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Transition rates in O,-O collisions for each vibrational and rovibrational state are generated by means of the quasi-
classical trajectory method using potential energy surfaces of different fidelities. The first potential energy surface,
obtained via the double many-body expansion method, is adopted to obtain vibrational transition rates assuming
transrotational equilibrium. The trajectory simulation on a simpler potential surface, based on the two-body pairwise
interaction, generates a complete set of rates for each internal state. Vibrational and rotational relaxations of oxygen
in a heat bath of parent atoms are modeled by a system of master equations at translational temperatures between
1000 and 20,000 K. It is shown that the vibrational relaxation becomes less efficient at high temperatures, in contrast
with the conventional equation for relaxation time proposed by Millikan and White (“Systematics of Vibrational
Relaxation,” Journal of Chemical Physics, Vol. 39, No. 12, 1963, Paper 3209). Rotational and vibrational relaxation
times are the same order of magnitude in the range of temperatures observed in hypersonic flows. The excitation of the
vibrational mode in O,-O collisions under typical postshock conditions occurs earlier than in other molecular
systems. The exchange channel plays an important role in the internal energy randomization.

Nomenclature
E. energy of collision, eV
J.Jj’ = initial and final rotational quantum numbers
K = bound-bound transition rate, cm? /s
n; = number density of O, rovibrational level i, cm™>
no = number density of atomic oxygen, cm™>
T, Ty = translational, vibrational, and rotational temper-
atures, K
v, v’ initial and final vibrational quantum numbers
o = cross section, A
vibrational and rotational relaxation times, s

Tyibs Trot = i e
= transition probability

I. Introduction

URING flight at hypersonic speed, a significant degree of

thermal nonequilibrium in the flow field can be observed.
Because oxygen quickly dissociates during reentry, the O,
thermochemistry has attained less attention than other aspects of
hypersonic aerothermodynamics. However, during the cruise flight
of a hypersonic vehicle at a moderate velocity of 2—3 km/s, a
significant amount of molecular oxygen is encountered in the
postshock region. Meanwhile, significant progress in the state-
resolved chemistry models of atmospheric species has been achieved
over the past decade [1-6]. Toward this end, the application of
advanced numerical methods for the simulation of oxygen chemistry
is described in the current work.

The quasi-classical trajectory (QCT) method was previously used
to generate cross-section data for important three-body systems such
as N,—N, N,-O, 0,-0, and H,—H [5,7-9]. In these calculations, the
simulation of atom-—molecule collisions with randomly sampled
parameters is preceded by the choice of an accurate, preferably ab
initio, potential energy surface (PES), which ultimately governs the
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properties of molecular systems. Further analysis should involve the
solution of kinetic equations that are coupled to the set of state-
specific transition rates. This step presents a significant computa-
tional challenge due to the large number of internal states.
An accurate state-to-state model considers each energy state as a
separate species. The total number of equations is on the order of
several thousand for each molecular species, and such a system of
equations is numerically stiff due to the rapid dissociation at high
temperatures.

These factors make the state-to-state kinetic approach an
extremely expensive and, at the same time, very desirable technique,
since it is possible to model the thermal nonequilibrium in a shock
flow without assuming the existence of internal temperature. Recent
works in this direction have reported the studies of rovibrational
relaxation and dissociation in the N,—N [3,4] and the O,—Ar [10]
systems using accurate transition rates under constant heat bath
conditions. Among other molecular systems, the interaction of O,
with its parent atom is of interest [11]. Oxygen chemistry is also
important in the flight environment of scramjet engines. On the other
hand, vibrational relaxation in O,—O collisions is known to proceed
several orders of magnitude faster than that of other molecules [12]
due to the large attractive component in the O3 potential energy
surface [13].

Recently, the importance of using a state-resolved kinetic approach
for the description of oxygen shock flows was demonstrated [14].
The O,—O transition rates, obtained in the present work via the
Varandas and Pais PES [13], were used to simulate the vibrational
relaxation in the range of translational temperatures between 4000
and 10,800 K in experiments conducted by Ibraguimova et al. [15].
Since the complete set of O,—O, transition rates obtained by
trajectory simulations is not available, the force harmonic oscillator
model was used [16]. The state-to-state approach was shown to give a
consistently more accurate representation of vibrational temperature
behind the shock, measured by laser absorption in the O,(X? DI
B3%;) Schumann—Runge bands, compared to the two-temperature
model [17]. The difference between these two thermodynamic
models increases with temperature, which is due to the larger amount
of atomic oxygen in the stronger shock waves.

