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The symmetsic 1esonant charge exchange collision

H(1s2) {-H ' (1) = Hot(18)+H(1s?)
has beon considered  within tho luboratory ion energy rango
100--3000 ¢V in a semiclussicnl throe-state close-coupled approxima-
tion in the diabatie and adiahalic molecular reprosentations, the
lattor being obtamed by a wmtary transformation of the former
Tho nuclear motion 1s treated classically usmg the impact paramoter
mothod, while the olectronic motion s Licuted quantum-mechmucally
Within the mlwront limitations of the diabatic representation chosen,
the two scts of calenlations yield idontical yesults The diabatic
equations aro vory nearly decoupled but still show a significant offect
of the coupling hotwoen the bwo lownest 22y statos of He,? al low
cnergios  The agreement with experiment in found to he very good
Relative metts and doments of e use of diabatic and adisbatic
representadions in atomic sollision problems as ovidenced by thu
work ave discusred

1. INTRODUCTION

T a previous paper (Bhattacharyya & Ras Dastidar 1975), to be reforred 10 as 1,
we reported our caladations of Hed- H chavge trausfis probability in diabatic
and adiahatic ropreiontations in the dovoupled spproximation The term
Diabatic was usod in the sonso as dofined by Smith (1969). io. tho radial com-
ponent of the nucloar momontum coupling hotween two oloctronic statos was
taken to have vanishod identically. Trom the corrclation diagram of Ho,!
(Fig 1 in [) whore only the threo lowost states are shown, it is seen that the 2Z,
stato dogenerato with the ground S, state cvosses another 2Z; stale going over
to tho oxcited Ho*/1s2s)+-Hot(1s) separated-atom Jimit, and hence the nclastic
transition Ho(1s2) - He(1s2s) compotes with tho clastic (diroct or chargo ox-
change) channels at all enorgies above the threshold  (Actually the lowest state
(stato 2) is crossed by an infinito numbor of statos (Lichton 1963, Barat ef al 1972),
a8 a consequenco of which a number of inclastic channels are opencd up.) In I
we noglectod the ooupling hotweon those two 23, stalos and sought to assess the
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rolative utility of the decoupled diabatic and adiabatlic represontations in the
Ho'-Ho chargo exchange collision problom.

163 1 | |
1-0 20 30 40

Fig 1 Diabutic coupling term Hy(R) and adabatic coupling term  My(R) , the latter
at Higp = 1000 oV, b = 1.0 a,.

Tn the presont work we have extendod the carlior caleulations to take into
account the coupling botweon the two 2Z, states  Tn the diabatic represontation
tho two polential curves cross, and the coupling is provided by tho off-diagonal
potential matrix clement, whercas in the adiabatic represcntalion the crossing
is avoided and tho coupling occurs via tho relative nucloar motion Wo have
in goneral rostricted ourselves 10 impact paramctors 2 la, and as such ignored
the offects of the *Xy-2my and 2Zy-*m—2A, rotational couplings (cf Barat et al
1972, Tig 1) which have heen shown to oxcite the 1s — 2p and higher inelastic
transitions and to influence tho resonant charge transfer probability in high-
cnergy closo collisions (McCarroll & Piacentini 1971, Barat et al 1972). Owr
treatmont has heen semiclassical, in the sense that wo have treated the olectronic
motion quantum-mechanically and the nuclear motion classically (Nikitin 1968).

Atomic units are used throughout except where otherwise stated.
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2. THXORY

The Schrodinger equation for a system of nuclei and eloctrons is given by
.0
i5 ¥, R) = H¥(r.R) @

whore r ig tho combined olectronic coordinate and R the nuclear coordinate;
H = Hy+(pnu pnu)/2p, whore He it tho olectronic Hamilionian with fixed
nuclei including the intornucloar Coulomb repulsion, p,u tho rolative nucloar
momenium and g tho roduced nuclear mass Spin-orbit intoractions and
relativistic effocts are ignored

