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The slowing-down process of Ti atoms in crystalline Ti and Si atoms in crystalline Si is studied
using the molecular-dynamics method. Based on an experimental technique available for studies of
the slowing-down process of atoms at ultralow velocities in bulk matter, the initial recoil energy was
261 eV for Ti and 677 eV for Si atoms. The values correspond to the energies imparted after the
thermal neutron capture by primary p rays. The eKect of the crystalline structure on the slowing-
down process is studied by calculating the energy distribution of the Doppler-shifted secondary p
rays emitted by the recoiling nuclei. The dependence of the distribution on the interatomic potential
used in the simulations is also investigated.

I. INTRODUCTION

A recently developed experimental method at the Insti-
tut Laue Langevin (ILL) to measure lifetimes of excited
nuclear states, ' makes it possible to study interatomic
collisions in a bulk matter at ultralow velocities, i.e. , from
10 m/s down to thermal velocities of about 10 m/s. In
this p-ray-induced Doppler broadening (GRID) method,
the emission of a primary p ray from the compound nu-
cleus as a result of the thermal neutron capture reaction
produces an excited nucleus that recoils at energies of
few hundred eV. Subsequent secondary p rays emitted
by the excited nucleus of the recoiling atom are Doppler
shifted. This shift depends on the lifetime of the excited
nuclear state emitting the secondary p rays and on the
slowing-down time of the recoiling atom. The unique
energy resolution of the two axes Hat double crystal p
spectrometer GAMS4 installed at ILL makes it possible
to observe the broadening of the p-ray line shapes, which
originate from the Doppler shifts. '

In order to simulate experimental GRID data, mod-
eling of the interatomic collisions between the recoiling
atom and the lattice atoms is required. Because of the
low recoil energies involved in the GRID method, calcu-
lation of the slowing-down process using the binary colli-
sion approximation (BCA) is not sufficiently reliable and
accurate for comparison with the experimental data. The

most realistic way to calculate the slowing down at these
low energies is the molecular dynamics (MD) method.
Previously such MD simulations have been performed in
connection with GRID to obtain nuclear lifetimes and
to study the interatomic potentials responsible for the
slowing-down process io

So far GRID measurements have been made with poly-
crystalline or powder targets only. This means that the
angular information from the slowing-down process is
smeared out from the GRID p-ray line shape. Until
now it has been possible to extract only one parame-
ter from the line shape, namely the nuclear lifetime or
the average slowing-down time of the recoil. However,
by using monocrystalline targets, the orientation of the
target crystal relative to the target-detector axis remains
6xed and thus there will be some fine structure in the
line shapes. To study such efFects, some preliminary
MD simulations of GRID line shapes for slowing down of
Si atoms in monocrystalline silicon have been performed
very recently.

In this work we use MD simulations to study the ef-
fect of the crystalline structure on the GRID p-ray line
shape and on the slowing-down process of few hundred
eV recoils. The effect of the interatomic potential is also
studied. For the simulations we have chosen two cases
that can be studied experimentally with the GRID tech-
nique. First we study the interatomic collisions in the
tightly packed hcp lattice structure of Ti [Fig. 1(a)], fo-
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II. PRINCIPLES OF MOLECULAR-DYNAMICS
SIMULATIONS

X—

The MD simulation method -used in this work is to
a large extent the same as the one used in Ref. 9, i.e.,
constant volume and energy calculations. The positions
and velocities of an ensemble of atoms are calculated by
numerically integrating classical Newton's equations of
motion

dr;
dt

= v~)

d(mv) )dt
(2)

Here r;, v, , and m; are the position, velocity, and mass
of atom i, respectively, and

ia~lg

~a
F(&*~) =—dV (r) r,~.

(3)

is the force of atom j on atom i, derived &om the in-
teratomic pair potential V(r). The numerical scheme of
integration in Eqs. (1) and (2) is the variable time step
algorithm by Smith and Harrison:

At2
r; „+q——r; „+v;,„At„+[(3+R)a;,„—Ra;,„q]

FIG. 1. (a) Nearest neighbors in the hcp lattice. Due to the
different environments of successive layers the other sublattice
can be formed by rotating the figure around the z axis through
60'. (b) Nearest neighbors in the diamond lattice. The other
sublattice can be formed by rotating the figure around the z
axis through 90'.
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cusing on the slowing down of Ti recoils as produced
in the reaction ~sTi(n, p)~sTi. The p transition from the
8.14-MeV capturing state to the 3.26-MeV state produces
a recoil energy of 261 eV. The p-ray line to be observed is
emitted &om the 1499-keV transition 3.26 ~ 1.76 MeV.
This cascade was chosen because the 3.26-MeV level has
a suitably short lifetime [16.2 +0.7 fs (Ref. 9)] and is pre-
dominantly populated directly &om the capturing state
at 8.14 MeV. Second, we study the slowing down of