The O,—O transition rates for each vibrational state were obtained
previously by Esposito et al. [5] on an accurate PES by Varandas and
Pais [13] at temperatures between 100 and 10,000 K. The present
paper adopts two potential energy surfaces of different fidelity. First,
the O,—0O system is revisited using the same PES as in [5] over a
broader range of collision energy that is of relevance to hypersonic
flows. Due to the high cost of employing this PES, the rates are
obtained for each vibrational state assuming transrotational


http://dx.doi.org/10.2514/1.T4769
http://crossmark.crossref.org/dialog/?doi=10.2514%2F1.T4769&domain=pdf&date_stamp=2016-01-11

Downloaded by University of Michigan - Duderstadt Center on December 14, 2017 | http://arc.aiaa.org | DOI: 10.2514/1.T4769

534 ANDRIENKO AND BOYD

equilibrium. Additionally, acomplete set of trajectory simulations for
each internal state is carried out on a simpler PES, based on the
pairwise potential. These two sets of rates are employed in a system of
master equations to describe the rotational and vibrational relaxation
in O,—0 collisions.

This paper is organized as follows. Section II provides a
background on the molecular structure of oxygen and on the existing
data of O,—O collisional dynamics. Section III addresses the
governing relations of the QCT method and master equations. The
detailed study of rovibrational relaxation is presented in Sec. IV.
Conclusions are given in Sec. V. The supplemental data are listed in
the Appendix.

II. Background
A. 0O, and O3 Molecular Structure

In the present work, two potential energy surfaces of different
fidelity are adopted to study the O5 system. The first PES is obtained
by the summation of interactions between each pair of atoms. This
potential surface does not account for the many-body interaction;
however, the QCT simulation with this PES can demonstrate the
influence of the three-body interaction. This potential surface is
obtained as follows:

Vo,(rag: ' rac) = Vo, as(raB) + Vo, sc(rsc) + Vo, ac(rac)

ey

where the diatomic interaction Vo, (r) is given by the Hulburt-
Hirschfelder (HH) potential:

Vo,(r) = D[(1 —exp(-a(r = r,)))*
+ca*(r=r,)* exp(=2a(r = r.))(1 + ab(r—r,))]  (2)

Coefficients a, b, and ¢ are determined by the spectroscopic
constants of oxygen, listed in [18]. The Wentzel-Kramers—Brillouin
(WKB) method is used to generate energy levels. The HH PES
supports 36 vibrational states, a maximum of 231 rotational states,
and a total number of 5117 rovibrational states of O, (X> ).

An accurate O3(X'A,) PES [13], derived via the double many-
body expansion method, is also adopted for the purpose of high-
fidelity simulation. This PES is obtained by the multiproperty fitting
of ab initio energies, existing experimental data on total scattering
cross sections, and the measurements of kinetic thermal rates. The
Varandas and Pais PES [13] well describes the main topographical
features of the singlet ozone as a whole and presents a good
compromise between cost and accuracy [19,20]. The Varandas and
Pais PES [13] reproduces the ab initio value of energy difference
between open chain stable and cyclic metastable conformers and has

the R~" function of long-range forces in the dissociation channel. The
05 dissociation energy of 1.13 eV at the O—O bond length of 1.27 A
and the angle of 116.8 deg are in excellent agreement with
experimental data [21].

The extended Hartree—Fock approximate correlation energy
method [22] is used to described the two-body potential in the
Varandas and Pais PES [13]. The WKB method generates 47
vibrational levels and a maximum of 236 rotational levels for
molecular oxygen on this PES. Internal energies for these PESs are
givenin [23]. The total number of rovibrational states on the Varandas
and Pais PES [13] is equal to 6245. Taking into account the nuclear
spin statistics of a homonuclear molecule, the even-numbered
rotational levels for the O, (X3Z;) state are forbidden. Since, during a
bound-bound rovibrational transition, the symmetry of the initial and
final states cannot change, transitions of the O, molecule in the
ground electronic state are only allowed between odd-numbered
rotational levels [21].

When incorporated into the QCT code, the Varandas and Pais PES
[13] requires approximately 8 to 10 times more computational
resources than the HH PES. Due to this reason, the calculation of
state-specific transition rates for the entire rovibrational ladder using
the Varandas and Pais PES [13] is now in progress and not reflected in
the present paper. As the first step of investigation using the high-
fidelity PES, the rotationally averaged transition rates for all
vibrational states are obtained at rotational temperatures of 1000,
2000, 3000, 5000, 10,000, and 20,000 K. For the HH PES, a complete
set of rovibrational cross sections is generated and discussed in the
present paper.