For the nuclear motion wo dofine a classical trajoctory of tho form R = R(f)
portinent to tho collision problem The timo-dependent Schrodinger cquation
for the oloctronic motion is thon

i 2:9(r, RO) = Hav(r, RO) - @

(Nikitin 1968, Wilets & Wallaco 1968)

Wao now introduco a real, 3-state orthonormal serios expansion

3
¥(r, R(t) =,E] at)ynlr - R) . (8)
whero the set of eleetronic wavelunctions y; constituting the molecular ropro-
sontation contains the mtornucloar distanco R parametrically, and all phaso
factors are mcludod within the ¢'s  Substitution of oq (3) in eq (2) loads to
the sot of coupled oquations
z> . @)

.- . d

ity =3 o,<k\H,,—¢ 5
Tn the 1mpact paramoter approximation tho classical nuclear trajectory is given
by

R=b+ut - (6

whore b is the mpact parameter; sssumng azimuthal symmotry, and putting
z = i,

|

2 b0
R TR

(6)

D
&N
£

t

The statos 1, 2 and 3 are tho 2, and the two 2%, states respoctively as marked
in figures 1 of I In a coordinate frame rotating with tho internuclear lino ,
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tho second term on the right side of eq. (6) corresponds (o rotational ¢coupling
hotwoen states of cloctronic angnlar momenta differmg by o 1, and thus doos
not contribute to the £-Z vonpling  Conseguently the coupled equations hocome.
in matrix notation.

1 = (H+4-M)o .. (7
whero €18 a column matrix and /7 and M ave square matricos

Hyy — <k|H;;]j>
.d
My = ;§<k —zb—R’j > = %z_ (PR)ks - ®

Propertios of the mutnx P = <|puu| > have hoen discussed in detail by
Smith (1969)  We mako use of the following three proporties
(i) Py=0, all . ®

(i) Pa~=—Pu. L#k .. (10)

(i) Under a umtary transformation ¢, P transforms as
P =C'PC ) CYp,uC) (1

Sinco state 1 has w-symmetry and states 2 & 3 have g symmetry. it 15 ohvious
that Py, =- P, =0 A Lwthe simplilication is now mtroduced hy puttin
12 13 p v p 14

Hyy = Hyy — 0, wluch s obviousty justified oxeept. ab very small distances where
the impact parameter approximation does not hold anyway  Thus in the dia-
batic reprosentation the coupled equations reduce to

16y — 6y,

16y = CpHl pp-1- CoH yy . (12)

16y = Calyg-t 03By

Denotimg the adiabatic energios by By, B,, By and making use of eqs (9) and (10),
the corresponding adiabatic oquations are seon to b

i, = 6B
6y = Cyllyt-yM gy . (13)

10y = — 6y M o3|~ By

The states 1 and 2 a1e dogonerate at large R corresponding to the imtial channel
Hog(1s?)+Hop*(1s), and for onr present problem also 1o the final channoel
He +(18)+Hop(1s?). Thus m etther set of equations

1 1

lex(—o0)| = V2 [ 6o(—o0) | = Ve

Co(—00) = 0 .. (14)
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An olomentary LCAO oxpansion of tho molecular wavofunction at large B shows
that tho probability of cloctron transfer from atom A 1o atom B 1s given by

P = %] ey(o0)—6y(c0) |2 . (15)
3. DrraLs oF CALCULATIONS

Heuncelorward wo denoto the coefficients in cq (3) by ¢ m the diabatic
reprosentution and Ly a; in tho adiabalic ropresentation  The first of cquations
(12) is uncoupled, its solntion heing

¢,(t) = cl(—co)exp(—ij" U, dt) .. (18)

To find the charge transfer prohability £ wo need solve tho second and thuord
of oqs. (12) for ¢, subjeet to the initial hboundary condition (14) and the unitarity
condition

[eg|3+ e |2+ ]eg|2 =1, io, |62+ |cs|2 =13, all 1. Lo amn
We chooso c,(t) and ¢,(t) to have solutions of the form

ot) = Oyt) exp(—i | Hydt), j=2,3 . ()

