as
0, x<0,
F(p)=a(pi/pe)"+b(pi/pe), (85) HO=11" =0 (B13)
where
The 14 parameters needed to calculated the different func-
p»(r)=2 f(r) (B6) tions for the evaluation of the embedded-atom potential de-
' jZi veloped by Ackland etal. are given in Table IIl.
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