Si recoils in the open diamond lattice structure of Si
[Fig. 1(b)], as produced in the reaction Si(n, p)2sSi. In
this case the p transition &om the 8.47-MeV capturing
state to the 2.43-MeV state results in a recoil energy of
677 eV. The p line to be observed corresponds to the
transition 2.43 m 0 MeV. The lifetime of the 2.43-MeV
level is 26.6 + 1.6 fs (Ref. 13) and it is predominantly
populated directly &om the capturing state.

This paper is organized so that we first discuss the
principles of simulating the slowing-down process, Sec.
II. Then the calculations of the GRID line shapes for
monocrystalline samples are described briefly, Sec. III.
The simulation results are presented in Sec. IV and con-
clusions are drawn in Sec. V.

where r;„,v, „anda, „arethe position, velocity, and ac-
celeration of particle i, respectively, at time step n with
magnitude b,t„,and R = At„/At„q.Due to the change
in the velocities of atoms by about 1 order of magnitude
during the simulation of the slowing-down process, the
variable time step algorithm was used to minimize the
computing time. In the simulations, the initial values,
Ato ——0.5 fs for Ti and 0.25 fs for Si were chosen, which
for a recoiling atom at the initial velocity correspond to a
traveled distance of 0.16 A. For each time step n a parti-
cle with the largest velocity in the system was searched.
If it moved less than 0.1 A during b,t„and if its veloc-
ity was less than five times the thermal velocity, time
Ato was added to At . Periodic boundary conditions
were applied in all three dimensions of the simulation
cell. When the periodic boundary conditions are used in
the simulations of the slowing-down process of a high-
energy recoil, it must be assured that the recoiling atom
does not experience the damage it has created. There-
fore, the MD cell has to be so large that the energy due
to the recoil process cannot traverse across the MD cell
within the simulation time. A cell of 900 atoms with di-
mensions 26.6 x 25.5 x 23.5 A.s was found sufBcient for
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Ti. Also some test runs were done with a cell of 1848
atoms (32.5 x 30.7 x 32.8 As), yielding results without
any significant difference compared with those obtained
with the smaller cell. The cell size for the simulation
with the Si was 1000 atoms (27.2 x 2?.2 x 27.2 A ). Due
to fairly large MD cells and simulation times of 200 fs,
no temperature correction was needed during the simu-
lations.

The high-energy part of the interaction between Ti
atoms was described by the repulsive pair potential, cal-
culated with the effective medium theory (EMT) (see
Ref. 8 and references therein). The right crystal struc-
ture and lattice constant of Ti was obtained by splining
the Morse potential of Ref. 16 between r = 2.0 and 2.5
A. with the repulsive potential. In the case of Si the re-
pulsive interaction between atoms was described by the
potential calculated using the DMol package. ~ The at-
tractive interaction between Si atoms was described by
the pair potential of Ref. 18. This yields the right di-
amond structure of the crystalline Si. In this case the
potential was splined between r = 1.7 and 2.0 A with
the repulsive potential. Because of the recoil energies of
few hundred eV only the repulsive part of the potential
is significant and there is no need to use many-body po-
tentials which would require more computing time than
pair potentials. On the other hand, the recoil energies
are so low that simultaneous collisions of the recoiling
atom Rom the repulsive potentials of more than one lat-
tice atom at a time affect the slowing down of the recoil,
thus excluding the use of BCA in this case. In order to
test the eKect of a diferent interatomic potential we also
used the universal repulsive potential of Ziegler et al.
(ZBL) which has been widely adopted for computer sim-

ulations of slowing down of energetic ions. The repulsive
potentials for the Ti-Ti and Si-Si interactions are shown
in Fig. 2. In some test simulations the electronic energy
loss was found to be negligible for the considered recoils

III. CALCULATION OF GRID LINE SHAPES

In the case of polycrystalline targets, the GRID line
shapes have recently been calculated &om the veloc-
ity distribution of the recoiling atom. However, for
monocrystalline targets the angular information of the
recoil velocity is required. In the simulations, the veloc-
ity vector of the recoiling atom v;(t) was stored for every
recoil event at every time step. The p-ray line shape cor-
responding to the mean lifetime 7 of the excited nuclear
state is then calculated from these velocities by generat-
ing a lifetime t' with a Poisson probability distribution