This changes egs. (12) mto tho form

. ¢
10, = CyHpoxpli [ (Hp— Hys)dt]
2 sH 230Xp[ _.L (H yp—Hys) ... (19)

. t
10y = CyHyy oxp[—1 _.[_ (Hap—Hyg)dt]

Similarly for the adiabatic caso the coupled eqgs. (13) givo

t
a,(t) = a,(—oo)exp(—i [ E,dt) .. (20)
and the coupled equations

t
iky = Ay My, 0xpli 1 (B—Eg)an 1)

t
iky = — Ay My oxp[—i _.L(Ez“En)d”

Eqs. (19) and (21) wora convarted into a moro suitable form for numorical
solution by changing tho time-dependence to z-dependence, and were solved by
the fourth-order Runge-Kutta mothod Tollowng Nikitin (1968) the lower
Timut of the phase integrals were changed from —oo to o defimte mstant of tinc,
—~ty which was sufficiently removod from tho point/s of stationary phase and
where the oncillations were sufficiently rapid to decouple the equations
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Tho diabatic potontial matrix elomonts of He,t as given by Olson (1972)
had hoon used m T as an approximation to the “‘standard” diabatic potentials
Since the phasoes of oscillations of the charge transfor probability in I agreed quite
woll with the oxperimoental rosults of Nagy e al (1971) and Erikson et al (1972),
wo usod tho same representation m this work. Certain limitations of this ro-
prosentation hocume evident m tho course of the work, and will be dircussed
prosently  For H,(R) wo usod the potential given by Gupla & Matsen (1967)

The adiabatic onergics and the tadial coupling term M, were obtained
via & unitary transformation of the diabatic representation by a matrix of the

form
1 0 0
=( 0 oS o smoa .. (22)
0 —Rina 08 &

Sinoe C diagonalizes H,

_ ) _ 2H,,
El = Hu| and o = & arc tan (m) . (23)
Furthor, since (Pg)ata = 0, rolation (11) yields .
. )
(PR)aata = O 1( —igp 0 ) o (24)
and henoce
0 0 0
. do
(M)agia =1 0 0 —i )(w/R) o ... (2B)
0 1 0

Algo, from (23),

do 1 0H, oH
= 2 ( Hy aRfi —Ha Taﬁn)

where
w? = Ha*R)+Hy(R),
Hy(R) = 3{H,y(R)—Hyy(R)).

Caloulations wore done using double precision arivhmetic on an TBM 370/1656
oomputer. The Rungo-Kutta step width (along z) was adjusied by trial so that
(1) an acouracy upto six significant figures, in many cases oven more, was achioved
in tho values of |4,|%, | dyl% |Ce|® and | O4]? and (ii) the unitarity condition
was satisfiod to within an error bound < 2-3 parts in 108 (For onergios < 200 oV
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this error sometimes grow as high as 1 paxrt in 104; howover, for b > R,, it nover
oxcoeded 1 part in 10%.) Tost calculations by using & value of f, twice a4 largo
reproduced tho P-valuos upto an aceuracy of 4-5 decimal figures, proving con-
vincingly the decoupling of the equations buyond |t|=t,

The chargo transfer probability in the docoupled approximation were also
oaloulated from the formulas

Pyia = 8in? 30, Paata = &in? 3y, .. (26)
whore

921 = j_(Hza_ u)dt, P =_}: (Ez“El)d'-

The difforonce potontial was fittod to the form H,,(R)—H,(R) = A4 exp
(—BR), where A4 = 4.2682, B =1.195. Thus 0,, = (2/v)4bK,(Bb), where K,
i tho Grst order modified Bessel function of the socond kind (Boyd & Dalgarno
1958).

Caloulations were done ovor a wide rangoe of incident ion enorgies from 100 oV
to 3000 eV. Figures 2-5 display some of tho rosults.

In T we compared the phases of oscillation of the charge transfer probability
curvo with the results of Nagy el al (1971) and Erikson e! al (1972) by correlaling
tho impact parameter b with the scaitering angle after the method of Everhart
(1963). Hore, howovor, we use the formula
o dR/R?

