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Quantum defect theory for cold chemistry with product-quantum-state resolution
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We present a formalism for cold and ultracold atom-diatom chemical reactions that combines a quantum close-
coupling method at short range with quantum defect theory at long range. The method yields full state-to-state
rovibrationally resolved cross sections as in standard close-coupling (CC) calculations but at a considerably
less computational expense. This hybrid approach exploits the simplicity of MQDT while treating the short-
range interaction explicitly using quantum CC calculations. The method, demonstrated for D + H, — HD + H
collisions with rovibrational quantum state resolution of the HD product, is shown to be accurate for a wide
range of collision energies and initial conditions. The hybrid CC-MQDT formalism may provide an alternative
approach to full CC calculations for cold and ultracold reactions.
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I. INTRODUCTION

As a potentially sensitive probe of chemical reaction
dynamics, ultracold molecules show great promise. In gaseous
molecular samples whose temperature drops well below the
milli-Kelvin range, collision cross sections are no longer
thermally averaged over a range of impact parameters (more
properly, partial waves). This circumstance raises the possi-
bility of preparing reactants in individual quantum states of
relative motion as well as internal states. Ultracold molecules
can moreover be manipulated using electric, magnetic, optical,
and microwave fields, extending the reach of state preparation
and therefore in principle the detail with which collision
experiments can probe reactions [1-5].

This kind of control has been demonstrated in a prototype
experiment, involving KRb molecules [6,7]. In this case
reaction rates were tuned by orders of magnitude by exploiting
quantum statistics of the molecules, the influence of electric
fields, and confinement to optical lattices. In all cases, the key
ingredient to controlling the kinematics of the reactants lay
in the manipulation of long-range forces between them. This
aspect of control distinguishes long-range physics, where con-
trol is applied, from short-range physics, where the chemistry
actually occurs. For this reason, theoretical approaches that
seek to understand controlled ultracold chemistry would do
well to address the short- and long-range physics separately,
yet be able to weld them together.

While quantum close coupling (CC) calculations can handle
this disparity in energy scales in principle, the computations
become impractically large when all the relevant quantum
states and external field effects are included. As a result,
the vast majority of CC calculations of ultracold reactions
(both barrier and barrierless) reported so far have been
restricted to field-free cases without the inclusion of spin and
hyperfine splitting [1-5,8—13]. Though the theory of chemical
reactions for an atom-diatom system in external fields has
been formulated by Tscherbul and Krems [14] and applied
to the Li + HF < LiF 4+ H reaction, the computations remain
demanding.

An alternative and simplified description, useful at ultralow
temperatures, is provided by the multichannel quantum defect
theory (MQDT). The formalism was originally developed by
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Seaton and Fano [15-17] to understand the spectra of Rydberg
atoms. Since then, it has been successfully extended to more
general contexts [18,19] and applied to both resonant and
nonresonant scattering in a variety of atomic collision pro-
cesses [20-25], ion-atom collisions [26,27], atom-molecule
systems [28,29], and molecule-molecule reactive scattering
[30-33]. The method has proven flexible and adept at handling
ultralow collision energies and field dependencies, while
adequately and simply treating also the short-range physics,
which occurs on far greater energy scales. The MQDT method
has been applied to estimate overall reaction rate coefficients of
several barrierless reactions [30,31] at far less computational
expense in comparison to full CC calculations. However, in its
current implementation, the method is restricted to estimating
the total reaction rate coefficient. Rotational and vibrational
populations of the reaction products are not available from
these calculations, as these degrees of freedom were not
included.

The value of MQDT in ultracold chemistry calculations
arises from exploiting the vast disparity between the relevant
energy scales. In the cold gas, translational kinetic energies
of the reactants are on the scale of milli-Kelvin or less. This
energy scale must necessarily be resolved, necessitating a fine
energy grid. Moreover, applied electric and magnetic fields
may influence scattering on this scale, notably by shifting
narrow resonances. At the same time, these energy scales
are dominant at large interparticle separation between the
reactants. These circumstances play directly to the strengths
of MQDT, namely, that a complete description of long-range
dynamics can be handled by treating the channels indepen-
dently, employing the Jacobi coordinates between reactants.
Doing so can expedite the calculation tremendously, enabling
rapid exploration of the sensitively varying energy and field
dependence of scattering observables.

By contrast, the reaction itself takes place on, and is
calculated using, relatively deep potential energy surfaces
(PESs) of order 10-10000 K. Thus over the milli-Kelvin
energy range relevant to ultracold chemistry, wave functions
of the reaction itself, restricted to the collision complex
where all participating atoms are close together, depend only
weakly on energy. In this circumstance the reaction can be
handled in complete detail on a far coarser energy grid than
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required for the final observables. Then the usual techniques of
solving the reaction dynamics in hyperspherical coordinates,
while computationally heavy, need to be performed at only
a handful of energies (perhaps only one energy, in favorable
circumstances).

Making use of this disparity in energy and length scales
necessitates a procedure for connecting the short-range
physics, described in hyperspherical coordinates [34—37], with
the long-range physics, described in Jacobi coordinates and
exploiting MQDT. Describing and evaluating this connection
procedure is a main goal of the present paper. Note that in
reactive channels, in which large translational energy (> 1 mK)
isreleased, the long-range wave functions are again indifferent
to the mK energy scale of reactants. For this reason, the full
MQDT theory need be applied only in the ultracold reactant
channels, where the energy sensitivity resides.

In a previous paper [38] we described a hybrid close-
coupling MQDT approach for nonreactive scattering in
molecule-molecule collisions. Here we extend the formalism
to reactive scattering. The paper is organized as follows. In
Sec. I we describe the theoretical formalism. A brief review of
the hyperspherical approach for reactive scattering is presented
first to introduce the key terminologies and quantities neces-
sary to describe reactive scattering. For ease of implementation
we use the hyperspherical approach implemented in the ABC
reactive scattering code [39]. This also enables the interested
users to easily implement the formalism into the ABC code
as it is widely used and publicly available. The MQDT
formalism is described in Sec. II B. In Sec. III we discuss the
numerical implementation of the approach to the benchmark
D + Hy(v, j) — HD(V', j/)+H reaction with full resolution of
the HD product rovibrational quantum states. Conclusions are
presented in Sec. IV.

