PHYSICAL REVIEW A 66, 042712 (2002

Theoretical and experimental studies of the H-N, system: Differential cross sections for direct and
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Differential direct and charge-transfer scattering cross sections are calculated for collisiohsaathHN,
using the electron nuclear dynamics formalism. The calculated cross sections are compared to direct scattering
measurements which are also reported here and to the experimental charge transfer datetafl GRo S.
Gao, L. K. Johnson, C. L. Hakes, K. A. Smith, and R. F. Stebbings, Phys. Ré%, B929(1990]. Cross
sections are presented for projectile energies of 0.5, 1.5, and 5.0 keV and scattering angles of 0.01° to 10 °.
The differential cross section reveals considerable structure over this angular range which is a consequence of
small angle quantum interference and the glory and rainbow effects. For the case of charge transfer, we find
that at least 90% of charge transfer events result in the hydrogen atom leaving the system inshst&tél
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[. INTRODUCTION ing and charge transfer cross sections for protons colliding
with molecular nitrogen, as well as new experimental direct
The understanding of collision processes is of fundamenscattering measurements.
tal importance in many areas including fusion plasmas, gas
discharge lasers, semiconductor plasma etching, planetary at-
mospheres and the interstellar medium. Differential scatter-
ing in ion-atom and ion-molecule collisions may be used to A. Electron-nuclear dynamics

probe the basic interactions, potentials, and dynamical prop- oyr approach for studying the time dependence of a scat-
erties of the interacting system. Two of the most important oftering process between a projectile and a molecular target is
these ion-molecule processes are direct scattering, in whidkased on the application of the time-dependent variational
the charge state of the projectile does not change, and chargeinciple (TDVP) [10], where the wave function is described
transfer(or electron captupe A full description of an ion- in a coherent state representation. As the details of the
molecule collision system must take account of the dynamicelectron nuclear dynami¢&ND) method have been reported
of the electrons and nuclei and requires that both direct scaelsewherg11-13, only a brief summary of the basic fea-
tering and charge-transfer scattering be incorporated. tures of the theory is given here.

The H"-N, collision system considered here, which has The TDVP requires that the quantum mechanical action
particular relevance to models of proton auroral precipitation
into the Earth’s upper atmosphdrg|, has been subject to a (vl ﬁ—H|¢)
limited number of prior theoretical and experimental studies. at
Moore [2] studied vibrational excitation of the J;Ntarget, = f W
Birely [3] and Lavrovet al.[4] studied formation of excited
N, (B) charge transfer products, Loyd and Daw$bhmea-
sured the cross section for formation of Hj3and H(4s)
excited neutral products, and Lee and [6] measured the

Il. THEORETICAL SURVEY

dt 1)

should be stationary.
Application of the variational principle yields the time-
Balmer-series radiation produced by such collisions. Onl epe_ndent Schidinger equation when variations of the wave
function| ) over the entire state space are performed. Varia-

two prior H"-N, differential scattering experiments have .. . L
been reported. This is typical for ion-molecule Systemst|on over a subspace yields the TDVP approximation of the

which have received much less attention than ion-atom SySSChrcdmger equation for the time evolution over that sub-

tems[7]. Quintanaet al. [8] carried out a charge transfer space. We parametrize the wave function as a coherent state

study for proton energies of 0.5 to 3.0 keV and found that thé“ar."fOId’ which Ieao_ls to a system of H?‘m"tof‘ s equations of
v ) . motion[11]. The variational wave functiohy), is a molecu-
H(1s) + N, (X) channel dominates this process only at small )
lar coherent state where the electronic and nuclear degrees of
angles. Gacet al. [9] measured the HN, charge transfer

, . ) R . freedom are coupled. The END total wave function can be
differential cross section with high angular resolution for 0'5’expressed as
1.5, and 5.0 keV protons. No prior measurements of the di-
rect scattering cross section have been made.