Pou =120 | A=V RE=FT)

whore V(R) = 3[Vu+ Vy4(R)] and R, is the distanco of closost approach

Using Va(R) ~ Hyy(R)—H,y(e0) and Vy(R) = Hy(R)—Hy(o0), tho integra-
tion in oq. (27) was carried out by Gauss-Mohler quadrature. Tho produci Ef
(lab, system) is given in tablo 1 over a range of b-values, which also includes

@7

Table 1  Values of Ef(lab) as a function of impact parametor b

E0 (KeV deg)
b(ao)
This work Everhart (1963)
0.8 4.10 4.40
1.0 2.79 3.11
1.2 1.91 2.17
1.4 1.34 1.54
1.8 0.93 1.08
18 0.64 0.74
2.0 0.44 0.48
2.2 0.30 0.31
2.4 0.21 0.21
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Evorhart’s results for comparison The fanly large discrepancy betwoon the
two sets of results is presumably duo to the errorin the values of Vy(R) and
Vo(R) used by Evorhart, who obtained them chicfly from Phillipson's tablos
(1962) using Koopmans’ theorem  Tigure 6 shows the locations of the extroma
points of the close-couplod churgs transfor probability m the adiabatic ropro-
sontation joincd hy smooth lines, togother with the experimental pints of Nagy
et al and Eriksen ef al

4. Discussion oF REsoLrs

Tho purpose of this work has hoen to explore the offoct of tho coupling in
He'-Ho rosonant charge oxchangoe collision and to assess therofrom the relative
moerits and demerits of the disbatic and adiabatic molecular reprosentations in
low-onergy atomic collision problems. Choico of molecular reprosontation in
an atomic collision procoss has always heon a vexatious problom, and a number
of authors such as Lichten (1963), O’Malley (1967), Levine ef ol (1969), Smith
(1969), Johnson (1974) among othoers have suggested use of difforoni ropresonta-
tions to moet different onds and with varying dogreos of rigour. A close approxi-
mation to Smith’s “standard” radial diahatic representation has been used by
Lane and co-workers (Evans, Cohon & Lano 1971, Cohon, Evens & Lano 197]
and Evans & Lane 1973) for certain inelastic atom-atom and ion-atom collision
processes in Holmm. and recently also by Andresen & Niclsen (1975) for collisions
botween ground-state and excited H-atoms Smith’s rvopresentation has boen
attacked on the ground that the molocular wovofunctions aro R-independent
and cannot rofloct the ‘“‘dynamical” natwe of an atomic collision problem
(Gabriel & Taulbjorg 1974; they also quote Smith as admitting to havo recvived
analogous commonts from cortain other sowces ) Wo, howover, chose Lo make
uso of this reprosoutation mamly becauso of tho particular advantage it promised
10 offer in caleulating the radial coupling torm required m the adiabatic closo-
coupled calculations, as is ovident from oq (25)

As mentioned carlior, Olson’s vahies for the diahatic potentials have heen
used as an approximation to the “standard™ diabatic potentials. Tho lower and
upper % adiabatic potentials as givon by Gupla & Matson (1967) and by Michols
(1967) respoctively wore indood roproduced by the unitary transfosmation (22)
to a high degree of accuracy (2-3 parts in 1000), but the off-diagonal term Hye(R),
which 18 smaller than tho diagonal terms by about two orders of magnitude at
small R, was found to he uncertain hy about 100%, at R = la,. The exprossion
(24) for P(p)gata Which is ohtained by puiting Py = 0 in Olson’s reprosontation
( Hyy

) ad
is of order-_ - 1,

AR ) and in general much less uncertam then Hy,

Tho extreme singularity in tho nature of M,(R) as shown in figure 1 domands
the utmost acourarcy in its evaluation, and this has indeod' hoon so far the biggoest
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hurdle in the path of adiabatic elose-couplad calculations which is also known
as tho porturbed stationary state approximation (Bates et al 1953) Excopt for
the systems H,* (soo Rosonthal (1971) for a complote bihliography), HoeH* (Green
et al 1974) and LiNa* (Molius & Goddard 1974) very fow radial coupling matrix
olemonts have been computed so far Melius & Goddard (1972) showod a way
of circumvonting this problem hy replacing M,,(R) by its value at some mean R,
but this proceduroe is foasible only if the matrix eloment is weoll-hehaved about R.
On the other hand, the regular hehaviour and the small size of the diabadic coupl-
ing term H,; vory nearly decouples (12) except at very low energies, and honco
in tho presont vase uncertaintios in Hyy would affect the diabatic close-coupled
ovaleulations only very slightly

