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Time-independent quantum mechanical (TIQM) approach (helicity basis truncated atk ) 2) has been used
for computing differential and integral cross sections for the exchange reaction H- + D2 (V ) 0, j ) 0-4)
f HD + D- and D- + H2 (V ) 0, j ) 0-3) f HD + H- in three dimensions on an accurate ab initio
potential energy surface. It is shown that thej-weighted differential reaction cross section values are in good
agreement with the experimental results reported by Zimmer and Linder at four different relative translational
energies (Etrans) 0.55, 0.93, 1.16 and 1.48 eV) for (H-, D2) and at one relative translational energy (Etrans)
0.6 eV) by Haufler et al. for both (H-, D2) and (D-, H2) collisions. Thej-weighted integral reaction cross
section values are in good agreement with the crossed beam measurements by Zimmer and Linder in the
Etrans range 0.5-1.5 eV and close to the guided ion beam results by Haufler et al. for (H-, D2) in the range
0.8-1.2 eV. Time-dependent quantum mechanical (TDQM) results obtained using centrifugal sudden
approximation are reported in the form of integral reaction cross section values as a function ofEtrans in the
range 0.3-3.0 eV for both reactions in three dimensions on the same potential energy surface. The TDQM
reaction cross section values decline more sharply than the TIQM results with increase in the initial rotational
quantum number (j) for the D2 molecules in their ground vibrational state (V ) 0) for (H-, D2) collisions. The
computedj-weighted reaction cross section values are in good agreement with the experimental results reported
by Zimmer and Linder for (H-, D2) collisions and guided ion beam results by Haufler et al. for both (H-, D2)
and (D-, H2) collisions for energies below the threshold for electron detachment channel.

I. Introduction

The dynamics of (H-, H2) and its isotopic variants has
receivedconsiderableattentionovertheyears,bothexperimentally1-7

and theoretically.8-20 Although a diatomics-in-molecules (DIM)8

potential energy surface (PES) and a multireference-configu-
ration-interaction9 (MRCI) PES were published earlier, Panda
and Sathyamurthy18 have computed recently an ab initio PES
using coupled cluster singles and doubles with nonperturbative
triples (CCSD(T)) method for a wide range of geometries. An
analytic function was fitted to the ab initio points following
the strategy proposed by Aguado et al.21

Jaquet and Heinen16 had shown using time-dependent quan-
tum mechanical (TDQM) calculations on DIM and MRCI
surfaces that the resonances observed for zero total angular
momentum (J ) 0) got smeared, when averaged overJ. Morari
and Jaquet17 computed the excitation function for the exchange
reaction H- + D2 (V ) 0, j ) 0) f HD + D- by including
Coriolis coupling and found the results to be in agreement with
the experimental results of Zimmer and Linder5 for a range of
energies and not with those of Haufler et al.7 over the same
energy range. Panda et al.19 used the TDQM method with the
centrifugal sudden approximation for computing the integral
reaction cross section values for (H-, H2 (V ) 0, j ) 0)), and
its isotopic variants. Their results were also found to be in good
agreement with the experimental results of Zimmer and Linder5

but larger than that of Haufler7 et al. A careful examination of
the experimental conditions revealed that Zimmer and Linder
had used D2 that had a rotational temperature of 180 K, and

Haufler et al. used D2 (H2) with a rotational temperature of 300
K. The theoretical calculations (ours as well as that of Morari
and Jaquet) had usedj ) 0 for D2 (H2). Therefore, it is possible
that some of the discrepancies between theory and experiment
arose from the neglect of the effect of the initial rotational state
of D2 (H2) on the dynamics. Hence, it was decided to investigate
the (H-, D2) and (D-, H2) dynamics by explicitly taking into
account the initial rotational state distribution for D2 (H2).
Recently, the TIQM investigation of the integral and differential
cross section of rotational excitation in (H-, H2 (V ) 0, j ) 0,
1)) collisions have been carried out by Giri and Sathyamurthy.20

The computed results are in reasonable agreement with the
experimental results of Mu¨ller et al.6