The comparison of HH and Varandas and Pais [13] potentials is
shown in Fig. 1 for the O,—O collinear collision. The HH PES
suggests a deep triangular minimum of potential energy, whereas the
PES by Varandas and Pais has a linear direction of the closest
approach and two saddle points at distances of 1.6 and 2.4 A. The
potential barriers, introduced by these saddle points, are 0.6 and
1.9 eV, respectively. Thus, it is expected that transition rates obtained
using the HH PES will be higher than those obtained with the
Varandas and Pais [13] potential.

B. Previous Experimental and Theoretical Studies

The vibrational relaxation of air species is usually described by the
Millikan—-White (MW) equation that connects the vibrational
relaxation time to the macroscopic parameters, such as temperature
and pressure. In the original work [24], the analysis of a large amount
of experimental data was performed. It was found that vibrational
relaxation becomes more efficient as gas temperature increases. The
typical relaxation times of nitrogen and oxygen species vary from
1073 to 1077 atm - s in the range of temperatures from 1000 to
8000 K. However, there are several exceptions to this rule, when the
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Fig.1 Oj; potential energy surface in collinear configuration.
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vibrational relaxation of some species proceeds much faster. For
example, the relaxation in NO-NO, O,—-0O, and N,—O collisions
occurs two to three orders of magnitude faster than in other types of
collisions. The experimental data on such molecular systems are
scarce [25-27] and cover only a narrow temperature range
below 4000 K.

The vibrational relaxation time in O,—O collisions at high
temperatures was measured in experiments only by Kiefer and Lutz
[28] and Breen et al. [27] using two different techniques. In the former
work, atomic oxygen was generated before the vibrational relaxation
by the thermal decomposition of ozone. Later, Breen et al. measured
the “Napier” vibrational relaxation time [29] in the shock relaxation
zone. In this case, a RF discharge was used to generate atomic oxygen
in the O,—Ar mixture and in pure O,. Both works reported similar
results; however, a substantially different temperature dependence of
vibrational relaxation time was found.

According to [28], fast vibrational relaxation in O,—O collisions is
the evidence of a strong chemical effect between the target and
projectile particles. Breen et al. [27] and Breig [30] suggested that the
efficient energy exchange was due to the large attractive component
in the three-body potential. Quack and Troe [12] employed the
statistical adiabatic channel model and confirmed these results.
Unfortunately, due to the lack of computational resources at that time,
the investigation of O,—O collision dynamics was performed in a
limited manner, leaving the problem of accurate state-to-state
thermodynamic models unaddressed.

The analysis of microscopic parameters, such as collision duration
and number of interatomic vibrations in the O,—O interaction, was
performed in [31]. It was shown that an efficient energy exchange
occurs via the strongly coupled complex formed between the
projectile and target particles. The randomization of vibrational
energy takes place at kinetic energies as low as 0.05 eV, particularly
because of the deep potential well in the intermediate O3 molecule. At
larger collision energies, vibrationally inelastic collisions are less
probable. An approach, similar to [31], was adopted in [32] to analyze
the vibrational deactivation rate at different kinetic temperatures. It
was found that the vibrational deactivation is more efficient at low
temperatures (500-2000 K) rather than at the high-temperature limit.

III. Governing Equations
A. QCT Method

A trajectory of the target molecule and projectile atom is described
by a system of first-order partial differential equations:

5, — oH
= on 3)
p,:—g—{;f, i=1,2,3

where g = {q,, Q;} are the generalized coordinates; p = {p;, P;} are
the conjugate momenta of the molecule and atom—molecule system,
respectively; and H is the total Hamiltonian [33]. The continuous
range of translational energy from 1073 to 18 eV is studied. Stratified
sampling is applied to integrate the transition probability over the
impact parameter. The size of the bin is 2 X 10® trajectories per
impact parameter per collision energy. An error analysis is performed
for each trajectory by comparing the initial and final total energies.
The initial rovibrational state of the target molecule is assigned to a
constant for each batch when computing the bound-bound
rovibrational transition probability. In the case when only
transvibrational cross sections are of interest, the initial rotational
state is chosen randomly according to the Boltzmann distribution.
The internuclear distance rpc is sampled according to the approach
proposed in [34]. The solution of Eq. (3) is obtained by the 11th-
order-accurate Adams-Bashfort-Moulton method [35] with a
variable time step. An averaged probability @ of the bound—bound
transition from the initial state (v, j) at translational energy E is
computed as follows:

