PHYSICAL REVIEW A, 66, 022706 (2002
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We study the time-dependent dynamics df"Nons colliding with atomic hydrogen for projectile energies
ranging from a fraction of an eV/amu up to 25 keV/amu using the electron-nuclear dynd&nhiEs formal-
ism. The END theory obtains the electron-nuclear coupled equations of motion from the time-dependent
variational principle employing a coherent state parametrization of the wave function. This approach leads to
a simultaneous nonadiabatic dynamics of all the electrons and nuclei. We calculate and discuss dynamical
trajectories, deflection functions, final charge states, differential cross sections, and energy loss. Quantum
effects of the forward peak scattering are emphasized. Due to the strong interaction between the heavy ion and
the hydrogen atom, a “diffuse ion{vide infra) is formed, leading to acceleration or energy gain of the
projectile. For the case of the electron transfer cross section, we found that it does not follow the Langevin-type
cross section at low projectile energies as reported by other methods. Present results show good agreement with
available experimental data.
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[. INTRODUCTION formed in two steps. From electronic calculations, within the
Born-Oppenheimer approximation, potential energy curves
Recent research on energy transfer from swift ions to maare obtained by means of variational, molecular orbital tech-
terial targets seems to be dividing into two main groups: Oneniques. This information is used with a set of coupled equa-
that is concerned with developing a scheme which will re-tions that describe the scattering process in order to compute
produce experimental stopping powers and will predict stopeross sections. Several approximations are utilized frequently
ping powers reliably for projectile velocities that have notto simplify this calculation, as, for example, assumption of
yet been measured, and the other that is concerned with ugtraight trajectories, neglect of rotational coupling terms, or
derstanding the basic physical mechanisms occurring in thignplementation of the well-known Landau-Zener treatment
collision process. In the first group are included methodg9 10]. Furthermore, to ensure a proper induced dipole in the
such as those of Ziegl¢d], Paul[2], and Portef3], which |ong range interaction, aad hoc —1/R* potential may be

are based on fitting experimental data to an ansatz stoppingroduced into the Hamiltonian, giving rise to a Langevin-
function of some kind, as well as those methods which COMyyne cross sectiofil1] for orbiting collisions. HereR is the

bine various theoretical constructs to form a description, e tile-target internuclear distance. The validity of these
which fits experimental stopping data over a large prOJeCt'Ieapproximations is, however, open to some questic.

velocity range, such as that of Sigmufd]. On the other ;
hand, there are those schemes which apply purely quantu In this paper, we apply electron nuclear dynan(iesiD)

mechanical methods to the projectile-target system with thgTi 3 a fqlly qqantum me(;hanlcal method fp rthe eleptrons
purpose of understanding the basic physics of the interactior"fmd _semlclassma_l c_:orrectlons for t4he_nuc|e|,_to examine the
such as the work of Aristés] and of Grande and Schiwietz details of the collision betwe_en an N ion _prOJectlle and a

[6,7]. hydrogen atom target at p_rOJectlle velocities from 0.1 eV up

A further distinction comes among groups in terms of the!©® Several tens of keV, still well below the expected Bragg
projectile velocity range which they find of interest. Low Peak. In particular, due to the large mass and high charge of
velocities, of the order of several tens of keV/amu down tothe projectile, application of perturbative models, as, for ex-
eV/amu, are typically of greatest interest to the groups tha@mple, the Bethe theofjl4], are not suitable, except at very
apply first principles methods, as it is in this range that onéligh projectile energies. This low energy region also pro-
finds the Bragg peak. This is the velocity regime where thevides fertile ground for examining nonadiabatic effects in
greatest energy deposition occurs and where the projectilgeating the electron-nuclei dynamics simultaneously, which
comes to rest. In addition, it is at low projectile velocities constitutes the main difference between END and the meth-
where the most interesting mechanisms for energy depositionds described above. Such nonadiabatic effects are the prin-
occur. cipal focus of this study.