In this work, we provide calculations of the direct scatter- ly)y=|z,R,P)|R,P), (2)
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where|z,R,P) and|R,P) are the electronic and nuclear wave 2InS(z* R,P,zR',P")
function, respectively. Her&® and P are 3N dimensional = , @)
arrays of the positions and momenta of llhuclei andz is 9z* 9z R/ =R,P=P’
the time-dependent coefficient matrix that describes the elec-
tronic dynamicgsee below 5 N o

The simplest level of the END approach employs a single R:‘a InS(z*,.R.P.ZR",P’) ' (8)
spin unrestricted electronic determinant dz* JR’ R'=RP=P’

|Z’R’P>:deI{Xi(XjlZ!RlP)}’ (3) (92|nS(Z*,R,P,Z,R’,P,)

CRR: —21Im ’ (9)
wherex; is the space-spin coordinate of electjorThe de- IRIR’ RI=RP=p’
terminantal wave function is built from nonorthogonal dy-
namical spin orbitals with similar definitions forCgp, Cp, and Cpp. Here, C

describes the nonadiabatic coupling between the electronic
K degrees of freedonCy represents the nonadiabatic coupling
Xi=oit+ > oizi, 1=12,...N, (4)  of the electronic and nuclear degrees of freed@m repre-
J=N+1 sents the nonadiabatic coupling of the electronic and nuclei

L _ . _momentum degrees of freedom and so on. These coupling
which, in turn, are expressed in terms of a basis of atomi¢e;ms  are  defined in  terms of the overlap

;pin orbitals{ ¢;} qf _rank K, cent_ered on the average posi- S(z*,R,P,z,R",P')=(z,R",P'|,R,P) of the determinantal
tionsR, of the participating atomic nuclei and moving with & gtates of two different nuclear configurations. When the ef-
momentumP, . This representation takes into account thefects of the electron translations factors are neglected, these
momentum of the electron explicitly through the electronggg of equation reduce to a simple fofv] with a purely
translation factor¢ETF) [14], which are required as the pro- cjassical equation of motion for the nuclear positions.

jectile energy reaches the ionization threshold. The particular The END method has been implemented in the ENDyne
form of parametrization ofz,R,P) with complex, time de-  hrogram packagkL8] and its detailed theoretical foundations
pendent coefficients;; is due to Thoules$15], and is an e given in Ref[11]. Before presenting the details of the

example of a so called generalized coherent $tb calculation for the H + N, system we will describe how the
The nuclear part of the wave functigiR,P) is repre- differential cross section is obtained.

sented by localized Gaussians or, in the narrow wave-packet
limit, by classical trajectoriesR|,Py).

The resulting END equations are expressed in matrix
form as[11] Since the simplest level of END is based on the narrow
width limit of the nuclear wave packets, it requires semiclas-
sical corrections for the scattering process. We have imple-

B. Direct differential cross section

N -

IC 0 ICr 1Cp _ mented[19] the Schiff approximatiof20] for small scatter-

0 —iC* —iCy —iCp* z* ing angles which takes into account the quantum effects of
Ct T . the forward scattering. The advantage of using the Schiff
ICR _ICR CRR _I+CRP R . . . . .

approximation over some other semiclassical corrections
iCpl —iCh 1+Crp  Cpp p (e.g., the Airy or uniform approximatioris that it includes
all the terms of the Born series and treats the rainbow and
JEl9z* glory angles in a single approach without requiring the sepa-
9E/ 9z ration into different scattering regions. The differential cross
= , (5) section is given by
JEI IR
JEI P do

97 _¥ )2 (10
dQ ki ’
where
with
P:  (zRIHelR2)
EZEk 2Mk+ (zRIR,2) ©

f(a)zikif:[l—exp(zi5(b))]Jo(qb)bdb, (11)

is the total energy of the system aiit}, is the electronic

Hamiltonian which contains the nuclear-nuclear repulsiorwheredds(b)/db=k;®(b)/2. Here §(b) is the phase shift,
terms. The nonadiabatic coupling matrix terms, the C’s, be®(b) is the deflection function, such tha=|0| for the
tween the electronic and nuclear dynamics are expressed atattering angleg=|k;—k;|, Jo(X) is the Bessel function
terms of the elements of the dynamical metric on the left. Inof order zero, and; andk; are the initial and final wave
particular, vectors of the projectile, respectively.
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In standard scattering theory, the phase shft) is de- L Z
termined through the interaction potent\{r), wherer is
the projectile-target distance, thus requiring an analysis of
the potential energy surface in a time-independent theory. In
our case, we determine the phase shift at the end of the
time-dependent collisions, by means of the deflection func-
tion for the projectile trajectory® =arccosk;s-k; /k¢k;),
thus, incorporating dynamical effects, such as electron-
nuclear coupling and charge transfer that occur during the
collision. The deflection function therefore becomes the sig-
nature of the projectile-target collision and determines the
shape of the differential cross section.