II. THEORY

A. Coupled-channel formulation of reactive scattering

We provide a brief review of the CC formalism for
reactive scattering within the Delves hyperspherical coordinate
(DC) system [34]. Our discussion of the reactive scattering
formalism follows closely the description given by Pack and
Parker [35] and Tscherbul and Krems [14].

The hyperspherical coordinates for three-particle systems
involve three internal coordinates (hyperradius p and two
hyperangles) and three external coordinates (three Euler
angles). In an atom-diatom system, such as A+BC, there
are three arrangement channels corresponding to A+BC,
AB+C, and AC+B atom-diatom combinations. These three
arrangement channels are denoted by the index 7 in our
notation. The hyperradius p and hyperangle 6; in DC can be
written in terms of two mass-scaled Jacobi distances (S;,s;)
through a polar transformation:

p=(s2+s)" (1)
6, = tan~" [;—’} )

where S; and s, are, respectively, the atom-diatom center-of-
mass distance and internuclear separation of the diatom for a
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given atom-diatom arrangement. These two coordinates along
with y;, the angle between the vectors S; and s,, form the
three internal coordinates in the DC system. The three Euler
angles «, 8,1 form the external coordinates.

The Hamiltonian for the atom-diatom system in DC can be
expressed as [35]

. Poa 59
H = —p°— + Hau(p), 3)

2upSap” ap

where p is the three-body reduced mass given by u =
1/2 2

[%]/ The sepond term of Eq. (3),.Had(p), is

the adiabatic Hamiltonian for the surface functions and is

expressed as
72

— V. Hpol, (4
ZM,OZ N 0. (s + Hipot, (4)

Hu(p) = +[V(0,0:,y:) —

where £, is the orbital angular momentum due to end-over-end
rotation of the atom-diatom system, V is the total potential
energy, and V; is the diatomic interaction potential when one
atom is far from the other two atoms within an arrangement.
The last term in Eq. (4), the molecular Hamiltonian for a given
diatomic fragment, is given by

. B -
H, - S .
21 p?sin? 260, 00 26,
P
2up? sin? 6,

+ Vz(so), ®)

where j, is the rotational angular momentum of the diatomic
species in the arrangement channel t.

An adiabatic approach is used to solve the Schrodinger
equation in hyperspherical coordinates. This involves parti-
tioning the hyperradius into a large number of sectors, and
within each sector, diagonalizing the Hamiltonian H,q in the
remaining degrees of freedom:

Haua(p)®@M(w; p) = €,(0) DM (w; p), (6)

wheren = 1,2, ...,N, and N is the total number of adiabatic
states retained in the calculation. In the limit p — o0, each
index n correlates to a set {z,v, j,£} denoting vibrational (v),
rotational (j), and orbital angular momentum (£) quantum
numbers within each arrangement channel 7. This yields the
surface functions CD,{M (w; p), where w collectively denotes
the two hyperangles (internal angles 6, and y,) and the
corresponding eigenvalues [adiabatic energies €,(p)]. The
quantum numbers J and M specify the total angular mo-
mentum (J = ] + Z) and its projection on a space-fixed (SF)
axis. The p dependence of the adiabatic energies arises from
the parametric dependence of the adiabatic Hamiltonian on p.
Note that I:Iad( ©) is the Hamiltonian operator for the three-body
system without the radial kinetic energy operator.

To make the computation of the surface functions numer-
ically efficient, they are further expanded [39] in terms of
primitive orthonormal basis sets &,,(w; p) for a given J and M:

CD;;M(Q); 10) = Z an(p)gjm(a); /0),
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where F,,,(p) are the expansion coefficients and

1 2
- Z erj(,m(p)
/o, sin 20, s

En(w; p) =

X Yr0j(0r: P)V7M (32.50). (7)

The quantities o, and X, in the above equation are the
eigenvalues and eigenvectors of the overlap matrix O, defined
in Appendix A. The functions ijZM (3,;,S,) are the rotational
wave functions of the atom-diatom system in the total
angular momentum representation and Y,; are p-dependent
vibrational wave functions of the diatomic fragment in each
arrangement. Although the vibrational functions Y¢,;(6;; p)
are completely orthonormal within a given 7, they are not
orthogonal between different . Due to nonzero overlap of
Y1yj(6:; p) between the different arrangement channels at
small p, a canonical orthogonalization of the basis, as given
by Eq. (7), via the overlap matrix O is required to construct the
appropriate orthogonal primitive basis sets between different
7 [14]. The vibrational wave functions Y.,;(0;; o) and the
corresponding eigenenergies €.,; of the diatomic species are
solutions of the eigenvalue problem involving the molecular
Hamiltonian carried out at each value of the hyperradius:

o> e+ 1)
<_ 2pup? [W - ﬁ] + Vf(sf)> Y0 (02 )

= Ervj(;o)Trvj(Qr;p)' (8)

Note that in the asymptotic limit, the adiabatic energies €,(p)
coincide with the eigenenergies €,;.

The adiabatic surface functions ®/¥(w; p) serve as the
basis functions for expanding the total wave function W’/ of
the triatomic system:

1
VM0) = 5 DTN @i p). ©)

where '/ (p) is a p-dependent radial solution. On substitution
of Eq. (9) into the time-independent Schrodinger equation
HY'M = EW’'M one obtains radial equations of the form

&I} (p) )
= Z Won(0)T,1 (0) (10)
with the matrix elements
21 h?
Waun(p) = 7z €(p) + W — Eot | 8un + Pun + Qn(/,;,l)

where P and Q are derivative coupling matrices that ac-
count for the action of the hyperradial kinetic energy
—(R?/210°)3/3p(p°d/3p) on the p-dependent adiabatic basis
functions. Note that Eq. (10) is written for a given sector,
within which the surface functions ®/(w; p) are assumed
to be independent of p. Therefore, the derivative coupling
matrices P and Q are neglected within a sector. However,
the adiabatic surface functions CIJ,{ M(w; p) vary with p, and a
“sector adiabatic” technique is adopted for radial integration
in p. By dividing the entire range of p into small sectors and
enforcing continuity of the radial wave functions and their first
derivatives at the boundary of each sector, the solutions F,{ ()
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are transformed at the boundary between the jth to (j + 1)th
sectors using the relationship

Y(0j+1) =8 (p.pj+)Y(p)S(pj, pjis1), 12)

where Y denotes
%’?f')r(p j)_l and the sector-to-sector transformation matrix
S(p;.pj+1) is defined in Eq. (A3) of Appendix A. The log-
derivative matrix is propagated using the diagonal reference
potential method of Manolopoulos [40].