Tigures 2-5 show that within the abovementioned limitations, tho diabatic
and adiabatic close-coupled caleulations give identical resulis. A comparison

10 0 v 1
o s q , .
R R A
[T {
! I .L i
P T "
il oo . n
. ] | 1l |
] 1 \ H
K \|
Lo i |
075 . "I
> i i b
I
= I
3 1 q '
2 i ]
4 H d of N |
P .
& O5F 1 Il
= ) o Iy
2] 1
= 1 ° ‘II
@ ] L ]
e ] o |
F ! *
(%) 1
025 U d i
I
1
i |
B U i
i ° i
° H]
0.0 1 . ALtu 1
10 12 14 16

Impact Farameter

Fig 2. Close-coupled disbatic and adiabatic charge transfer probability for laboratory -ion
enoergy E = 100 eV. Full-lmo curves . adabatic calculations; broken-line curves :
dinbatic calculations; closed circles : adiabatic docouplod caleulations; open circles *

diabatic decouplad calculalions.

of tho adiabatic oloso-couplod and decoupled calculations indicatos the strength
of tho Z-3 radial coupling. As way clearly shown in I, the diabatic decoupled
P-values simply oscillate hotween zero and ono. and they are found to agree
vory wolt in phaso with tho closc-coupled calculations oxcept at very low cnergies.
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A3|1q8q04g Jajsuey) abuey)

lmpact Parameter

8ame na Fig. 2 for £ = 200 eV.

Fig. 3
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D___axe.a Jagsuey) abrey)y

Impact parameter
Same as Fig. 2 for £ = 1000 eV.

Fig. 4.
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Fig. 5. Bamo as Fig. 2 for £ = 8000 oV,

For this ronson they aro shown here only for the two lowest enorgics, 100 and
200 oV, where thoro appears a marked irregularity in the P-b eurvos noar b~ R,.
Loronts & Aborth (1965) in their cxperimonts on He'-He olastic differontial
scattoring observed in this cnorgy rogion an unomaly in the oscillations at
Ef = 17 KoV dog, which corrosponds to b =~ L 3 Although there are no charge
transfer exporimonts within our knowledgo at these encrgios, our vesults arc in
accord with Marchi’s (1969) explanation of this foature in thoe elastic scattoring
exporiments, as mentionod in T

Figuro 6 comparos the phases of oscillation of tho charge transfor probability
in the adiabatic close-coupled caleulations with tho oxperiments of Nagy ef al
(1971) and Erikson et ol (1972) Tho excollont agreement for b 10 clearly
indicatos that in this region, tho - radial coupling provides the most significant
influonce on rosonant charge transfor. Tho disbatic close-coupled results are
virtually indistinguishable from the adiabatic ones, whilo the diabatic decoupled
rosults (cf. Figuro 3 in I) agroe in gonoral to within 2-3%, The slight disagroe-
ment for b < 1 0 as soon in figure 6 corrosponding to Ef 2 3 KoV dog. (¢f tablo 1)
iy presumably duo to the Zy—m, snd Zy-mp—-A, rotational couplings which, as
mentioned already, wo have neglocted Theso couplings havo been found to
ocontribute to the damping as well as to the dophasing of the oscillations in tho
charge transfer probability in close collisions where B¢ > 3 KeV deg (McCarroll
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& Piacontini 1971, Barat ef al 1972). We chose not to oxtond the impact para-
moter mothod much bolow b = la, and thus ignored this coupling.