Linder and co-workers5,6 had published differential reaction
cross section results for (H-, H2) and (H-, D2) collisions.
Similarly, Haufler et al.7 had published differential and integral
reaction cross section for (H-, D2) and (D-, H2) collisions.
Therefore, computing the differential reaction cross section
values and comparing with the experimental results would test
the accuracy of the ab initio PES. Unfortunately, the TDQM
method used does not yield information on the product angular
distribution. Hence, time-independent quantum mechanical
(TIQM) calculations were carried out for computing integral
and differential cross sections atEtrans ) 0.55, 0.6, 0.93, 1.16
and 1.48 eV for (H-, D2) and atEtrans ) 0.6 eV for (D-, H2)
collisions, for which the experimental results were available.
Three-dimensional TDQM investigations were carried out for
integral reaction cross sections in the 0.3-3.0 eV collision
energy range for (H-, D2 (V ) 0, j ) 0-4)) and (D-, H2 (V )
0, j ) 0-3)) collisions and these results were also compared
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with experiment. The theoretical methodology is outlined in
section II and the results obtained are presented and discussed
in section III. A summary of our findings and the conclusions
follow in section IV.

II. Methodology

Time-independent quantum mechanical calculations have
been carried out using the ABC program developed by Skouteris
et al.22 in hyperspherical coordinates and the potential energy
surface reported by Panda and Sathyamurthy18 was used. The
parity-adaptedS-matrix elements,SR′V′j′k′,RVjk

J,P , obtained from the
TIQM calculations were used to calculate the state-resolved
differential cross section values after transformation into their
standard helicity representation,SR′V′j′k′,RVjk

J , as

and the integral reaction cross section as

whereΩ andθ are solid and scattering angles, respectively.R,
R′, V, V′, j, j ′, k and k′ are arrangement labels, diatomic
vibrational quantum numbers, diatomic rotational quantum
numbers and helicity quantum numbers, respectively. The
primed quantities refer to the products of the reaction and
unprimed to the reactants.

After extensive convergence tests, a cutoff energy ofEmax )
3.5 eV was used. The maximum rotational level (jmax) was taken
to be 22, and the maximum value of the hyperradius (Fmax) was
set at 20a0. The number of log derivative propagation sectors
(mtr) ) 400. Helicity truncation parameter (kmax) was taken up
to 2.

Different aspects of the TDQM wave packet (WP) methodol-
ogy are well documented in the literature.23,24 Therefore, we
present only the salient features of our calculation here. We
have used a rectangular grid in Jacobi coordinates (R, r, γ),
whereR is the center-of-mass separation between H- (D-) and
D2 (H2), r is the bond distance in D2 (H2), andγ is the angle
betweenRandr. The Hamiltonian in (R, r, γ) for a given orbital
angular momentum operatorl and rotational angular momentum
operatorj in the body-fixed frame is given by

Here µR is the reduced mass of H- (D-) with respect to D2
(H2) and µr the reduced mass of D2 (H2). Total angular
momentum operatorJ ) l + j and V(R, r, γ) is the same
interaction potential as mentioned above.18

The dynamics of (H- (D-)) and (D2 (H2)) collisions were
followed by solving the time-dependent Schro¨dinger equation
numerically. The initial WP at timet ) 0, Ψ(R, r, γ, t ) 0) is
chosen as follows:

where

represents the translational part, withR0 andδ referring to the
location of the center of the WP and the width parameter,
respectively. The momentum wave vectork0 is related to the
initial translational energy through the relation25

The radial part of the diatomic ro-vibrational eigenfunctionφVj-
(r) is computed by the Fourier grid Hamiltonian approach
proposed by Marston and Balint-Kurti.26 The angular part is
given by the normalized associated Legendre polynomials

HereK is the projection ofJ on the body-fixedz-axis chosen
alongR and for a givenJ andj, K varies in the range 0e K e
min(J,j). It is worth pointing out here that the projection ofj
on the body-fixedz-axis is equal toK, aslz, the projection ofl
on the body-fixedz-axis is zero, in the chosen body-fixed axis.