Thus, in the present approach, the reactive scattering
problem can be divided into two major steps: (i) solving the
eigenvalue problem of Eq. (6) to evaluate the surface functions
and adiabatic energies and (ii) propagating the radial equations
from a small p within the classically forbidden region to a
large asymptotic value using Eq. (12). The first step involves
(a) the construction of the overlap matrix O to evaluate the
eigenvectors X and eigenvalues o, (b) the evaluation of the
matrix elements (£, |H,a(p)|&,) in the primitive orthogonal
basis sets, and (c) the diagonalization of the above matrix to
yield the adiabatic eigenvalues €,(p) and the corresponding
expansion coefficients Fj,,(p). The expression for the matrix
elements of the adiabatic Hamiltonian is given by Eq. (A2)
in Appendix A. Once €,(p) and F,,,(p) are evaluated, in
the second step, the radial Eqs. (10) are propagated from
Pmin 10 P via Eq. (12) followed by applying scattering
boundary conditions to evaluate the reactant matrix K’ and
scattering matrix S”. Thus far, everything is formulated in the
SF coordinates, and one can propagate the radial equations in
this coordinate system. However, Egs. (A1), (A2), and (A3) of
Appendix A involve five-dimensional integrals that are hard to
evaluate and computationally intractable. This difficulty can be
overcome by transforming the angular functions Y7/ (3,80
in these equations from SF to the body-fixed (BF) frame.
This entails the transformation of the radial wave function
from SF hyperspherical coordinates to BF hyperspherical
coordinates. Thus, for computational efficiency, the radial
wave functions I'/,(p) are propagated according to Eq. (10)
in the BF representation. See Refs. [14,35] for details of the
SF to BF transformation. Details of the asymptotic matching
procedure are described in Appendix B.

Inthe ABC code [39], before applying asymptotic boundary
conditions, the log-derivative matrix at the last sector in p is
transformed from the BF to the SF representation in Delves
hyperspherical coordinates. Asymptotic boundary conditions
are then applied to the log-derivative matrix in SF coordinates
(as described in Appendix B) to evaluate the reactance and
the scattering matrices. The scattering matrix is subsequently
transformed from SF to BF representation to compute the
standard helicity-representation S matrix [39]. This is because
the ABC code is formulated in BF coordinates.

the log-derivative matrix Y(p;) =

B. CC-MQDT approach for matching
to asymptotic wave functions

Having constructed the log-derivative matrix in hyper-
spherical coordinates, the scattering calculation next needs
to continue the solution to asymptotically large values of the
relative coordinate S; of the reactants or products. In any
form of scattering theory, this is accomplished by using Y
as a boundary condition to construct linear combinations of
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asymptotic wave functions in the coordinate S;, for values
of §; larger than a convenient matching distance S,,. It
is assumed that the scattering channels are uncoupled for
S: = S, whereby the complete wave function is a linear
combination of solutions in each channel separately. This
linear combination is conventionally given as

Myi(S:) = fr(S)8si — 8p(SOKF,  Se > S (13)

Here f; and g represent a pair of linearly independent
reference functions in each channel, satisfying a Schrodinger

equation

R d*> R+ 1) vircs f; £ f; 14
( wmastt s TV ”)L?i}_ {é } (1
where p is the reduced mass of the three-body system as
defined earlier, ¢; is their relative partial wave, and E
is the kinetic energy in channel i. The channel index i
asymptotically correlates with separated molecule quantum
numbers {r,v,j,£}. V' is the reference potential in the
long-range of the form V' = —% — % - % The detailed
procedure for translating the wave function in the form of
the log-derivative Y in hyperspherical coordinates into an
asymptotic function (13) in Jacobi coordinates is given in
Appendix B.

The definition of K% in (13) is tied naturally to the
definition of the reference functions. In the product channels,
the collision energy is sufficiently large that the reference
potential V" is negligible at distances S; > S,,, whereby the
reference solutions f and g are taken as the energy-normalized
free-particle solutions f and g. Specifically, in open channels
these are given in terms of the spherical Riccati-Bessel
functions

1

fi(Se) = k2 Sp ji, (ki o), (15)
8i(S:) = k) Seny, (ki Sy), (16)

where k; = vV Zﬂh—f For closed channels, f; and g; are closely
related to the modified spherical Bessel functions of first
(I[i+l/2) and second (K(,._H/z) kind.

By contrast, in the reactant channels where the collision
energy is in the mK-uK range, the long-range reference
potential is not negligible and must be taken into account.
As the solutions f and g strongly depend on energy in
the threshold regime, the alternative solutions f; and g; of
[25] are used in the reactant channels. These solutions are
not energy normalized and weakly depend on energy in the
threshold regime. Moreover, they are able to retain their linear
independence in the threshold regime, even when the partial
wave is nonzero. In the present context they are defined by the
WKB-like boundary conditions [25]

N 1 Se
(S;) = ————si kiS’dS’+i>tS=Sx 17
fi(82) ki(sr)mn(/& (8.)dS; +¢; |at S, (17)
Sr
8i(S;) = — cos (/ ki(S.)dS, +¢,-) at S; = S,
ki(Sz) .\
(18)
at some small radius S, <S,, where k;(S;)=

v Zh—’z‘[Eq — VI"(S,)]. The phase ¢; is carefully chosen

PHYSICAL REVIEW A 90, 062703 (2014)

so as to preserve the linear independence of these functions
in the asymptotic limit [25]. These solutions are in turn
related to energy-normalized solutions via standard MQDT
transformations

fi = JA (19)

g = fi-Ai_l/zgi + §i-Ai_l/2, (20)

where the quantities .A and G have standard forms given in
Ref. [25] and crucially are smoothly dependent on energy.
Carrying out the resulting matching procedure, using free-
particle solutions (15) and (16) in product channels and
MQDT solutions (17) and (18) in reactant channels, results
in a provisional, short-range K matrix, denoted K*. Its main
feature in the theory is that it is generally only weakly
dependent on energy in the ultracold regime near the reactants’
threshold, as we will show in the examples below. Thus K*
can be interpolated, reducing the number of energies at which
the full hyperspherical calculation must be performed. At this
point, the exponentially growing closed-channel components
are eliminated, following the usual procedures of MQDT
[25,38] to yield a reduced K-matrix K via the equation