C. Charge transfer differential cross section

For the charge transfer process, the END model deter-
mines the final projectile charge state through the Mulliken
population analysi§21-24.

In the linear combination of atomic orbitals method for

electronic structure such as END, each electron in the system
is described by a spin orbital FIG. 1. Schematic representation of the initial conditions of the
projectile-target system as required by the END approach.

xi(X)= 2 CiU(X) (12) D. Details of calculations

In order to perform the time-dependent analysis of the
collision, the END approach requires the specification of ini-
tial conditions of the system under consideration. In Fig. 1,
we show a schematic representation of the projectile-target
arrangement. The initial projectile velocity is set parallel to

N the z axis and directed towards the stationary target with an
p(X)=2, > D Cuchiu )us(x). (13)  impact parameteh. In the case of atomic projectiles, as in
spin .k 1=1 this case, we need to consider the initial orientations of only

as a sum over atomic basis orbitalgx). The total electron
charge density is then

Integration of the charge density over all space yields théhe target. The target center of mass is initially placed at the

number of electrondi=S .1 . where the electron popula- origin of a Cartesian laboratory coordinate system and its
. . A A Pop orientation is specified by the anglesand 8. For homo-
tion on an atonA is defined as : . . -
nuclear diatomic molecules, we consider a minimum of three
initial orientations of the target with respect to the direction
N of the incoming beam. These orientations yield a coarse set
Na= EA > 21 CuiCri( Onict Shi) (14)  of grid points for rotational averaging. The three basic target
KEA A IS orientations place the molecular bond along ¥he, andz

. L axis. We will label these three orientationsd#0,8=0),
with metric integrals 6, ,+S,,)=(uy|u,), whereS,,=0. I Y ! ! £06=0)

. / ; for the molecular bond aligned parallel to the incomin
This is a good measure of the electronic atomic chgogeb- 9 P g

bilit hen the at f ¢ butis | inaf Feam; Il (@=90,8=0), for the molecular bond perpendicu-
ability) when the atoms are far apart, but 1S 1€ss meaningiuf, . 4, o beam, but with the impact parameter measured
when they strongly interact as this definition divides the

L . —“along the bond; and Il 4=90,8=90) for the molecular
overlap COI’]tI’IbutIO.I”IS equally between the wo atoms Nhond perpendicular to the beam, as well as the impact pa-
volved. From the final number of electrons associated W'ﬂ}ameter direction '

atom A and the initial number of electrons, one determines We perform thé rotational average of a target property

Fhe electron capture probabﬂnl?e_(b), as a function of the as described ifi25]. For the particular case of three orienta-
impact parameter, or the scattering angle through the deﬂe‘ffons one obtains that

tion function®(b).
From the electron transfer probability, we calculate the

electron transfer differential cross section as il i _
= 7T[(TF 2)g,+(gu+am)], (16)
doy _ EP (0)[f(0)[2 (15) whereg; is the property of interest at orientation
dQ k€ The only limitation of the END approach, as in any other

quantum chemistry treatment, is the restriction of a truncated
for each orientation. Finally, we average over all the targeGaussian basis set used to describe the atomic orbitals
orientations. Although continuum wave functions and ionization can be
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I: Target cell