Also, in recent years, it has been found that charge trans- In Sec. Il we give an overview of the END method, which
fer is a major recombination process for various heavywe employ to perform the full dynamics of the collision. In
charged ions in gases in a number of astrophysical phenongec. Ill we give details of the calculations. In Sec. IV we
ena; e.g., the general interstellar “intercloud” gas, ionizedpresent our results by reporting and analyzing the deflection
nebulas in the galaxy, the emission-line regions in quasarkinction, direct differential cross section, electron transfer
and Sayfert galaxies, and the interstellar gas near compactoss section, the energy loss and stopping cross section, and
x-ray source$8]. its acceptance angle analysis. Finally we conclude in Sec. V

Traditionally, the calculations for charge transfer are perwith a summary and discussion of further work.
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Il. END THEORY APPROACH where

The END theory approximates the time-dependent Schro P2 (z,R|Hq||R,2)
dinger equation by applying the time-dependent variational E= M + ZRIR,2) %)
principle to the action for a dynamical system described by a K K ’ '
nuclear and electronic wave functipb5], resulting in a sys- is the total energy of the system ahtl, is the electronic
tem of coupled, first order, ordinary differential equations. Asyygmiltonian which contains the nuclear-nuclear repulsion
the full details of the method, including detailed derivation yqtential energy. The nonadiabatic coupling terms between

and interpretation of the END equations, have been pubge glectronic and nuclear dynamics are expressed in terms
lished elsewherl13,15,16, we give here only an introduc- f the elements of the dynamical metric on the left. In par-

tory account of the most salient features of the theory. ticular,
The minimal END theory, the level used in this work,
consists of a single determinantal description of the electrons #InS(z*,R,P,z,R",P")
and a classical or narrow wave packet description of the C= " lR =RP=P" (6)
nuclei. The END total wave function can be expressed as 9z 0z
[)=1zRIR.P)=2)|#), M c o FnSZ.RPZR P, @
R 97" IR’ R'=R,P=P’
where| ¢)=|R,P) is the nuclear wave function, aftlandP
are N dimensional arrays of the positions and momenta of #InS(z* ,R,P,z,R",P’)
all N nuclei. Crr=—2Im ' |r—rp_p, (8
The electronic wave function is expressed as a complex, IRIR’ '

spin unrestricted, single determinant with similar definitions forCrp,Cp, andCpp. These cou-

|2)=dexi(x)} (29 Pling terms are defined in terms of the overlap
no S(z*,R,P,z,R",P')=(z,R",P’|z,R,P) of the determinantal

wherex; is the three-dimensional position coordinate of elec-States of two different nuclear configurations. When the ef-
tronj. The determinantal wave function is built from nonor- fects of the electron translation factors are neglected, this set

thogonal dynamical spin orbitals of equations reduces to a simple foffif] corresponding to
purely classical equations of motion for the nuclear posi-
K tions.
xi=dit+ > iz, i=12,...N, 3
j=N+1

Ill. DETAILS OF CALCULATION

which, in turn, are expressed in terms of a basis of atomic For each projectile trajectory, the target was placed at the

spin orbitals{¢;} of rank K. The spin orbitals are formed origin of a Cartesian laboratory coordinate system with the

from a Gaussian basis set centered on the average positioimtial projectile velocity parallel to thex axis and directed

R of the participating atomic nuclei, which take into accounttoward the target with an impact parametgr measured

the momenta of the electrons explicitly through electronalong thez axis. The projectile was started 30 a.u. from the

translation factor§ETF). The particular form of parametri- target and the trajectory was followed until the projectile was

zation of|z) with complex, time dependent coefficierts, 30 a.u. past the target, or until there were no longer changes

is due to Thoules$17], and is an example of a so-called in the energy or charge of the projectile.

generalized coherent stdteg]. The basis functions used for the atomic orbital expansion
The application of the variational principle to the minimi- for the N** and H were derived from those of Dunnif0]

zation of the action produces a set of dynamical equationgnd were centered on the moving nuclei. The combination of

that govern the time evolution of the dynamical variablesthese basis sets on the determinant describing the total sys-

{z,R,P}. The resulting END equations are expressed in matem (supermolecule descriptipras required by Eq2), pro-

trix form as[13] duces a set of 20 different accessible electronic states. Ini-
tially the projectile and target are in their SCF ground state,
0 -—iCc* —iCy —iC§ as generated within the Hartree-Fock model. Of the 20 elec-

tronic states, five lie in the lower part of the continuum.