The fast Fourier transform algorithm27 is used to evaluate
the effect of the radial part of the kinetic energy operator on
the wave function and the discrete variable representation
[DVR]28 is used for the angular part. The action of the angular
momentum operators (nondiagonal in the radial grid representa-
tion) on the WP is carried out in the associated Legendre
polynomial basis setP̃jK. First, the WP is transformed to the
angular momentum space (finite basis representation (FBR))
by using DVR-FBR transformation matrix,Tnj

K ) xwnP̃jK(cos
γ). Then the matrix elements are evaluated as

where the quantityλ is defined as

Within the centrifugal sudden approximation,29 the off-diagonal
terms inK are neglected. The angular kinetic energy operator
then reads as

The time evolution of the wave function is followed using the
split-operator method.30 The energy resolved reaction probability
for a particular choice ofV, j, J and K (PVj

JK(E)) is calculated
from the total flux through a surface located in the product
channel atr ) rs as follows:31

dσR′V′j′k′raVjk

dΩ
(θ) ) | 1

2ikaVjk
∑

J

(2J + 1)dk′,k
J (θ)SR′V′j′k′,RVjk

J |2

(1)

σR′V′j′k′raVjk )
π

kaVjk
2
∑

J

(2J + 1)|SR′V′j′k′,RVjk
J |2 (2)

Ĥ ) - p2

2µR

∂
2

∂R2
- p2

2µr

∂
2

∂r2
+

(J - j )2

2µRR2
+ j2

2µrr
2

+ V(R, r, γ)

(3)

Ψ(R, r, γ, t ) 0) ) Gk0
(R) φVj(r) P̃jK(cosγ) (4)

Gk0
(R) ) ( 1

πδ2)1/4
exp(-(R - R0)

2/2δ2) exp(-ik0
R) (5)

k0 ) x2µREtrans

p2
- 1

2δ2
(6)

P̃jK(cosγ) ) x(2j + 1)
2

(j - K)!

(j + K)!
PjK(cosγ) (7)

〈P̃jK|j2|P̃j′K′〉 ) δjj ′δK,K′p
2j(j + 1) (8)

〈P̃jK|(J - j )2|P̃j′K′〉 ) p2δjj ′{[J(J + 1) + j(j + 1) -

2K2]δK,K′ - λJK
+ λjK

+x1 + δK0δK+1,K′ -

λJK
- λjK

-x1 + δK1 δK-1,K′} (9)

λAB
( ) xA(A + 1) - B(B ( 1) (10)

T̂(γ) ) p2

2µRR2
[J(J + 1) + j(j + 1) - 2K2] + p2

2µrr
2
j(j + 1)

(11)

PVj
JK(E) ) p

µr
Im[∫0

∞
dR∫0

π
dθ sin θΨ*(R, r, θ, E)

d
dr

Ψ

(R, r, θ, E)]r)rs

(12)
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The energy dependence of the wave function in eq 12 is obtained
by Fourier transforming the time-dependent wave packet as

with aE as the normalization factor. The latter corresponds to
the weight of the energy component contained in the initial
translational WP and is defined by

Here

with k ) x2µR(E-εV,j)/p, εV,j is the ro-vibrational energy of H2
(D2).

TheJ-dependent reaction probability (PVj
J ) is computed from

the initial (J, K) selected probability (PVj
JK) as

The initial-state-selected total reaction cross section values are
then obtained by summing over the partial reaction cross section
values for the different partial waves:

A damping function32 was used near the edges in (R, r) space
to avoid numerical errors arising from reflection or wrapping
around of time-evolved wave packet at the grid edges. It is given
by

activated in the asymptoticR andr channels.Xmask (X ) R, r)
is the point at which the damping function is initiated and
Xmask()Xmax - Xmask) is the width ofX over which the function

decays from 1 to 0, withXmax being the maximum value ofX
in that direction, in a particular channel. The grid parameters
used in the present calculation are listed in Table 1 along with
the initial conditions, forJ e 8.

Increase inJ adds a substantial centrifugal barrier to the
interaction potential resulting in an effective potential that falls
off slowly and is no longer negligible at distances considered
in Table 1. Therefore, the initial WP was located farther out in
the reactant channel for higherJ values. ForJ > 8, R0 had to
be increased by 1.0a0 on an average for each higherJ, keeping
in mind a cutoff of 0.005 eV for the lowestVeff () V(R, r, γ)
+ J(J + 1)p2/2µRR2). Consequently, the position of the damping
function in the reactant channel also had to be shifted accord-
ingly for each calculation and a longer time evolution of the
initial WP was needed to achieve convergence. Converged
results were obtained after a total propagation time of 2000-
3000 time steps, i.e., 0.48-0.73 ps.