(6)

for each recoil event i. The energy of the emitted p quan-
tum is

t'v;(t') . nE=Ep * +1
c (7)

and was therefore not included in the simulations.
Before initiating a recoil event atoms in their lattice

sites were given a random thermal velocity that corre-
sponds to the appropriate Maxwell distribution. Then
the system was equilibriated by simulating it undisturbed
for 1 ps. In this way the eQ'ects of the finite temperature
through thermal displacement of lattice atoms was in-
cluded in the model. In both the Ti and Si simulations
the temperature was set to 300 K. After this the recoil
velocity was imparted to one of the atoms in random di-
rection corresponding to the isotropic distribution of the
primary p rays. The slowing down of the recoil was then
calculated up to 200 fs. In order to get suKcient statis-
tics for the calculation of the p-ray line shapes, about
6000 recoil events were simulated for both Ti and Si sys-
tems. We now move to discuss the calculation of GRID
line shapes for single-crystal samples.

2

5

where Eo is the unshifted p energy, n is a unit vector in
the direction of the detector, and c is the speed of light in
vacuum. In the calculation of the line shape for a poly-
crystalline sample, the direction of the detector is gener-
ated randomly for every recoil event. This is equivalent
to a situation where every recoiling atom slows down in
a randomly oriented single crystal. Now we are ready
to describe the actual simulation results.

IV. RESULTS AND DISCUSSION

10

0.6 1.0

r {A}

1.4 1.8

FIG. 2. Repulsive pair potentials for the Ti-Ti and Si-Si
interactions used in the MD simulations.

A. Angular distribution of velocity vectors

In Figs. 3 and 4 we show the distribution of the recoil
velocity directions for atoms leaving a lattice site at dif-
ferent times. The recoil energies are 261 eV and 677 eV
for Ti and Si atoms, respectively. One can clearly see the
eKect of the lattice structure on the angular distribution
of the velocity vectors v;(t) [Eq. (7)] and thus on the
slowing-down process.
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P = —90', 30', 150;cos8 = +0.57, respectively, where

P is the angle between the velocity vector v;(t) and the
z axis in the xy plane shown in Fig. 1(a) and 8 is the
angle between v;(t) and z axis. The corresponding num-

bers for the recoils from the other sublattice of the hcp
structure can be obtained by adding 60' to the P val-

ues given above. The second-nearest neighbors in the
direction of the square-shaped lens [Fig. 1(a)] cause the
maxima in the angular distribution in this direction to
split into four.

In Si the focusing effect of the lattice was found to
be most pronounced at 5 fs after the start of the re-
coil event (Fig. 4). This happens when the recoil-
ing atom has collided with its nearest neighbors [Fig.
1(b)]. At 10 fs the scattering of the recoiling atoms
from their second-nearest neighbors changes the distribu-
tion strongly. In this case the angular distributions were
found isotropic for times shorter than 2 fs and longer
than 20 fs. This happens exactly for the same reason
as in the case of Ti. The focusing lenses formed by
nearest and second-nearest neighbors focus the recoil-
ing atoms into following directions P = 168', cos8
—0.95; 103, —0.95; 14, 0.95; 80, 0.95; 60, —0.65; 32, —0.65;
122, 0.65; 150,0.65; 45, —0.42; 135,0.42; 175, —0.34;
97, —0.34; 5, 0.34; 85, 0.34; 160, —0.09; 112,—0.09;
20, 0.09; and 71,0.09. Due to the symmetry of the di-

amond structure in silicon, maxima can also be found
in directions obtained from the above values by chang-
ing the signs. The corresponding numbers for the recoils
from the other sublattice of the diamond structure can
be obtained by adding 90' to the P values given above.
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FIG. 6. As for Fig. 5, but for the (110) direction.

B. Gamma-ray line shape for Ti

The projections of the angular distributions shown in
Fig. 3 are given in Figs. 5, 6, and 7 in the (100), (110),
and (001) directions, respectively. They are shown as
a function of cos8(t), where 8(t) is the angle between
the (100), (110), or (001) directions and v;(t) at time t.
The focusing effect at t = 10 and 20 fs and the isotropy
of the angular distribution at t = 5 and 30 fs are well
demonstrated. The distributions correspond to the p-
ray line shapes that are calculated for the specific times
without taking into account the exponential distribution
[Eq. (6)] of p-ray emission times (except in the scaling
of the intensities of the distributions) and slowing down,
i.e. , decrease of the recoil velocity. The projections of the
focusing directions are illustrated by the filled circles on
the horizontal line in the middle of Figs. 5, 6, and 7.