Ic 0 ICr ICp The initial electronic configuration for N is 1s?2s. For
iCk —iCk Cre —I1+Cgp the atomic hydrogen target, its initial electronic configuration
iCJ,S i C,E |+ Crp Cop is 1s. Thus we _need to take into account the two pos;ibilities
for the total spin states for the supermolecule, i.e., singlet or
7 9E/ 9z triplet [ («, B) spin, or (@, ) spi_n] states. All our results are
} averaged over these two configurations.
z* _ JEl9z* Since the majority of the electronic capture for th&'N
s | JEIOR |’ 4 jon occurs in its 3,3p states, we have to ensure that our
SE/ 9P basis set gives a proper description of these states by incor-

porating diffuse orbitals in the N ion basis set. A diffuse
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FIG. 2. Scattering angle in the laboratory frar(b,Ep), as a
function of the projectile impact parameter and incident energy.
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x (a.u.) action potential. Also, we observe the shell structure of the

FIG. 1. N** projectile trajectory when colliding with atomic N** at low projectile energies, suggesting an exchange of
neutral hydrogen targets fd&,=5.0 keV/amu for various impact electrons, and thus, a dynamical potential. Furthermore, we
parameters. observe a ridge for the rainbow angle that extends towards

the low energy region and large impact parameter, showing
orbital is one with a small exponent such that the electromgain the long range interaction of the collision for the low
position expectation valuér ), is large. This type of orbitals energy region. Also, the impact parametet corresponding
are suitable to describe Rydberg-type orbitals. to the rainbow angled,, becomes smaller, closer to the

The SOIU_“O”S of I_Eq(4) for the positions, momentum, and 4o mic nucleus target, as the projectile energy increases. This
wave function coefficients were performed by our ENDyneindicates that for high energies, the hea Non penetrates
code[21]. the electron cloud of the H target. In addition, we present the

contour lines for some scattering angles; in particular, note
IV. RESULTS the contour line for no deflection, i.e., the glory angle for
A. Deflection function by~9.0. For impact parametdr>by, the projectile is at-
_ .. tracted by the target, due to charge induced dipole interac-

Once we have calculated the dynamics of the collisiongjon This long range interaction will populate electronically
we obtain the final electronic wave function, as well as thesome |ow lying excited states, with some inner shells empty
final nuclear momentum and position. In Fig. 1 we show a5 e discuss in Sec. IV C. These effects are nonadiabatic
representation set of trajectories in the scattering plane fof,q will contribute to the diffuse electronic structure of the
the N** ion when colliding with neutral H for a projectile N3 resulting from the dynamical interaction. We will dis-

energy of 5.0 keV/amu at various impact parameters. We,,ss these effects in more detail in the next sections.
note that for small impact parameters, the deflection of the

projectile shows a repulsive envelope. We note that in none
of the trajectories calculated in this study were orbiting tra-
jectories observed. From the deflection function presented in the previous

At the terminus of each trajectory, we obtain the finalsection, we calculate the differential cross section. As we
momentum of the projectileik;(E,,b), which defines the note in Fig. 2, there can be several different trajectoitws
deflection function for the projectile when projected on thedifferent impact parameterthat produce the same scattering
initial momentum, #k;, i.e., ®(E,,b)=arcco$k(E,,b) angle. _Thus two different trgje(_:tories for which thé*™Nion
ki /k¢(E,,b)ki] for each impact parametds, which de- will arrive at a particular point in the detector, and therefore
scribes the dynamical interaction between projectile and taitheir nuclear wave functions will interfere quantum mechani-
get. The scattering angle is defined as the absolute value 68lly. This analysis requires the implementation of semiclas-
the deflection function for the projectile, i.e.@  sical corrections to the narrow nuclear width approximation
=|®(E,,b)|. (classical nuc_le)i _ _ _

In Fig. 2 we show the deflection functio® (E,,b) for We have implemented semiclassical corrections to the
N4* colliding with atomic hydrogen as a function of the END method via the Schiff approximatiof22] for small
projectile energy and impact parameter. From these result§cattering angles. The direct differential cross section in the
we note that for low projectile energies, the deflection func-Schiff approximation within the END approximation is given
tion becomes broader, indicating that large impact parametéry [23]
collisions suffer significant deflections as the interaction time d K
lengthens. This longer collision time is reflected in the elec- 29 _ _f|f(0 0)|2 (9)
tronic structure of the colliding system, modifying the inter- dQ k'

B. Direct differential cross section
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FIG. 3. Direct differential cross section foNions colliding at  takes into account the quantum effects of the forward scat-
0.05, 0.5, and 5.0 keV/amu with atomic hydrogen, as obtained byering.
the END methodsolid line). The long-dashed line is the classical
results from Eq.11) and the short-dashed line is the Rutherford
cross section.