lonérce | _I _/ ----------------- El“

Deflection =M FIG. 2. Schematic of the scattering apparatus.
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described with Gaussian functions, due to their expensivey an electrostatic lens. Two confocal 60 ° sector magnets
nature and their small contribution at these energies, we didre used to select ions of the desired mass-to-charge ratio.
not include the ionization channel in this work. lons passing through a pair of laser drilled apertures form a
The molecular target is initially in its electronic ground beam with an angular divergence of approximately 0.02°.
state ¢3.) and equilibrium geometry as computed in the This collimated proton beam passes through a short target
given basis at the SCF level. The basis functions used for thgell and impacts a position-sensitive detect8SD [29],
atomic orbital expansion are derived from those optimizedocateéd 26 cm beyond the target cell. The PSD serves to
by Dunning[26,27). For the hydrogen atomic structure, the Measure the flux of ions passing through the target cell and
basis set consists ds2p/5s2p] with the addition of a [0 Measure the flux and positions of impact of scattered prod-
diffuse s and p orbital for a better description of the long uct species. An electric field established between a pair of
range interaction. For the J\ the basis set consist of Qeflecuon plates Io_cated betwegn the target cell and the.PSD
[9s5p1d/3s2p1d] for each nitrogen atom. Thus, in the su- is used to prevent ions from s.tr|k|ng'the PSD when required.
permolecule description, these basis set give us a Kank n order to measure the differential charge-transfer cross
— 35 for each electron oKX K =490 different time depen- section, N is admitted to the target cell and the angles of
dentz;;’s Thouless coefficients to describe the electronic dy scatter of the neutral H atoms, formed by charge transfer of

namics. We assign values to the impact parameter from O.B]e primary H'ions, are determined from their positions of

: , . Impact on the PSD. Unscattered primary kbns are nor-
to 15.0 a.u. which we separate in three regions. For CIOS?nall deflected from the PSD but are allowed to impact it
collisions, from 0.0 to 6.0 a.u., we use steps of 0.1 a.u. For y P

the intermediate region, from 6.0 to 10.0 a.u., we use steps é;f}e g;}(;(silc?ély;t%gssv?/isﬂs] t?ﬁep;g?aéi/ lr)i{rinnt])élrufj. e'l:;?tse ronbetgisnuerg-
0.5 a.u., and fob>10.0, we use steps of 1.0. This give us 74 ' 109 9 Y,

. . . . . from the target gas pressure, and target length are sufficient
fully dynamical trajectories for each target orientation and . : . :
2 to determine the absolute differential cross section.
projectile energy.

L A full account of the procedure for determining direct
The projectile starts 30 a.u. from the target, and the tra- : . : : .
. ! ) U scattering differential cross sections has been given by New-
jectory is evolved until the projectile is 30 a.u. past the tar-

get, or until there are no longer changes in the energy, velocrpanet al.[30]. Both the primary beam and scattered product

ity or charge of the projectile. Thus, after the dynamics i Species are allowed to impact the PSD. Essentially, the pri-

; . mary beam flux is the total flux of particles impacting the
performed for each trajectory, one obtains the total WaVetector, while the flux of particles scattered at an aigke
function, the nuclei positions and momenta and therefore ' P y

: . . simply the flux of particles impacting an annular ring at that
,?rg?“(':s a:glee:gegalgulatiﬁgre S?Ilaer?;%rr] ;ﬁgczﬁgfndlglsesc angle. In the present study the situation is more complex than
prop 0 €9 9 9y " this because, in addition to the primary and scatteréd H

ions, fast neutral H charge transfer products are also de-
IIl. EXPERIMENTAL APPROACH tected. It is therefore necessary to conduct an additional mea-
) _surement to assess the number of H atoms produced and
The apparatuses employed for the present direct scatteringptract this H atom signal from the total scattering signal to
measurements and for the earlier char.ge. transfer measurgpive at the scattered Hsignal. As the charge transfer and
ments reported by Gaet al.[9] are very similar and may be gjrect scattering cross sections are comparable this procedure
represented schematically by Fig. 2. Both apparatuses angdngers the Fi direct scattering cross section more suscep-

the techniques used have been described in detail previousfipje to systematic errors resulting in larger overall uncertain-
[1,9,28 and are only discussed briefly h_érdaons areé ex- tjes than for the charge transfer measurements.
tracted from a low-pressure plasma-type ion source contain-

ing hydrogen, accelerated to the desired energy and focused IV. RESULTS

A. Deflection function

INote that the numerical values quoted are specific to the direct As stated in Sec. Il B, we require the deflection function
scattering apparatus. to calculate the differential cross section. In Fig. 3, we show
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FIG. 3. Deflection functior®(b) for H* colliding with N, at FIG. 4. Absolute direct differential cross section for protons
0.5 keV for the three different target orientations. colliding with molecular nitrogen for projectile energies of 0.5, 1.5,

and 5.0 keV. The solid line represents our theoretical work and the

. . o ) . circles with error bars are our experimental results. Note that, for
the deflection function for H colliding with molecular ni- clarity, the data are shown on different scales.