III. Results and Discussion

A. TIQM Results. A.1. Integral Reaction Cross Sections.
The initial-state-selected reaction cross section values computed
using eq 2 are plotted as a function ofEtrans in the range 0.5-
1.5 eV for H-, D2 collisions, for differentj states of D2 in Figure
1. It is clear that they rise from the threshold and increase with
increase inEtransbefore showing signs of leveling off. It is also
clear from the figure that the cross section values decline with
an increase inj from 0 through 3 and 4 over the entire energy
range investigated.

This is expected of a reactive collision dominated by collinear
configuration.33 But the differences between the reaction cross
section values forj ) 0, 1 and 2 is marginal. Because the
experimental results were obtained for a distribution ofj states,
the j-weighted integral reaction cross section (〈σ〉) values were
computed as follows:

wherewj(Trot.) is the population of different rotational levels at
the rotational temperatureTrot.. For D2, the values are 0.299,
0.275, 0.347, 0.057 and 0.021 forj ) 0-4 corresponding to

TABLE 1: Parameters Used for the Rectangular Grid and
Initial Conditions

parameters values remarks

NR 150 no. of grid points alongR
(Rmin, Rmax)/a0 (0.05, 17.93) range of the grid alongR
∆R/a0 0.12 grid spacing alongR
Nr 80 no. of grid points alongr
(rmin, rmax)/a0 (0.05, 11.11) range of the grid alongr
∆r/a0 0.14 grid spacing alongr
Ng 54 no. of grid points inγ
(Rmask, rmask)/a0 (13.37, 6.91) starting point of the masking

function along (R, r)
R0/a0 (12.0) center of the initial WP
Etrans/eV 1.00 initial translational energy
d/a0 0.25 Gaussian width parameter
rs/a0 6.0 position of the flux analysis

surface
∆t/fs 0.2419 time-step used in the propagation
T/ps 0.73 total propagation time

Ψ(R, r, θ, E) ) 1
aE

∫-∞

∞
exp(iEt/p) Ψ(R, r, θ, t) dt (13)

aE ) (µR

pk)
1/2∫-∞

∞
Gk0

(R) exp(ikR) dR

) (µR

pk)
1/2

Gk0
(k) (14)

Gk0
(k) ) (4πδ2)1/4 exp[-δ2(k - k0)

2/2 + i(k - k0)R0] (15)

PVj
J (E) )

1

2j + 1
[PVj

JK)0(E) + 2∑
K)1

j

PVj
JK(E)] (16)

σVj(E) )
π

k2
∑
J)0

∞

(2J + 1)PVj
J (E) (17)

f(Xi) ) sin[π
2

(Xmask+ ∆Xmask- Xi)

∆Xmask
] Xi g Xmask (18)

Figure 1. TIQM computed reaction cross section values plotted as a
function ofEtrans/eV for different initial j values for H-, D2 (V ) 0, j)
collisions.

〈σ〉 ) ∑
j

wj(Trot.)σ0j (19)
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Trot. ∼ 180 K. Our computed results of〈σ〉 (Etrans) for H-, D2

collisions are shown to be in excellent agreement with the
experimental results of Zimmer and Linder,5 for energies up to
1.5 eV, in Figure 2a. Our calculated results of〈σ〉(Etrans) at Trot

) 300 K for H-, D2 collisions are compared with the
experimental results by Haufler et al.7 in Figure 2b. The
computedj-weighted integral reaction cross section values are
comparable to the experimental results in the rangeEtrans) 0.8-
1.2 eV. However, there are two discrepancies: (i) Experimental
results suggest a lower threshold than the theoretical results.
This seems to be typical of the results obtained from the guided
ion beam technique.7 A similar discrepancy was found for (He,
H2

+) also. (ii) Experimental results are lower than the theoretical
results at higher energies, clearly due to the onset of an electron
detachment channel, which is not included in our theoretical
studies.