(i)(E ) 1 /‘bmx /7[ /‘27: /2ﬂ /2ﬂ b(I)(E b0 f)
V) =337 col» 0,0, .17,
ol 02 (2ﬂ)3br2nax b=0 JO=0J¢p=0Jn=0J¢,=0 col o

xsin(0)dbdodepdndé C))

where (v, j) are the initial vibrational and rotational quantum
numbers; the transition probability @ is sampled over the impact
parameter b, orientation angles 8 and ¢, orientation # of the angular
momentum, and initial vibrational phase angle & of the target
molecule; and b,,,, is the impact parameter at which only elastic
collisions occur. The cross section of the bound—bound transition
(v,j) = (v', ) is calculated as follows:

U(Ecolv vvj - U/,j/) = ”b%axq_)(Ecol’ vvj - U/,j/) )]

where (v, j’) are the final vibrational and rotational quantum
numbers. Sometimes, it is convenient to perform analysis assuming
transrotational equilibrium. In this case, the state-specific cross
section, given by Eq. (3), should be summed over all rotational states
of the final vibrational state. The cross section of the transition
(v, j) — v’ is derived as follows:

0(Ecoov.j = V) = Y 0(Ecor, v, j = V', j") (6)
J'

Now, the cross section of the v — v’ transition is found by
averaging the cross section in Eq. (6) over the initial rotational state,
assuming that they are populated according to the Boltzmann
distribution with T, ,, = T

w2 i8iexp(=(eyj—ey0)/kgT)o(Ecor, v, j = V')
G(Ecohv -V ) =
> 8iexp(=(e,;—ey0)/kgT)

@)

where g; = (2j + 1) mod(j, 2) is the rotational degeneracy of the
state (v, j) in the O, ground electronic state. The decomposition of
internal energy into vibrational and rotational contributions in Eq. (7)
takes the following form: ey, ; = €, and e,y ; = e, ; — €, 9. Then,
the rotationally averaged rate of transition v — v’ is calculated as
follows:

8z

K(T,v=v) = (2rky T)=3/2

KA BC

© / _Ecol
X 6(Eq, v = V')E, exp dE., (8)

Ecq=0

The rate of the rotationally resolved bound—bound transition
(v, j) = (v, j’) can be calculated in a manner similar to Eq. (8):

8
K(T,v,j = v',j') = ——— (22kgT) ™"
HaBC
© . Y _Ecol
X - OO—(Ecol? v,J 2>V, )Ecol exp knT dEcol (9)
col = B

The principle of detailed balance is invoked to obtain the rates of
endothermic bound-bound transitions in order to reduce the
statistical error:

Oy j(Tror> Tviv)

K(T,v',j - v, j)=K(T,v,j-V,j)———
Qv’A,j’(Trotﬁ Tvib)

10)

where
0.,j(Tror Tin) = (2j+ 1) exp[—(ey j—ey.0) /kpTro]expl—e, o / kg Tyip)

Thermal equilibrium is assumed in Eq. (10): T, = Tyjp, = T. The
reaction rate, given by Eq. (9), has to be modified to account for the
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degeneracy of reactants and PES. For the bound—bound transition,
induced by the collision of O(* P) and O,(*X7), the spin and orbital
degeneracy factor can be expressed in the form given in [36]:

L = 3(5 +3 exp(— —227'6) + exp(— —325'9)) 11)
8BB T T

where the factor of three corresponds to the O, triplet state. The
expression in parentheses describes the degeneracy of O(*P,), where
J =0, 1, and 2. Now, the degeneracy factor of the bound—bound
transition is found as a ratio of the PES degeneracy to the degeneracy
of reactants. Taking into account that the PES of O; in the ground
electronic state is nondegenerate, the total degeneracy is given by
Eq. (11). At high temperatures, the degeneracy factor asymptotically
approaches a value of 1/27.