trogen at 0.5 keV for the three different target orientations.
For orientation I, the scattering angle shows a similar behav: Co . —
ior to the atomic case, that is %t sr?1a|l impact parameters threeSUIt of the dynamical interaction of the projectile and the_
projectile experiences backward scattering as a consequen oiei:_ular targeti ar_1d do not represent a clamped target as in
of the collision between the projectile and nitrogen p & stationary analysis. . . .
(head-on collisions (see Fig. 1 Atom C only produces a We need to stress here that the deflection function dis-
small perturbation on the projectile trajectory after the pro-cussed above is for all scattering processes, i.e., it includes
jectile has interacted with atom B. For this orientation, the@ll scattered projectiles independent of their charge state.
deflection function shows a glory angl@®=0) for an im-

pact parameter ofby=1.9 a.u. and a rainbow angle B. Direct differential cross section

(d®,/db=0) for b, =2.8 a.u., with®,=—1.05°. We use the results for the dynamical deflection function in
For orientation II, with the projectile impact parameter conjunction with the Schiff approximatiofsee Eq.(11)] to
a:c(f)ngt t?:e ”;i'elcgllag bond, wehnote the folg)wlng_ mteretstlngobtain the direct differential cross section. For this, from Eq.
enect. For : a.u.-which corresponas to Impact pa- 1) we obtain the total differential cross section and the

rameters inside the molecular bond, the projectile is repelle harge transfer differential cross section and subtract them.

as it gets closer to atom B. But as |t_doe_s, the dI‘.'jltomlcl'his produces the differential cross section fot,H.e., the
molecule rotates due to the interactigovibrational excita- direct differential cross section

tlon_s)_. Th's. produces a set of trajectories with the projectile Figure 4 shows the calculated absolute direct differential
colliding with atom B, then getting scattered at an angle that . . X

4 . . .. _cross section compared with our experimental results. We
makes it collide with atom C and leave the system with a

different scattering angle. This type of collision, produces anote that the use of the Schiff approximation gives the cor-

narrow dip in the deflection function fdo~0.9 where® _recthresr:JIt for_sn|1all ar:glehscat_terlr?g_. we see morelz structure
dips from 50° to less than 5 °. For—1.019 a.u. we have a in the theoretical results than in their experimental counter-

. X ' ' o part. One reason for this is the coarse grid used for the target
head-on collision with atom B and for larger impact param-

eters we a have repulsive interaction ubt 2.8 a.u. where rotational average. For low energies, we note a large bump in
lor s E 5_3 6 we find a r i‘nb W nale at the direct differential cross section f&~0.6 ° which is a
g_o y007cglj S. Fob=a.6au. we a rainbow angie a consequence of the rainbow scattering discussed in Sec.
r__ . .