C. Electron transfer cross section

Due to the interaction of the projectile with the target, the

with the scattering amplitude projectile might capture or lose electrons. From the evolving
molecular state wave function, we can determine the number

P 2i8(b) _ of electrons associated with a projectile and thus determine

f(0.9) |k|f0 Jo(ab)(e Lbdb. (10 the probability of electron capture or loss. For this, we use

the Mulliken population analys{24]. From Eqs(2) and(3),
Here, Jo(x) is the Bessel function of zero ordeg=|k; the total number of electrons in the systenjis]
—k;| is the momentum transfer, which depends on the scat-

tering angled, and &(b) is the semiclassical phase shift, _ _ _
which is given in terms of the deflection function @gb) N ;L Puoulu Ey (PA),,=Tr(PA), (12
=dé(b)/2k;db.

Using the deflection function from Fig. 2 in E(®), we  whereP,,=%;z,z, andA ,, is the atomic orbital overlap
obtain the direct differential cross section fof Nions col-  matrix. It is possible to interpretFA) ,,, as the number of
liding with neutral hydrogen for projectile energies of 0.05, electrons to be associated with the basis functign Thus
0.5, and 5.0 keV/amu. These results are shown in Fig. 31,=2,_a(PA),, is the number of electrons associated
Note that for high energies, the direct differential cross secwith nuclei A. Knowing the initial number of projectile elec-
tion shows typical Rutherford scattering, characteristic of arons allows one to calculate the probability for electron cap-
heavy ion scattering process. However, for low projectileture or loss.
energies, and as discussed previously, the long collision time From the probability for charge exchange, the charge ex-
and the changing electronic structure of the ion modifies dyehange cross section can be obtained from
namically the interaction potential producing the rainbow
angle, and therefore interference in the direct differential _
cross section, as shown in Fig. 3. Note that for low energies, UeXCh(EP)_ZWfo Pexet(b,Ep) b db. (13
the direct differential cross section shows a plateau in the
scattering angle. From Fig. 2 we see that for the correspondefore discussing the results for the charge exchange cross
ing angular range as for the plateau observed in Fig. 3, theection, let us analyze our results for the integrand of Eq.
deflection function shows a slope which is almost inversely(13). First let us note that the main electron transfer process
proportional to the sine of the scattering angle. In otheiis electron capture. Projectile electron loss has a low prob-
words, the classical direct differential cross section ability for the projectile energies of interest in this work. For
larger projectile energies it becomes of importance and re-

0

d_‘T: b (11) quires a description using proper continuum states.
dQ ~|de In Fig. 4 we show the charge exchange probability times
Sint 4y the impact parameter as a function of the impact parameter

and of the projectile energy. The largest contribution to the
will be constant as a function of the scattering angle, wherelectron capture cross section comes from impact parameters
|db/d®|~sin#. Furthermore, we show in the same figure, in the rangeb~6 to 7 a.u. for all the energies. This confirms
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FIG. 5. Total charge exchange cross section f8f Nolliding
with atomic H as a function of the projectile energy. For compari- FIG. 6. Kinetic energy losAE times the impact parametbras
son, we also show the theoretical coupled channel regidished a function of the projectile impact parameter and incident energy
line) from Feickert[11]. The experimental data are from: Huq for the N** ion projectile when colliding with atomic hydrogen.
et al. [27]; +: Crandallet al. [28]; X: Seim et al. [29]; and *:

Folkertset al.[25]. the next section. This also elucidates the reason why the
results of Feickerf11] predict an order of magnitude larger

our previous discussion concerning the long range nature ggaction rate for the collision.

the collision. Also, this means that thé*Nion captures the In general, our results are in fair agreement with the ex-

hydrogen electron in a shell approximately 6 to 7 a.u. fromperimental data for the available experimental data region,

its center, thus forming what we denote as a “diffuse ion” and thus provide confidence that we capture the essence of

with the three core electrons having configurati@2is and  the correct physical description of the collision. In the next

the captured electron having highest probability in tlsg88  Section we proceed to calculate the projectile energy loss and

orbitals [25]. The resulting object is similar to a “hollow Stopping cross section.

atom,” which is defined as arfultiple excited (dynamically

neutral) atom with most or all of its electrons in outer energy D. Energy loss and stopping power

levels, while inner shells remain emptj26]. The difference

with our diffuse ion is in the neutral state of the hollow atom

and empty inner shells. Furthermore, there are two maximg

in the charge exchange probability as a function of the pro

jectile energy. The first occurs arourié,~0.1 keV/amu

and the second one aroufg~2 keV/amu.