B. Master Equations

At low kinetic temperatures, the population of rovibrational states
converges to equilibrium significantly faster than the dissociation
process takes place [3,37]. At higher temperatures, dissociation and
thermal relaxation occur within the same timescale, and these
processes have to be studied in a coupled manner. In the present
paper, vibrational relaxation is studied at temperatures ranging from
500 to 20,000 K. Strictly speaking, the simulation of heat bath
conditions should include the molecular depletion; however, the
dissociation is artificially excluded from the present study in order to
focus on the state-resolved thermalization. Omitting the dissociation
and recombination processes, the vibrational and rotational
relaxations of oxygen can be studied by considering only bound—
bound transitions. The resulting master equation for the number
density of rovibrational level i can be written as follows:

dn;
5 = KT = v non = K(T.v.j = v, [Ynony).
i'#i
i=1,....N, i"=1,...,N, (12)

where N is the total number of rovibrational states. The rates of
bound-bound transitions are given by Eq. (9). Equation (12) describes
the rotational-vibrational-translational (RVT) energy transfer and is
termed as the RVT model. An implicit method of third-order accuracy
for diagonal and second-order accuracy for offdiagonal elements is
applied to integrate Eq. (12). The initial number density, given by
no, 0 + no, is set to 10,5 cm™. This is equivalent to a pressure of
1.3626 atm at a gas temperature of 10,000 K. No mass exchange with
the surrounding medium is allowed. To simulate conditions when the

atom—molecule collisions are dominant, the initial number density of
atomic oxygen is set to a = 0.99 of the total number density. At initial
nonequilibrium conditions, the population of the rovibrational states
is given by the Boltzmann distribution with the temperature
Ty = 100 K, as follows from Eq. (13):

Qu j(TrOU Tvib)
w0 Zi Qv.j (Trolv Tvib) 020

where ng, ¢ is the total number density of oxygen. The initial internal
temperatures, T,y o and T, , are equal to T for the RVT model.

The system of governing equations in the case of transrotational
equilibrium has the following appearance:

dl’ll‘
dr

= Z(K(T, v’ = v)ngn; — K(T,v, - v')ngn;),
i
i=0,...,N,,i’=0,...,N, (14)

where N, is the total number of vibrational states, and transition rates
are given by Eq. (8). Equation (14) describes the vibrational-
translational (VT) energy transfer and is termed as the VT model. The
initial rotational temperature is set to the heat bath temperature, and
the initial vibrational temperature is set to T, for the VT model.

IV. Results
A. Verification of VT Rates

The mono- and multiquantum vibrational deactivation rates,
averaged at the rotational temperature 7', = T in the range between
1000 and 10,000 K, are shown in Figs. 2a and 2b, respectively.
Monoquantum transition rates from v =1, 10, and 20, obtained
using the HH PES, are given by solid lines. The rates, obtained by the
Varandas and Pais PES [13], are shown with symbols, and rates from
[11]are given by dashed lines. A similar notation is adopted in Fig. 2b
for transitions of v = 10 and 20 with Av = 10 and v = 30 and 40
with Av = 30.

The difference between the HH and Varandas and Pais [13] rates is
the largest at low temperatures. As expected, the influence of the
three-body interaction term is the most significant under these
conditions. The discrepancy diminishes at high temperatures. The
maximum difference is on the order of two to four times at a
temperature of 1000 K.

The present VT rates, obtained using the Varandas and Pais PES
[13], are in a very good agreement with those reported in [11].
One can see a disagreement at the high-temperature limit
(T = 10,000 K), which is explained by the insufficient upper limit
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Fig.2 Comparison of present mono- and multiquantum deactivation rates obtained from Varandas and Pais PES [13] with [5].
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of energy scale adopted in the Esposito and Capitelli calculations
[11]. In the original paper [11], the maximum of the kinetic energy
was set to 3 eV; whereas in the present work, calculations at T =
10,000 K are conducted up to 6.5 eV. The overall discrepancy due to
the narrow energy scale reaches a maximum of 18%.

From Fig. 2, it follows that the variation of VT rates is relatively
small over the wide temperature range. This is also true for the large
multiquantum transitions. Meanwhile, the rate of monoquantum
deactivation from v = 1, shown in Fig. 2a by dashed lines, only
slightly increases toward high temperatures, suggesting that the
relaxation time may also increase with the temperature. It is
interesting to compare the present results to the transition rates
observed in collisions of oxygen with an inert atom, such as argon
[10]. The comparison of vibrationally resolved VT rates, generated in
the present work by the QCT method, is shown in Figs. 3a and 3b for
the O,—O and O,—Ar systems, respectively.