A.2. Differential Reaction Cross Sections.The differential
reaction cross section values are also dependent on initialj (not
shown). Thej-weighted differential reaction cross section has
been calculated from individualj-dependent differential cross
section values as follows:

The product vibrational state (V′) specific differential reaction
cross section values have been calculated forj ) 0-4 andj )
0-3 for H-, D2 (V ) 0) and D-, H2 (V ) 0) collisions,
respectively. Thej-weighted (Trot ∼ 180 K) differential reaction
cross section values for (H-, D2) collisions atEtrans) 0.55 eV
are compared with the experimental results of Zimmer and
Linder34 in Figure 3a. Clearly, the agreement between theory
and experiment is excellent. The computedj-weighted dif-
ferential cross section values atTrot ) 300 K andEtrans ) 0.6
eV are compared with the experimental results of Haufler et al.
in Figure 3b. It can be seen that the calculated differential cross
section values are slightly lower than the experimental results.
Similarly, the computed results for D-, H2 collisions atTrot )
300 K andEtrans ) 0.6 eV are shown to be comparable to the

experimental results in Figure 3c. AtEtrans ) 0.93 eV, the
computedj-weighted (Trot ∼ 180 K) differential reaction cross
section values plotted for H-, D2 collisions for V′ ) 0 and 1
are comparable to the experimental results as illustrated in Figure
4. A more detailed comparison of the plots of the calculated
j-weighted differential cross section values for H-, D2 for V′ )
0, 1 and 2 atEtrans) 1.16 eV andV′ ) 0, 1, 2 and 3 atEtrans)
1.48 eV with the experimental results in Figure 5 reveal that
the overall agreement between theory and experiment is
excellent, except for some differences nearθ ) 0.

B. TDQM Results.B.1. Reaction Probabilities.Initial-state-
selected reaction probability (PVj

J ) values summed over differ-
ent rotational and vibrational levels of the product diatom for
the reactants H2 (j ) 0-3) and D2 (j ) 0-4) in V ) 0 state
were computed over a range ofEtrans for each integer value of

Figure 2. Comparison of the TIQM computedj-weighted integral
reaction cross section values with the experimental results for H-, D2

collisions at (a)Trot ∼ 180 K and (b)Trot ) 300 K.

d〈σR′V′j′k′raVjk〉

dΩ
(θ) ) ∑

j

wj(Trot.)
dσR′V′j′k′raVjk

dΩ
(θ) (20)

Figure 3. Plots of the computedj-weighted differential cross section
values compared with the experimental results for (a) H-, D2 collisions
for V′ ) 0, (b) H-, D2 collisions, and (c) D-, H2 collisions at the energies
indicated.

Figure 4. Comparison of the calculatedj-weighted differential cross
section values for H-, D2 collisions with the experimental results by
Zimmer and Linder34 for (a) V′ ) 0 and (b)V′ ) 1 atEtrans) 0.93 eV.
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J in the range 0-50 for (H-, D2) collisions and 0-60 for (D-,
H2) collisions. For both systems, forJ ) 0 and j ) 0, the
reaction probability obtained in the present study is nearly the
same as the earlier reported probability values obtained using
an L-shaped grid except for some oscillations. The reaction
probability increases with an increase inEtransdramatically near
the threshold and then it increases further in steps, before
leveling off or declining beyond 1.5 eV (not shown).

B.2. Reaction Cross Sections.From the results ofP0j
J (E)

values computed for a range ofJ and j ) 0-4 for H-, D2

collisions, the integral reaction cross section values were
calculated using eq 17 and the resultingσ0j values were plotted
as a function ofEtrans in Figure 6a. The value ofσ0j increases
sharply at the threshold, reaches a maximum around 1.5 eV
and then it declines slightly for all values ofj. There is a sharp
increase inσ in going from j ) 0 to 1. Butσ decreases with a
further increase inj to 2, 3 and 4 to the extent that theσ values
for j ) 3 and 4 are lower than that forj ) 0 for E e 1.5 eV.
This strong dependence ofσ on j indicates the strong influence
of the anisotropy of the PES on the dynamics.16 To understand
the origin of the differences in the dependence ofσ0j on j for
(H-, D2) collisions as obtained from TIQM (Figure 1) and
TDQM ((CS), Figure 6a) calculations,σ0j values are plotted as
a function ofEtransfor different j values in Figure 7. Forj ) 0,
the TDQM results are in excellent agreement with the TIQM
results. However, with an increase inj, the differences between
the two sets of results become noticeable, with the largest
difference arising forj ) 1. A comparison of the TIQM results
obtained forkmax ) 1, 2 and 3 forj ) 1 confirms that the TDQM
results obtained withkmax ) 2 can be considered as converged.
This means that the differences between the TDQM (CS) and
TIQM results arise from the neglect of Coriolis coupling in the
TDQM calculations. Similar discrepancies have been noted for
other systems like (He, H2+), particularly forj ) 1.35 Interest-