K=K — K (coty + K%) 'K, 1)

This reduced K matrix is in turn conveniently rewritten in
blocks corresponding to reactant and product channels, as

- (K K
K = (~ RR K RP) '
Krr  Kpp
There remains only the matter of translating from the reference
functions f; and g; into the energy normalized versions f; and

gi via Egs. (19) and (20). In block-matrix form, this gives the
transformation matrices

A0
A:(O I),

0 0
B:(O 0),

_(AT2G 0
]

A2 0
D:( ) I),

where I is the identity matrix. Making this substitution in the
wave function (13) transforms K into the final K matrix

and

K=(D+KC)B+KA)™. (22)

In block notation, the final expressions for the different blocks
of the asymptotic K matrix become

Krr = A"2(I + KrrG) ' Krr A%, (23)
Kpr = Kpr[I — G + Krr@) ' Krr]A'2, (24)
Krp = A"*(I+ KrrG) ™ 'Kgp, (25)
Kpp = Kpp — KprG(I + KrrG) ™ 'Kgp. (26)
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The symmetry of the resulting K matrix is illustrated by the
following transformation:

Kfp = Kpr(I + GKgp) ' A'/? 27)
= Kor(1— (KgaG ' +1)7)A2 (28)
= Kpr(T — GA + Kpr0) 'Krp) A2 (29)
= Kpr, 30)

where we have used Woodbury’s matrix identity to arrive at
Eq. (28). In the last step, the additional phase shift n; in each
channel, due to propagation in the long-range potentials V' in
each reactant channel, must be incorporated. This leads to the
physical scattering matrix

phys __ 6‘”’ 0 . o -1 ei" 0
S _(0 I)(I~|—1K)(I iK) (0 1)

IIl. APPLICATION TO D + H,(v, j) - HD(v', j") + H
REACTION

Since our approach is implemented in the ABC code, first
we briefly summarize the key steps involved in the computation
of reaction probabilities and cross sections using the ABC
code. For an incident kinetic energy E., separate runs of the
ABC program are needed for each value of the total angular
momentum quantum number J, parity p of the triatomic
complex, and a specified value of the diatomic parity ¢, where
g = (—1)/ for homonuclear diatomic molecules. Therefore,
each triplet {J, p,q} requires a different calculation leading to a
parity-adapted scattering matrix Sw jav jroy» Where € is the
projection of J in the BF frame. Once this matrix is evaluated,
any observable property of the reaction can be computed

by transforming SZ{; ja—rw e 1Nt a helicity-representation
S-matrix S/, QT by using appropriate expressions [39].
Hence, for a given J and an incident kinetic energy E., overall
quenching (nonreactive) and reaction probabilities from an

initial quantum state {7,v, j,2} are given by

J
‘L'UjQ qn(E ) - Z P‘L’va—)rv’j’Q’(EC)’ (31)
quenching v’ j'’
J
tva re(E ) - Z P‘[U]Q—)‘[ v ]/Q’(Ec)a (32)
reactive v’ j’'Q’
g J _
where the state-to-state  probability P o .o =

ISWJQ_” Iy j/Q,| . The corresponding cross sections, summed
over all final states, become

J
O-tvjﬂ,qn(EC)

al 2
= 0 s? Ty 'Y , (33)
k%ng(zj +1 Cluench%v'j/g, | Ty
O-l'ijQ,re(Ec)
T
= - STU e (34)
rva(Z.] + ) Z | j VY

reactive v’ j'Q’

where k;jqo =V 2h2 is the wave vector with respect to the
initial collisional channel. The elastic cross section is obtained

as O-el - k’ |1 rv/Q—nu;Q(E )|
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FIG. 1. (Color online) Lowest 10 adiabatic surface function en-
ergies €,(p) [as defined by Eq. (6)] as a function of the hyperradius
p for the D 4+ H, system for J = 0. The different adiabatic curves
asymptotically correspond to different rovibrational levels of H,
(solid curves) and HD (dashed curves) molecules.

We implemented the above approach for reactive scattering
by taking the D+ Hy(v,j) — HD(V',;’) + H reaction as
an illustrative example. The method requires an accurate
description of the long-range potential in the reactant
channels, where the MQDT formalism is applied. Since most
available PESs for elementary chemical reactions do not
provide an accurate treatment of the long-range interaction,
a reliable description of reactive scattering in ultracold
collisions continues to be a challenge. This appears to be the
case, even for widely studied benchmark systems such as the
F + H, reaction [8,41]. The choice of D + H, is motivated in
part due to the availability of an accurate PES for this system
reported by Mielke et al. [42] that includes long-range forces
for the diatomic species but also the possibility of doing quick
tests to benchmark the results. However, due to the fairly
large energy barrier for the reaction, the reactivity is small for
rovibrationally ground state H, molecules. Despite such low
reactivity, we show that the MQDT formalism works very well
for the ground state of H,. Figure 1 shows the adiabatic surface
function energies €,(p) for the D + H, system for J = 0.
The different adiabatic curves asymptotically correlate with
different rovibrational levels of H, and HD molecules. For
the initial v = 0,j = 0 level of the H, molecule, rovibrational
levels v' = 0, ;" = 0-2 of the HD molecule are energetically
accessible in the zero collision energy limit.