In the (100) direction, the focusing effect is observable
as strong maxima at cos 8(t = 10 fs) =0, +0.55, and +0.85
corresponding to the Doppler shifts of AE~ = 0, +0.090,
and +0.135 keV, respectively. The effect of the slowing
down on the Doppler shift is also shown for different pro-
jections of the angular distributions. These maxima at
+0.090 and +0.135 are shifted to smaller values of +0.085
and +0.130 keV, respectively. When the real p-ray line
shape is calculated by summing the distributions at dif-
ferent times and weighting by the Poisson distribution,
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FIG. 7. As for Fig. 5, but for the (001) direction.
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exp( —t/w) the line shape shown also in Fig. 5 is obtained.
The strong peaks at AE~ = +0.130 keV are still clearly
observable. To demonstrate the significance of the fo-
cusing eKects, we have also simulated the line shape of
the 3.26 —+ 1.76 MeV transition in a polycrystalline Ti
sample.

When the detector is placed in the (110) direction the
lattice structure is such that there are several projections
of the focusing directions as shown in the middle of Fig.
6. The projections of the maxima in the angular distribu-
tion (filled circles in Fig. 6) are evenly distributed on the
cos8(t) axis. In the line shape they appear as weak and
broad maxima at the Doppler shifts of AE~ = +0.110,
+0.075, and +0.145 keV when compared with the line
shape calculated for the polycrystalline sample.

In the (001) direction there are two strong and broad
maxima around +0.075 keV and weaker and narrower
ones at +0.125 keV. This can be understood by ob-
serving that the maxima in the angular distribution are
gathered into six groups on the cos 8(t) axis, namely at
+0.34, +0.56, and +0.77 when the projection is taken in
the (001) direction. In comparison with the line shape
calculated for the polycrystalline target, this structure in
the p-ray line is very pronounced.
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C. Gamma-ray line shapes for Si
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In Figs. 8, 9, and 10 the projections of angular distri-
butions of Fig. 4 are given in the (100), (110), and (111)

FIG. 9. As for Fig. 8, but for the (110) direction.
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FIG. 8. As for Fig. 5, but for recoiling Si atoms in c-Si.

The lifetime of the nuclear level emitting the p ray was 26.6
fs. The DMol potential was used in the simulation.
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FIG. 10. As for Fig. 8, but for the (111)direction.
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directions, respectively. They are shown as a function of
cos8(t), where 8(t) is now the angle between the (100),
(110), or (111) directions, and v;(t). The focusing ef-
fect at t = 5 and 10 fs and the isotropy of the angular
distribution at t = 2 and 20 fs are well demonstrated.
These distributions correspond to the p-ray line shapes
calculated for specific times, without taking into account
the slowing down and the exponential distribution in the
p-ray emission times (except in the scaling of the intensi-
ties of the distributions). The projections in the focusing
directions are illustrated by the filled circles on the hori-

zontal line in the middle of Figs. 8, 9, and 10.
In the (100) direction, the maxima in the angular dis-

tribution (Fig. 4) are grouped into seven peaks (filled
circles in Fig. 8) at cos 8(t = 10 fs) =0, +0.36, +0.65, and
+0.93. These values correspond to the Doppler shifts of
AE~ = 0, +0.20, +0.35, and +0.51 keV. We have also
shown the effect of the slowing down on the Doppler shift
for different angular distributions. The maxima at +0.20,
+0.35, and +0.51 keV are shifted to the smaller values
of +0.19, +0.34, and +0.49 keV, respectively. When the
real p-ray line shape is calculated by summing distribu-
tions at different times and weighting by exp( —tir) the
line shape in Fig. 8 is obtained. The comparison with
the line shape of the 2.43 ~ 0 MeV transition for a poly-
crystalline slowing down medium shows that the strong
peaks at AE~ = +0.18, +0.34, and +0.49 keV are still
clearly observable.

When the detector is placed in the (110) direction the
lattice structure yields so many projections of the focus-

ing directions that there are no strong separate focusing
effects in this direction as shown in the middle of Fig.
9. The projected maxima in the angular distribution are
evenly distributed on the cos8(t) axis (filled circles in

Fig. 9). However, some of the maxima are strong enough
to show fine structure in the simulated p-ray line shape
at the Doppler shifts of +0.39 and +0.49 keV.