20

&
&

Impact parameter

o
T

Lo b Ly b by
Tt 3 5 7 9 W 3

Index of Extrema polnts

05

Fig. 6. Locations of the oxtroma in tho charge transfer probability curves at differont ion
energies (eV) indexed from right to left plotted against impact parametor. Tull-line
curves smoobhly join the results of sdiabotic close-coupled calculations Expefi-
mentel points of Nagy et al (1971) und Eriksen et al (1972) are shown.

Thus the followmg conclusions may he drawn about thoe choice ol molecular
ropresontations :

(i) For He'!-He chargo transfer collision, the diabatic reprosentation is
more wseful than the adiabatic onoe since it is vory nearly decoupled
(i) Any caror in the (off-diagonul) potential coupling would affect the
diabatic caleulations, although in the present caso the offect is small
(in) When the adiabatic representation is obtained by a unitary transforma-
tion of tho diabatic one, the error in tho coupling clements of the latter does not
propagate, or propagates only slightly, into the former
Thus it is scen that for low-encrgy atomic collisions the standard diabatic
reprosenbation is more advantageous to work with: if the coupling terms are
doubtful or subjoct to orrot, ono can always transform into the adiabatic re-
presentation and usc the p s 8 approximation, and eq (25) makes the caleulations
of the roquired coupling torms trivially simple
Figure 7 shows the “‘onvolopas™ of tho chargo transfor probabilitics in the
diabatic and adiabatic close-couplod calculations together with the exporimental
valuos of Ppezimum Tho observed damping can of course be predictod only
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partly mn owr work, which considers only the outermost and the sharpest crossing
of tho lower 2%, state by the uppor one leading to the inolastic 1s — 2s channel
As mentionod oarlier, the diabatic state 2 is actually crossed Dy an infinito numbea
of statos, all helow R =1 4 ¢y, but they aro loss sharp than the 2-3 crossing
considered in this papor and as such their influence on the tosonant charge
transfer channol can extond to lavger impact parameters. Tlis is prosumably
the reason why the exporimontal P-values aro dumped ovon boyond b = 14 a,

1.0 —
1000ev
[
1O @ ————
N
° 1250ev
o5~
o
. =~
1500ev

Envelopes of Py,
@
>
T

)
o8 10 12 14 16

Impact Parameter

Fig. 7. Envelopes of the maxima of charge transfer probability as obtained from the close
coupled calculntions plotled against impact parametor. Full-line curves : adiabatic
ropresentation; broken-line curves; dwabatie repr Experi tal values
of Pmoztmum 8re shown.

as is soen from figuro 7. Howovor, considerng tho uncertamtios mnvolved i tho
numorical values of the coupling terms, the agrooment botwoen thoory and
oxpetiment os displayed in tho figure is strong enough to suggost that the 1s — 2s
transition is indeed the main inolastic channel competing with the elastic (direvt
or charge exchange) channols Smith (1964) showed from quantum mochanical
oaloulations ihat duo to the intorfurenco between scattering from the g and u
potentials, & demping is prediotod in a two-stato theory too. Tt would thereforo
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be of intcrost to compare the results of a throo-stato quantum mechanical cal-
culation with the present rosulis

Wo have not made any caleulations of the total cross-section m this work;
smee the close-coupled P-valuos deviaie from the decouplod values only upto
b~~14ay, 1t 18 cJoar that the couplng does not affect the total cross-section
significantly  (Sample caleulations show that the tolal cross-sections as given
in I change by loss than 1%, duc to the couphng.) Moiseiwitsch (1956), using
a linoar oombination of atomic orbitals with variationally adjusted exponents,
obtained a total cross-soction curve that is virtually idontical with ours in I.
The reason for the discrepancy hotwoon our results and the data of Nagy et al
(1969) for E < 600 oV is not cloar, and since tho collision onorgies are about two
orders of magmtude larger than the excitation throshold, it cannot bo due to any
failure of the impact paramotor approximation We note, however, that the
rosults of Hayden & Utterhack (1964) agree with owrs very woll, and tho results
of Hastod & Stodceford (1956) show the samo variation with onorgy as ours but
diffor by a constant factor ~ 1.3
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