The MQDT reference functions and parameters are de-
termined by solving one-dimensional Schrodinger equations
in a reference potential of the form V' as mentioned in
Eq. (14). Details are given in [25,38]. This requires long-range
expansion coefficients for the D + H, atom-dimer interactions.
For the diatomic fragments the dispersion coefficients are
accurately known. Their values in atomic units are Cg =
6.499027,Cg = 124.3991, and C;p = 3285.828 [42]. How-
ever, Mielke et al. [42] did not report the corresponding values
for the atom-diatom interaction. We numerically extracted an
effective Cg by fitting the lowest diagonal element of the
long-range part of the diabatic potential matrix to a long-range
expansion of the form of V. The diabatic potentials are

062703-5



HAZRA, RUZIC, BOHN, AND BALAKRISHNAN

PHYSICAL REVIEW A 90, 062703 (2014)

T
— FCC, 100 a,

%, one gw — FCC, 100 a,
= 103, = .. MQDT, 10a
e} -14 = . ’
S 1oE |-~ MQDT. 124 = —- MQDT, 12,
< +—.MQDT, 15 a, c MQDT, 15
S S 2~ MQDT, a,
= .— MQDT, 2043, o
=] -15 =]
RN ] g
B °
S [
G 1 =
= 10 3 =
= S
o ]
2 =
-17 L L | |

.~ MQDT, 208, .- 4

Total reaction probability

10° 100 10% 100 100 10" 10°

Energy (K)

Energy (K)

107 gl sl
10° 107 10 100 107 10" 10

Energy (K)

FIG. 2. (Color online) Convergence of the total reaction probability in the 1 wK-1 K regime for different values of the short-range
matching distance that defines the boundary between CC and MQDT formalisms. The left, middle, and right panels correspondto v = 0, j = 0;
v=2,j =0;and v = 5,j = 0 initial states of H,, respectively. The solid black curves correspond to the full CC result while the other curves
in each panel correspond to MQDT results with different matching distances: 10 ay (dotted black curves), 12 a, (dashed black curves), 15 agy

(solid red curves), and 20 a, (dashed-dotted blue curves).

constructed by matrix elements of the interaction potential
in a basis set consisting of rovibrational wave functions of
the H, molecule. The C¢ coefficients evaluated this way are
slightly sensitive to the initial vibrational level of H,, but we
have used the same C¢ coefficient obtained for v = 0 for
all vibrational levels investigated in this study. Despite this
simplicity in the choice of the long-range potential, the hybrid
CC-MQDT approach reproduces the full CC results within
5%—-10% in most of the cases. This clearly indicates that the
short-range reaction dynamics is fully characterized by the
short-range K matrix.

A. Convergence tests
1. Matching distance

Asymptotic boundary conditions (i.e., matching to free-
particle wave functions) can be applied only when the interac-
tion potential becomes small compared to the collision energy.
In cold and ultracold collisions this requires radial integration
of the coupled equations to large values of the hyperradius.
For the full CC calculations, converged results are obtained
by matching the log-derivative matrix to free particle wave
functions at p,, = 100 ay. However, for the MQDT version,
a short-range matching distance S, just outside the region of
chemical interaction is used to minimize the computational
cost. In this case the CC calculation needs to be performed
only up to §,,, beyond which the whole multichannel scattering
problem is converted into a single channel problem involving
a subset of channels (N’) treated by MQDT. This leads to com-
putational effort proportional to N’ < N (not N3) beyond S,,,.

Figure 2 shows the convergence of the total reaction
probabilities as a function of the short-range matching
distance S, for three different initial vibrational levels of the
H; molecule: v =0, = 0 (left panel); v = 2,j = 0 (middle
panel), and v = 5,j = O (right panel). In each of the panels,
results are shown for four different values of S,,,: 10, 12, 15, and
20 ay. In all three panels, the solid black curves show converged
full CC results obtained by matching at po, = 100 ay. The
different other curves correspond to MQDT results for
different values of S,,. It is seen that the hybrid CC-MQDT
method yields nearly identical results as the numerically
exact full CC calculation for a matching distance of 20 ay.
The percentage errors for the different matching distances are

presented in Fig. 3 for the different initial vibrational levels.
While ideally one would like to have the smallest value of S,
possible, any choice of S,, at which the interaction potential
has not reached its true asymptotic form will lead to larger
errors as depicted by the results for S,, = 10 ag. Though any
additional phase shift due to V' beyond S, is taken into
account by MQDT, this phase shift is not taken into account
for the reactive and vibrational deexcitation channels that are
characterized by high kinetic energies and not described by
MQDT. The percentage error is 30%—-80% for a matching
radius of 10 aq (dotted black curves) for all three vibrational
levels. The percentage error is less than 10% for S,, = 12 ag
(dashed black curves) and within 4%—-6% for S,, = 15 and
20 ag (solid red curves and dashed-dotted blue curves). These
values are slightly higher for v = 5 for the matching radii of 12
and 15 ag but less than 5% for S,, = 20 ap. The convergence
studies show that any values between 15 and 20 ay would be
a reasonable short-range matching distance for MQDT.

2. Energy independence of K**

In Fig. 4 we show the weak energy dependence of the
diagonal elements of K* as a function of the kinetic energy

=0,j=0 =2,=0 =5,/=0
e T L B T
....... . ‘. . 70}
80+ « 1 35t ‘o 65}
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FIG. 3. (Color online) The percentage error in total reaction
probability for different short-range matching radii S,, as a function of
the collision energy for the three different initial rovibrational states
of H, depicted in Fig. 2.
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distances. The left panel corresponds to a matching distance of 15 ay,
whereas the right panel pertains to the matching distance of 20 ay.

for two different matching distances of 15 (left panel) and 20
ag (right panel) for the v = 0,7 = 0 initial state. It is clear
from the left panel of Fig. 4 that up to 100 mK the short
range K matrix is independent of energy, but it becomes a
smooth function of energy beyond 100 mK. This illustrates
that, in principle, a single short-range K* matrix can be used
in the 1 ©K-100 mK regime, even though the cross sections
vary by several orders of magnitude over this energy range. For
energies in the 100 mK-1 K regime an interpolation procedure
over a sparse grid of energies may be used. Thus, for the
matching distance of 15 ag, we divide the interpolation of K*
into two different ranges of collision energy: (i) the ultralow
energy range E, = 1 uK-1 mK, where K¥ is evaluated at
1 uK and 1 mK and (ii) the energy range E. = 100 mK-1 K,
where an energy spacing of 200 mK is employed.