From the charge exchange probability in E43), we 1 dE do
obtain the total charge exchange cross section, shown in Fig. S(Ep)=— - - J AE(E,,Q) a0
5. In the same figure we present, for comparison, some ex- 2
perimental result§25,27—29. From our results, we observe wheren, is the number of target scattering center per unit
a similar trend to that shown in Fig. 4, i.e., the total crossyolume, AE is the kinetic energy loss of the projectile, and
section shows two maxima at energies around 0.1 and 2§4/d() is the direct differential cross section. By using the

keV/amu, respectively. We also note that the calculategjefiection function® (b), we can transform the integral to
charge exchange cross section vanishes for low energy préne impact parameter representation, thus
jectiles. This seems to agree with the experimental trend, but

unfortunately we were not able to find more experiments in

the lower region of the projectile energy. For completeness, S(Ep)= _f bAE(Ep,b)db de. (15

we also show the results obtained by Feicladral. [11] by

means of a coupled channel theory and a fitted charge ex- In Fig. 6 we show the kinetic energy losaE=K;
change potential. Their results predict that for lower ener—K;, times the impact parameter, to be used in E#4j4) or
gies, the charge exchange cross section will increase as tti&5), for an N** ion projectile colliding with neutral atomic
projectile energy decreases; the well known Langevin-typdiydrogen, as a function of the impact parameter and projec-
cross section for orbiting. As we explained in the Introduc-tile energy, and in the absence of Auger and photon emission.
tion, the reason is the introduction of an attractive polarizaFrom this figure, we observe two important differences with
tion potential(induced dipol¢ between the neutral H and the respect to the usual shape of energy loss curves for protons
N** jon for large distances. But when the electron-nucleamor « particles[19,30. First, there is a maximum and a mini-
dynamics(nonadiabatic effecisare taken into account, the mum in the kinetic energy loss. The maximum, which repre-
charge transfer is not enhanced for the low projectile enersents a gain in the energy of the projectile, occurs for pro-
gies, where the momentum transfer is low such that there igectile energies from 0.1 to 10 keV and large impact
not enough energy for electron transfer, but just enough foparameters from 3 to 8 a.u. This is precisely the same region
electron excitation and nuclear displacement as we discuss for which the ion projectile experiences the largest electron

Our main interest in the implementation of the END ap-
roach is to understand the process of energy loss suffered
y the projectile and by which modes energy is transfered to
the target. The stopping power, or energy loss per unit length
for a projectile, is given by

dQ, (14
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0l A

capture. Thus, by energy conservation, the projectile is ac- 0.0001 0.001 0.01 0.1 1 10
celerated. The minimum, which represents the greatest en- Acceptance angle 6, (deg)

ergy loss of the projectile, is more broad and occurs in the ,
small impact parameter region, widening at low projectile FIG: 8 Acceptance angle vs charge exchange cross section for
energies. A detailed study of projectile acceleration effects iéhe reaction N FH=NTAHT as a func_t'on. of the acceptance
under preparatiof31]. The second characteristic is that the angle of the exit windows, for several projectile energies.

nuclear and electronic energy loss maxima are merged in the_ . .
results, when in the typical cagsee Refs[19,30) the two particles can be detected. We assume an experimental geom-

maxima were easily distinguishable. This is due to the larg etry such that the scattered particle with a scattering angle

mass of the ion projectile and the strong interaction due t oSS .thar?é’a re_a_ches t_he detector. In_ th_e binary collisi(_)n ap-
the high charge in the ion proximation, it is equivalent to restricting the integration of
By integrating the previous results over impact parameterEq' (14) to a scattering anglé,, the acceptance angle, or to