In the (ill) direction there are four broad peaks
around +0.18 and +0.43, and a narrower one at +0.52
keV. This can be understood from the projected max-
ima in the angular distribution (filled circles in Fig. 10)
which are grouped into six groups on the cos8(t) axis.
The line shape deviates clearly from the one simulated
with a polycrystalline sample.

D. Effect of interatomic potential
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FIG. 11. Simulated GRID line shapes for Ti. The detec-
tor was in the (100), (001), and (110) directions. The EMT
(solid line) and ZBL (dashed line) potentials were used in the
simulations. The lifetime of the 3.26-MeV state in Ti was
16.2 fs.

First of all we point out that changing the EMT po-
tential for Ti to the more repulsive ZBL potential will
move the Doppler-shifted peaks in the line shape to
smaller energy values. This is caused by the larger en-

ergy loss in the focusing lenses (Fig. 11) of the crystalline
structure. This phenomenon is most clearly seen for the
(100) direction where the peaks at +0.130 keV are shifted
to +0.120 keV. The intensity at zero Doppler shift is also
increased due to the reduction in the slowing-down time.
It is worth noting that the relative positions of the peaks
simulated with the two difFerent potentials remained the
same when the lifetime value of the 3.26-MeV state was
varied. This was also checked by trying to fit the (100)

0 I I ~ I

-0.6 -0.4 -0.2 0.0 0.2

AE& (keY)

0.4 0.6

FIG. 12. Simulated GRID line shapes for Si. The detec-
tor was in the (100), (110), and (111) directions. The DMol
(solid line) and ZBL (dashed line) potentials were used in the
simulations. The lifetime of the 2.43-MeV state in Si was
26.6 fs.
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line shape calculated using the ZBL potential to the line

shape calculated with the EMT potential. However, no
satisfactory fit was obtained by varying the lifetime in
the line shape simulations with the ZBL potential. Thus
the lifetime and the interatomic potential affect the line
shape in different ways. Although it is in principle pos-
sible to determine both the lifetime and the interatomic
potential from the same GRID line shape, the difFerences
in Figs. 11 and 12 show that the technique cannot in
the present cases be used to determine conclusively the
interatomic potential.

The differences between the line shapes simulated for
Si using the DMol and ZBL potentials (Fig. 12) are not
as large as in the case of Ti. This is due to the fact that
the potential curves cross each other inside the potential
region probed in this work (340—5 eV): below 45 eV the
ZBL is stronger and above 45 eV the DMol is stronger.
Also because the lifetime of the nuclear state of Si is
longer than that of Ti, the fine structure in line shapes
is not so pronounced as in the line shapes of Ti. Thus
the differences caused by different Si potentials are not
as clear as in the corresponding case of Ti.

E. EfFect of lattice defects

The fact that in the simulations the recoiling atoms
leave &om lattice sites and slow down in perfect crystals
means that the effect of possible lattice defects were ig-
nored. However, the concentrations of intrinsic defects
are at the studied temperatures so low that this was jus-
tified. The slowing-down process itself creates damage in
an approximate volume of 15 x 10 x 10 A.s. This dam-

age can also be ignored in the simulations as long as the
damaged areas do not overlap. In a typical GRID mea-
surement for Ti with a Ti target one uses a thermal
neutron flux of 5 x 10 cm s, in which the neutron
capture cross section and target mass and volume are 7.8
b, 14.6 g, and 3.2 cm, respectively. Then an irradia-

tion time of 48 days would be needed to create overlap of
damaged areas, provided that no correction of the darn. —

age takes place.

V. CONCLUSIONS

The dependence of the slowing down of energetic atoms
on the crystal structure and the initial recoil direc-
tion with respect to crystal axes has been studied with
molecular-dynamics simulations. The effect of the crys-
tal structure on the slowing down of low-energy Ti and
Si recoils in single crystal Ti and Si samples, respectively,
is clearly exhibited in the simulated GRID p-ray line
shapes. The fine structure of the line shapes, depend-
ing on the distribution of the projections of the recoil
velocities along the direction of the detector, depends
strongly on the angular distribution of the recoil veloc-

ity, and on the distance the recoiling atoms traverse. This
means that in the crystal the product of the initial recoil
velocity and nuclear lifetime has to correspond to 2—3
interatomic distances.

The GRID line shapes are found to show a complicated
fine structure which is sensitive to the interatomic poten-
tial used in the simulations. However, it is pointed out
that in the aim of producing the experimentally observed
line shapes the change in the potential can not be com-
pensated by the change in the lifetime of the nuclear level.
This gives better possibilities in planing GRID measure-
ments to study the interatomic potential in a bulk matter
than was possible in previous measurements.
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