However, at S,, = 20 ao (right panel of Fig. 4) a stronger
dependence on energy is observed for the same elements
of K% beyond 10 mK. This appears to be due to the very
shallow nature of the van der Waals potential well in the
D + H; system. The minimum of the van der Waals potential
for D 4+ H, is about 27 K at § ~ 6.5 ay. As S,, increases,
the van der Waals well becomes shallower. At about 1 K the
collision energy is no longer negligible compared to the well
depth at S,, = 20 ap. Thus, the MQDT reference functions,
defined by Eq. (17) and (18), become energy sensitive. This
is also reflected in the stronger energy dependence of the
K* matrix obtained at S,, = 20 a,. Hence we need more
points to accurately interpolate K evaluated at this matching
distance. Therefore, in this case, we divide the interpola-
tion of K* into three different ranges of collision energy:
(i) the ultralow energy regime E. =1 uK-1 mK, where
K* matrix is evaluated at 1 uK and 1 mK; (ii) the range
E, = 10 mK-100 mK, where K* is evaluated at 10 points
with 10 mK separation; and (iii) the range E. = 200 mK-1 K,
where an energy spacing of 100 mK is employed. The energy
dependence of K* indicates that when the scattering energies
are only a small fraction of the interaction potential at the
matching distance (typically systems with deep attractive
potential wells), a single K*" computed in the «K regime may
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suffice to evaluate reaction cross sections in the Kelvin regime.
The results in Figs. 3 and 4 illustrate that 15 ap would be a
reasonable short-range matching radius for MQDT, and we
adopt this value for the rest of the calculations.

The ability of MQDT to handle scattering in terms of
an energy-smooth K* will carry over into more elaborate
conditions than the ones presented here. Notably, in the coldest
collisions one may be interested in the influence of electronic
and nuclear spin states on scattering, to say nothing of the
ability of a magnetic field to manipulate scattering. This will
require a description of Fano-Feshbach resonances, wherein
the scattering observables will vary widely on the resonant
scale. In MQDT, a whole forest of resonances may be usefully
described over a large range of energy and field, utilizing a
simple K¥. Such resonances are not present in the prototype
system we consider here, however.

B. Initial state-selected reaction probabilities and cross sections

In Fig. 5 we present a comparison of total reaction proba-
bilities and the corresponding cross sections for D 4+ Hy(v =
0-7,j = 0) collisions evaluated using the full CC and CC-
MQDT approaches. Only the contribution from J =0 is
included. The full CC results are obtained at an asymptotic
matching distance of 100 ay, whereas the MQDT results use
a short-range matching distance of §,, = 15 ay. The different
curves (in both the left and right panels) correspond to the
different initial vibrational levels of the H, molecule. The solid
black curves refer to results from full CC calculation, while
the red curves correspond to MQDT results. The agreement
between full CC and MQDT results is excellent, and in most
cases the percentage error is about 5%—6%. Since the reaction
has an energy barrier of about 0.42 eV (~4800 K), the reaction
probabilities are very small for v =0 and 1 initial states.
However, the reactivity increases rapidly with H, vibrational
excitation in agreement with previous results of Simbotin et al.
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FIG. 5. (Color online) Total reaction probabilities (left panel) and
the corresponding cross sections (right panel) for D + H(v, j) —
HD + H reaction for v = 0-7 and j = 0 as functions of the incident
collision energy. The black curves denote full CC results, and the
overlapping red curves denote the corresponding MQDT results. The
different curves correspond to the different initial vibrational levels
of Hy: (@)v=0,(b)v=1,c)v=2,dv=3,(e)v=4,(fv =35,
(g)v==6,and (h)v =17.
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[43]. The reactivity for v = 6 and 7 are comparable to that of
v = 5. This is an indication that the reaction becomes essen-
tially barrierless for v > 5. Itis encouraging to see that, despite
the small reactivity for v = 0 and 1, the MQDT approach is
still able to quantitatively reproduce the full CC results.

Regarding the parameters employed in the full CC calcula-
tions, step size of Ap = 0.01 ay is adopted for the radial inte-
gration. In the ABC code the total number of couple channels is
controlled by the three parameters Enx, jmax, and 2max. For a
given Epax, all channels with asymptotic rovibrational energies
€rvj < Emax are included, while the parameter jya, restricts
the number of rotational levels for the different diatomic
fragments. Similarly, Qp.x (kmax in the notation of ABC
code) restricts the number of BF projection quantum numbers.
Obviously Q. =0 for J = 0. We have chosen different
values of E,, for three different ranges of initial vibrational
levels of Hy: for v < 2, Epnax = 3.5 eV (this leads to vy = 7
for H, and vy,,x = 8 for HD in the basis sets); for 3 < v < 6,
Enax = 4.25 eV (this includes vy, = 10 for Hy and vy, = 12
for HD) and for v = 7, E,ax = 4.75 eV (this includes vy, =
14 for H, and vy, = 17 for HD). However, we have restricted
the total number of channels by fixing jm.x = 8. Thus, the
results presented here are only partially converged with respect
to the number of rotational levels included in the basis set.
Fully converged full CC results using higher rotational levels
in the basis set have already been reported by Simbotin et al.
[43] using the BKMP2 PES for the D 4 H, reaction for the
vibrational levels and energy regimes investigated in this study.
Since the aim of this paper is to illustrate the usefulness of the
hybrid CC-MQDT formalism for cold and ultracold reactions,
we resort to the smaller basis set described above.

C. Rovibrational-state resolution of reaction products

The CC-MQDT approach presented here allows full
quantum state resolution of reaction products as in full
CC calculations, an aspect missing from previous MQDT
treatments of ultracold chemistry. As an illustrative example
we choose to study the v = 4,j = 0 initial state of H,, which
allows for the population of several rovibrational levels of the
HD molecule as well as nonreactive quenching, leading to the
population of lower vibrational levels of the reactant molecule.
The total reaction probability and cross section for J = 0 for
this initial H, level have already been shown in Fig. 5. In the
left panels (1 and 2) of Fig. 6 we show the corresponding
vibrational-level resolved reaction cross sections for the HD
product. Cross sections for nonreactive vibrational quenching
of the H, molecule are shown in the right panels (3 and 4) of
Fig. 6. In all of the panels, the black curves denote the full
CC results, and the red curves depict the MQDT results. The
agreement is excellent, reflecting the similar agreement for the
total cross sections.