For orientation 11, with impact parameter perpendicular VA
to the bond, we note from Fig. 3, that as the projectile . . .
moves, it is attracted at large impact parametinsg range C. Charge transfer differential cross section
interaction and repelled at small impact parameters when The charge transfer cross section is determined using Eq.
the projectile has penetrated part of the target electroni€¢l5). In Fig. 5, we show the probability for electron capture
cloud. In this orientation we have two rainbows: onebat by the proton projectile averaged over different target orien-
=0.55 a.u. with®,=3.62° and the second &=2.6 a.u. tations for electron capture by the proton projeciiles(9)),
with ®,=—0.59°. A glory angle occurs &=1.9°. Thus, as a function of the scattering angle Several instances of
the behavior of the deflection functions shown in Fig. 3 are aainbow scattering can be clearly seen. For 0.5 keV the curve
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05 Y T v TABLE I. Integral direct and charge-transfer cross sections for
?:g kgv __________ , H*—N, as obtained by the END method and by experiment. The
2 0.4 5.0keV e direct scattering measurements are the present results and the
s - i | charge transfer measuremel@s are from Ref[9]. Note also the
-g Y results for the capture cross section into tisesiate of a hydrogen
S 03 . . projectile.
s | 0 Angular o (107 cn?)
g 02} .
§ P Energy range END theory Experiment
g o N H =N, (keV)  (deg H(ls) Total
Transfer 0.5 0.031.0° 4.17(97% 4.30 2.5
0-% o1 0'1 1 1.5 0.0:1.0° 8.21(95% 867 8.F
) Lab Scane;in angle 6 (deq) 50 0.01-1.0° 7.00(89%) 7.87 11.06
‘ 9 angle b {dea Direct 05 0.1151° 2412 218 +3.3
FIG. 5. Electron capture probability averaged over different tar- 15 0115.1° 9.78 93 *14
get orientations for protons colliding with molecular nitrogen as a 50 0.26-5.1° 0.62 1.28 +0.13

function of the scattering angle for the projectile energies indicated-

In Fig. 6 we also show the HE) capture contribution to
shows this effect ab~0.6°. For 1.5 keV we see it &8  the charge transfer differential cross section obtained through
~0.3° and#~1.05°. For 5.0 keV, we see it &~0.04°  Eq. (15) by projecting the final projectile wave function into
and #~0.5°. Thus, the higher the energy, the smaller thethe 1s state of the projectile in the prescribed basis set. As
rainbow angle, and the larger the electron capture probabibreviously found experimentally by Quintaea al. [8], the
ity. neutralized projectile is almost entirely in the ground state

The calculated charge transfer differential cross sectionfr the angular region considered here, i.e., small angles.
are shown in Fig. 6. These data are based on the Mullikehtowever, at the highest energy studied, 5.0 keV, excited
population(see Sec. Il Cand therefore do not include inter- States start to become populated and contribute significantly
ference effects for the probability amplitude. The experimeniO Scattering at the larger angles. _
tal data from Gaget al. [9], for the three energies and from At high energies, where the quantum interference effects

Quintanaet al. [8] for 0.5 keV, are shown for comparison. '€ small, the agreement between theory and experiment is
fairly good. For lower projectile energies quantum effects

become important as shown by the 0.5 keV curve. This dif-
10'? . . ference is the result of neglecting the interference effects in
a the scattering amplitude, as assumed in Ed). A more
H*+ N, = H+ Ny* proper description incorporates the probability amplitude for

1010 . .
charge exchange. This is work in progress. In general, the
theoretical curves follow the trend of the experimental data,
108 giving us confidence in the dynamical description for the

electron transfer process presented here.

D. Integral cross section

Integration of the electron transfer differential cross sec-
tion over the scattering angles gives the integral electron
transfer cross section. In Table | we present the results ob-
tained with the END method and compare with the experi-
mental data obtained by Gax al. [9].

For the case of the direct differential cross section, we

Transfer do/dQ (107'¢ cm?/sr)

0 , , note that integrating over the experimental range gives a total
10 . - o .
0.01 0.1 1 cross section within 10% of the experimental value for low
Lab Scattering Angle 6 (deg) energies. The same trend is observed for the total electron

capture cross sectigexchangg However, the larger energy

FIG. 6. Charge transfer differential cross section for protonsshows a greater discrepancy, the reason being the opening of
colliding with molecular nitrogen for projectile energies indicated. the ionization channel and the lack of continuum states in
The solid lines are the results for capture into all projectile statesour theoretical description.
The dashed lines, which closely follow the solid lines, are the re-
sults for electron capture into the HfJL state only(see text The V. CONCLUSIONS
experimental data are fror®, Gao et al. [9] and X, Quintana
et al. [8]. Note that, for clarity, the data are shown on different ~Characterization of the dynamics in the collision of pro-
scales. tons colliding with molecular nitrogen is carried out experi-
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mentally and theoretically. For the theoretical analysis weof charge transfer events result in the hydrogen atom leaving
use the electron-nuclear dynamics approach to approximatbe system in the H(9) state.

the time-dependent Schtimger equation. We show that by
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