we obtain the stopping cross section, as shown in Fig. 7. Aﬁoiellﬁﬁﬁ?ogrqrﬁsﬂgltmhgiﬁ paacrtargerzgerrzse':jeerf!sneelgc?(l)r:h(()af Céiflﬁf?'
anticipated in the previous discussion, we note two extrem : pact p

in the stopping cross section. The first corresponds to thEad [32]. Thus, wheng,—m, we obtain the total stopping

energy loss foi,~0.01 keV/amu, and the second corre- g:gssir? ecCtlrzg.S Asgiglosrllsa(I)II)\;[vhseaariwcoerztar;giisaénglnedgresgsr?gi?wnt
sponds to the energy gained by the projectile aroéipd ppIng P 9
of the energy loss process.
~2_keV/amu. In Fig. 8 we show the results of integrating Ed4) up to
The fact that the collision is exoergic allows a detailed 9. 9 g 4 up

analysis of the excited states involved in the electron transfe? angled, for the charge exchange cross section. We note

via an energy gain spectroscopy analysis. In our case, we cénat _for high projectile energies, the charge exchange Cross
ection saturates at very small acceptance angles, thus justi-

relate it to the excited states and the scattering angle. The: " ; .
ing the rectilinear trajectory assumption of several other

exoergecity of the collision arises when electron transfer imodels at high energi7]. However, for low projectile ener-
involved. Initially the electron of the H atom has a binding 9 ' ’ Proj

energy of 13.6 eV. When it is captured into thé'N3s,3p)

. - . . 4 T T
state with a binding energy of 59.3 eV, there is an extra 0 10 keV/amu
energy of~45 eV. This is the reason for the accelerated 5 kev/amu
L9 . - . 30 | 1.5 keV/amu - .
projectile. A more detailed work is in progress and will be 0.5 keV/amu
reported elsewhere. 0'02515 ﬁewamu .
~In order to have a deeper understanding of the total stop- 200 S5 gwgmﬂ 7
ping cross section for the heavy N ion colliding with atomic 25 eV/iamu -
10 10 eViamu -

hydrogen, we require an analysis of the different charge state

. - . . 5eV/amu ——
channels, i.e., N9 with q=0,1,...,7.This is work in 1 eV/amu -
progress and will be reported elsewhere. In the next section 0 fr—0-3-eW/amy

we analyze the angular scattering dependence of the stopping
and charge exchange cross sections.

Sa(Ep) (1 0% ev cm2/atom)

E. Acceptance angle analysis -20 | 1

In Eq. (14), the integration is performed over all scatter-
ing angles B=Q <4, including the backward direction, or 0.001
from Eg. (15), integration is over all impact parameters.

However, in an experiment, the geometry of the detector
restricts the range of scattering angles through which the FIG. 9. The same as Fig. 8 but for the stopping cross section.

0.01 0.1 1 10
Acceptance angle 0, (deg)
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gies, we note that, in order to saturate the charge exchangectile energies ranging from a fraction of an eV/amu up to
cross section, larger acceptance angles are required, and thi® keV/amu. The effects and processes which take place in
a breakdown of the rectilinear assumption occurs. this collision are different from those of standard proton and

In Fig. 9 we show the acceptance angle dependent stope-particle energy loss studies. Effects such as “diffuse ion”
ping cross section, as discussed previously. Here we obserfermation in the heavy ion projectile, energy loss and energy
some interesting behavior. For small acceptance angles wgain in the projectile at different projectile energies, and im-
observe that the particles detected will be accelerated, i.epact parameters take place. At low projectile energies, the
will gain energy for large projectile energies, in agreementelectron transfer cross section does not follow the typical
with our previous discussion. This happens up to an accef-angevin-type cross section characteristic of long range in-
tance angle of around,~2°. For low projectiles energies, teractions as reported by other models. The analysis of the
where we have seen that larger angles become more impagieceptance angle dependence on the stopping cross section
tant, the energy loss is still negative for small acceptancahows that for small scattering angles, the projectile loses
angles, but then at large angles, the particles that lose energyergy. Thus heavy ions studies in the intermediate projectile
start to be detected. Thus reaching saturation for energy lognergy range seem to be an interesting and promising field in
at large acceptance angles. collision and energy loss studies.

From the previous discussion, in an experimental setup
for a heavy ion projectile colliding with light targets, these
effects we have discussed should be observable. ACKNOWLEDGMENTS
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