ingly, the differences between TDQM (CS) and TIQM results
become less marked forj ) 2, 3 and 4, particularly forEtranse
1.0 eV.

The j-weighted results obtained from TDQM (CS) calcula-
tions for H-, D2 collisions are compared with the experimental
results of Zimmer and Linder5 at Trot ∼ 180 K in Figure 8a.
Although the TDQM results show the same qualitative trend
as the experimental results, there are noticeable discrepancies
between the two, at intermediate energies. Our calculated results
of 〈σ〉(Etrans) atTrot ) 300 K for H-, D2 collisions are compared
with the experimental results by Haufler et al.7 in Figure 8b.
As was noticed with the TIQM results, the experimental results
show a lower threshold than the TDQM results. If the

Figure 5. Comparison of the calculatedj-weighted differential cross
section values for H-, D2 collisions with the experimental results for
(a) V′ ) 0-2 atEtrans) 1.16 eV and (b)V′ ) 0-3 atEtrans) 1.48 eV.

Figure 6. Computed TDQM reaction cross section values plotted as
a function ofEtrans/eV for different initial j values for (a) H-, D2 (V )
0) and (b) D-, H2 (V ) 0) collisions.

Figure 7. Comparison of the computed TDQM (CS) and TIQM results
of σ (V ) 0, j) for different values ofj for H-, D2 (V ) 0) collisions.

(H-, D2) and (D-, H2) Collisions J. Phys. Chem. A, Vol. 110, No. 51, 200613847



experimental results were corrected by a 0.25 eV upward shift
in the threshold energy, the agreement between theory and
experiment would be excellent. As was mentioned earlier, the
experimental〈σ〉 values decline markedly with increase inEtrans

beyond 1.5 eV because of the onset of electron detachment
channel, which is not included in our theoretical studies.

The TDQM computed values ofσ0j for D-, H2 (V ) 0, j)
collisions are plotted as a function ofEtransin Figure 6b forj )
0-3. The influence ofj andEtrans on σ0j for D-, H2 (V ) 0, j)
collisions is similar to that for H-, D2 (V ) 0, j). Yet it must be
emphasized that theσ0j values for the former system are a factor
of 2 larger than those for the latter. The plot of〈σ〉 for D-, H2

collisions in Figure 8c shows qualitatively the same behavior
as〈σ〉 for (H-, D2) in that the theoretical results start at a higher
threshold than the experimental results and that the decline in
〈σ〉 with increase inEtrans is only marginal when compared to
the steep decline in the experimental results.

As was mentioned earlier, theσ0j values for (D-, H2)
collisions are approximately a factor of 2 larger than those for
(H-, D2). The j-weightedσ values computed for (D-, H2) are
a factor of 2-3 larger than that for (H-, D2), as illustrated in
Figure 9. The experimental results for〈σ〉(D-, H2)/〈σ〉(H-, D2)
are close to the computed values forEtrans < 1.2 eV, beyond
which the two diverge from each other.

IV. Summary and Conclusion

The computed integral reaction cross section values for H-

+ D2 (V ) 0, j ) 0-4) and D- + H2 (V ) 0, j ) 0-3) show
a noticeable dependence on the initial value ofj for all the
energies considered. The computedj-weighted integral reaction
cross section values are shown to be in good agreement with
the experimental results of Zimmer and Linder forE e 2.0 eV
and lower than the results reported by Haufler et al. forE e
1.5 eV. The computedj-weighted differential reaction cross
section results are also in good agreement with the experimental

results at different relative translational energies for (H-, D2)
collisions and atEtrans ) 0.6 eV for (D-, H2) collisions.
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