The different curves correspond to the different vibrational
levels of the HD product or nonreactively scattered Hj
molecule. Vibrational levels v = 0—4 of the HD molecule are
populated in the reaction. They are depicted by curves (a)—(c)
in panel 1 and (a) and (b) in panel 2 of Fig. 6. The curves labeled
(a) and (b) in panels 3 and 4 of Fig. 6 show H, quenching
cross sections. The results show that, even in the ultracold
limit, chemical reaction dominates over inelastic vibrational
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FIG. 6. (Color online) Comparison between full CC and MQDT
calculations for vibrationally resolved HD product as well as
nonreactively scattered H, in D 4+ Hy(v =4, = 0) collisions for
total angular momentum J = 0. The left panel shows vibrationally
resolved cross sections for the HD product, whereas the panel on the
right shows corresponding cross sections for H, quenching.

quenching. The vibrationally resolved cross sections for
quenchin{g and reaction are proportional to the fo]lowing
sums: Uruva,qn & an, Jj'Y |S‘Z');)jQ~>rv’j’Q’(EC)|2 and U:vjfl,re &
Do |S;’;jQ_”,U,j/Q,(EC)|2, respectively, where the sums
are carried over all open rotational levels within a given vibra-
tional level v" of a particular arrangement channel. Note that
here we omit the quantum number J to simplify the notation.

For vibrationally excited molecules, the treatment of
MQDT is slightly modified in addition to the procedure
described in Sec. II B. For these cases, the MQDT formalism
is only applied to the initial collisional channel and those
associated with cold and ultracold energies. Whereas the other
open inelastic (nonreactive) channels characterized by high
kinetic energies within the reactant arrangement are treated in
the standard way, i.e., these channels are matched to the normal
asymptotic Bessel functions. In other words, they are treated
like product channels. Thus, the transformations described by
Egs. (23)—(26) are also applied to the high kinetic energy
channels of the reactant block in KRR.

A comparison between the full CC and MQDT methods
for rotationally resolved cross sections for the HD product in
different energetically open vibrational levels are presented for
the v = 4 initial state in Fig. 7. The different panels correspond
to the rotational distributions in the three highest populated
vibrational levels v/ = 2, 3, and 4 of HD. As in other cases,
the black curves denote the full CC results, whereas the red
curves depict the MQDT calculation. Again, the agreement
is excellent, as in the case of vibrational distribution. Any
small deviation can be attributed, at least in part, to neglecting
the anisotropic contribution to the interaction potential in the
construction of the MQDT reference functions.

The rotational level populations of nonreactively scattered
H; molecules in three highest populated vibrational levels
(v =1, 2, and 3) are presented in Fig. 8. As before, the full CC
results are shown by the black curves, and the MQDT results
are shown by the red curves. Note that only even rotational
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FIG. 7. (Color online) Comparison between full CC and MQDT
calculations for rotationally resolved reaction cross sections for the
HD product in D+ H,(v =4,j = 0) collisions. The left panels
(1 and 2) correspond to HD(v' = 2, '), the middle panels (3 and
4) correspond to HD(v' = 3,j’), and the right panels (5 and 6)
correspond to HD(v' = 4, j").

levels are populated since the calculations are restricted to the
even parity states of the H, molecule (para-H;).

D. Total reactive probability for nonzero J

Finally, in Fig. 9 we present a comparison between full CC
and MQDT results for the total reaction probability for differ-
ent initial rotational levels of H, within the v = 0 vibrational
level. The different curves labeled (a)—(e) correspond to the
initial rotational levels j =2, 4, 6, 8, and 10, respectively.
For each case, the calculations are restricted to j = J to
capture s-wave scattering in the incident channel. Also, for this
particular case, both the triatomic parity p and diatomic parity
q are limited to +1. These results are included to demonstrate
that the method is not restricted to the nonrotating case.
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FIG. 8. (Color online) Similar results as in Fig. 7 but for the
nonreactively scattered H,. The left panel corresponds to H,(v' =
1,j7), the middle panel corresponds to Hp(v' = 2, j’), and the right
panel corresponds to H,(v' = 3, j').
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IV. CONCLUSIONS

We have presented a formulation of multichannel quantum
defect theory that is able to yield full rovibrational level
resolved cross sections and rate coefficients for cold and
ultracold chemical reactions with an accuracy comparable to
the full close-coupling calculations but at a much reduced com-
putational cost. The method makes use of the close-coupling
approach but restricts it to the chemically relevant region
with the long-range part handled by the MQDT formalism.
The usefulness and robustness of the method is illustrated
by applying it to the benchmark D + H, — HD + H reaction
for vibrational levels v = 0-7 of the H, molecule. Rotational
and vibrational populations of the product HD molecule are
evaluated using this hybrid CC-MQDT method, and they
are shown to be comparable to those obtained from the full
close-coupling calculations. A similar agreement is found for
rovibrational distributions of the nonreactively scattered H,
molecule.

The method has many attractive features that make it
appealing for ultracold chemical reactions. For instance, the
short-range K matrix, evaluated by matching MQDT reference
functions to the log-derivative matrix from the close-coupling
calculation, is found to be largely energy independent in
the 1 ©K-10 mK regime. This implies that CC calculations
need to be performed just at a single collision energy, say
1 1K, to evaluate cross sections at all energies between 1 K
and 10 mK. Since this is the time consuming part of the
computation, it leads to significant savings in computational
time. For systems with deeper interaction potentials than
D + H; (which has repulsive interaction at short range and
a shallow van der Waals well in the long range), the energy
independence of the short-range K matrix is expected to
be valid over a larger range of energies, allowing one to
restrict the CC calculations to a few collision energies in
the ultracold to 1-10 K regime. One caveat remains, namely,
that the short-range K matrix may contain resonances from
rovibrational channels that become closed at radial distances
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smaller than S, [28], potentially requiring special handling
within MQDT. Such resonances did not occur in the present
calculation however. Similarly, for open-shell systems with
deep potential wells, calculations involving external fields,
spin, and hyperfine effects can all be restricted to the MQDT
part as energy splitting due to these factors will be many orders
of magnitude smaller than the well depth of the interaction
potential at short range.

The application of the method to more complex reactions
with deeper potential wells and inclusion of external field
effects are planned.

J

4
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APPENDIX A

The matrix elements of the overlap matrix O between
different arrangements (z,t’) can be expressed in the SF
representation as [14]

(Yeuj O PNV e 8| Yo j (0 )| VI B, 82)

sin 26,

_— Al
sin 26, Aab

:|Trvj(er; P) Yoy j1 (05 ),

sin? 26, for the integration over the angles is included in arriving at the second expression. The orthonormality

of the matrix elements of O within the same arrangement (,7) yields Ocyje rv jir = Sy 8jj1 80,0
The matrix elements in the SF representation of the adiabatic Hamiltonian are given by

4 1
sin 26, sin 26,/ A/ OmOm' il TV j O

(Em'Had(pNgm’) =

< | VIV (3. 80).

D037 Xevjem(@) X e jrorw (0) Ceuj O OINVIM G2 80) | Haa ()| Yo o013 )

(A2)

In the SF representation, the sector-to-sector transformation matrix elements are defined by the following expression:

(S, 0Dl = (@) (@: p)| )M (@3 pj11))

= Z an(,Oj)Fm’n’(pj+1)— Z

Z X‘L’vje,m(pj)Xr’v’j’Z’,m’(ijrl)

S OmOm!
m,m’ me=m Tvjl v

X
sin 26, sin 260,/

APPENDIX B: SCATTERING BOUNDARY CONDITIONS

Once the propagation of the log-derivative matrix from a
small p to an asymptotically large value of p is accomplished,
one needs to apply the asymptotic boundary conditions
to the Y matrix (calculated in DC) to obtain K’. The
boundary conditions are applied in Jacobi coordinates since
the asymptotic forms of the wave functions are well known
in this coordinate. Therefore, asymptotic analysis involves
projecting the DC wave functions onto wave functions in
Jacobi coordinates. A detailed description of this procedure
is given by Pack and Parker [35] and only a brief account
is given below. Note that a similar approach will be used
for matching MQDT reference functions to the log-derivative
matrix from the CC calculations. First, in the asymptotic limit
(p —> 00), where the exchange interactions between different
arrangements become zero, it is convenient to express the total
wave function W/ of the reactive scattering system in Jacobi

(Yevj Oz oIV G 8| Yo Orr pjs)) [V (8. 8-

(A3)

(

coordinates:

Tvjl T

G e (S Xerj (s)VIM (5. 8),  (B)

where the quantities G{Uﬂ and A%,; denote, respectively,
the radial expansion coefficients and the vibrational wave
functions of the diatomic molecule. Note that here we
explicitly include the quantum number n = {t,v, j,£} since it
refers to the asymptotic molecular states. In the asymptotic
region, the angular functions y]QM (3,,5,) are the same in
both Jacobi and DC as there is no overlap between functions
with different t. The rovibrational wave functions in both
coordinate systems satisfy the orthonormal condition. The
asymptotic form of the total wave function in DC is given
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by

_ ruﬂ(p) Trvj(er» Q)
22; S sin2. Y/ (e,80). (B2)
TVj

By usual projection and using the orthonormality of the rovibrational wave functions, the following expressions for the radial

J
expansion coefficients FIJU it (p) and its derivative ar+g(p) are obtained [35]:
1 (72 A T (O /,,O)yJM*(S 80)
Tyep) = 7 f d6,(sin 26,.)* f dspdS, [ i 0 - (WM p¥2), (B3)
0 sin 20,
a0 1 (7 [ 2708, 6 PV, 80
Loyt 2 / d6.(sin 20,/)? [ ds.dS, R ad (qﬂM 5/2y, (B4)
ap 4 Jo sin 260,/
Using sS = p?sinf cos@ = £lsin20 ““29 and multiplying by p¥/2, Eq. (B1) is reexpressed as
2p1/2
PRUMN=Y G (S X (50) Vi (B, ). (BS)

Substitution of the above equation in Eqs. (B3) and (B4) and performing the integrals over d$. and dS, and using
[ dsod S VI3, 8.0 VIM(8:,80) = 8:28 ;84 one obtains

/2
TLi(p) = 80e8j;800p" / d0: X 1O pIGL (S Xrj(se), (B6)
Tvjl 0

[ wjg(S )XTU](SI)]
ap

arl{ng(p) _ 1
ap T2

/2
TLe0)+ Y 808y 800" f .Y, (03 p) (B7)
0

Tvjl

The asymptotic boundary conditions of the wave function and its derivative in Jacobi coordinates, in terms of two reference
functions f and g, are G(S;) = f(s,) — 8(S,)K and G/'(S;) = f(s,) — 8'(S.)K, respectively, where the primes indicate
differentiation with respect to S, and K is the reactance matrix. In our case, the reference functions f and g are spherical
Bessel functions in the product channels and MQDT-reference functions in the reactant channels. These two boundary conditions
for the wave function G in DC yields

7 ;o A 1 7
I(p) = Alp) — B(p)K", T %A(p) +C(p) — D(p)K’, (B8)
where the matrix elements of A and C have the form of
/2
Ar’v/j’l’,rvjl(p) = Sr’ra.j’,jaﬁ’fpl/zf d@ Tt U/]/(er” p)frv]E(S )er/(sr) (B9)
0
/2 d £ (S )
Covyemmn(p) = bucbysbuep! [ docT, (9,/;p>[ T Has (s cont + S siny ] B
0 T T
[
The matrices B eind D have similar expressions but with the (in DO),
Bessel function f(S) replaced by g(S). It is clear from the ; 1 -1 1
expression of the projection matrices A and C that they are K’ = (YB - %B - D) (Y-A - ZA - C) . (B1D)

diagonal in all the quantum numbers but there is an overlap

between different vibrational states with same {z,j,£}. From  The S-matrix S” is obtained from the K matrix using the well
Eq. (24) and using the above expressions, the final form of ~ known Cayley transformation. It is to be noted that both K’
the K matrix is obtained in terms of the log-derivative matrix ~ and S’ are independent of p and the choice of the coordinate
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