In both cases, the VT transition rates are obtained for each
combination of initial and final vibrational states by summation over
final rotational state j’, compatible with v’, and averaging over initial
rotational state at transrotational temperatures of 2000, 3000, 5000,
and 10,000 K. The lowest temperature corresponds to the lowest
surface. The rates on the left of the peak correspond to exothermic
transitions. The rates of endothermic transitions, calculated using the
principle of detailed balance, are shown on the right of the peak. One
can see a very weak dependence of O,—O rates of exothermic
transitions on temperature, whereas the efficiency of vibrational
deactivation in O,—Ar collisions strongly depends on the translation
temperature. Moreover, there is a small variation of O,—O exothermic
rates with the initial vibrational quantum number. The present results
demonstrate a small decrease of O,—O VT rates at very high
vibrational levels due to the dissociation channel. The weak
dependence of rates on temperature and v can be attributed to the
short memory about the initial state due to the strong energy
randomization via the large attractive component of the O; PES [32].
On the other hand, O,—Ar vibrational deactivation rates strongly
depend on v.

B. VT and RVT Models

The solution of Eq. (12) describes a time-dependent population of
each rovibrational level during the relaxation to thermal equilibrium.
Because the large number of states complicates further analysis, the
energy-equivalent rotational and vibrational temperatures are used to
describe the population of the entire rovibrational ladder. The average
vibrational and rotational energies are evaluated in the following
manner:

-~ Zi €vib,ili

L= el VI 15
€yib Zi n; ( )
- i €rot,ili
rot = 722;’,; (16)

Due to the centrifugal forces arising from the rotation of a
molecule, the vibrational and rotational levels of energy are coupled.
To perform an appropriate sampling of trajectories in the QCT
method, the energy of the internal degrees of freedom should be
decoupled. In the present work, the ‘“vibration-prioritized”
framework [3,38] is adopted. The energy of a vibrational state is
calculated as the energy of the rovibrational state with j = 0, whereas
the energy of a rotational state is obtained as the difference between
the rovibrational and vibrational energies. The rotational and
vibrational temperatures are evaluated from e, and e,;, by solving
the following implicit equations:

eyib = eyin(Tyiv) an

érot = erot(Tmtv Tvib) (18)

where

Zi Crot,i Qi (Trot’ Tvib)

Tiors Tyiv) = , i=1,....,N; (19
erot( rot b) Z,’ Q,‘(Trm,TVib) 1 ( )
evin(Tyin) = %, v=0,...,N, (20)

v v

In Eq. (20), Q, is the statistical weight of vibrational state v. The
solution of Eqs. (17) and (18) is obtained by the bisection method. Itis
important to note that the vibrational and rotational temperatures,
defined by Eqs. (17-20), are involved only in the postprocessing step,
after the solution of the master equations has been obtained. The
evolution of vibrational temperature, computed under the heat bath
conditions at 7 = 1000, 5000, and 10,000 K using rates
corresponding to the HH PES, is shown in Fig. 4a. Solid and
dashed lines correspond to the RVT and VT models, respectively. For
the entire range of translational temperatures, the VT model predicts
faster vibrational relaxation than the RVT model. This difference is
caused by a significant rotational nonequilibrium in O,—O collisions.
In fact, as will be shown later, the vibrational relaxation in the
collision of oxygen with the parent atom is only slightly faster than
the rotational relaxation.

A comparison of VT models using two sets of reaction rates from
the HH and Varandas and Pais PESs [13] is shown in Fig. 4b. As one
can see, the solution of master equations using the Varandas and Pais
PES [13] predicts slower relaxation of vibrational energy than that by
the HH PES. This result is expected from the general behavior of the
VT rates in Fig. 2. It is worth noting that the difference in the
vibrational relaxation time becomes smaller as the translational
temperature increases because, at these conditions, colliding particles
interact mostly via the repulsive part of the potentials.
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Fig. 3 VT transition rates of different atom-molecule systems.
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Fig. 4 Evolution of vibrational and rotational temperatures.

The evolution of vibrational and rotational temperatures, given by
the RVT model using rates from the HH PES, is shown in Fig. 4c. In
the range of heat bath temperatures between 1000 and 10,000 K, a
significant degree of vibrational and rotational nonequilibrium is
observed. The latter explains the difference in 7';, given by the VT
and RVT models in Fig. 4a. At the early stage of relaxation, the
rotational temperature is always lower than the vibrational
temperature. This situation is also observed for N,—N collisions
[3]. Eventually, the rotational temperature becomes greater than 7'y,
at the late stage of relaxation. During the quasi-stationary relaxation
phase, when modeling dissociation and recombination, the rotational
temperature is always larger than the vibrational temperature. This
feature is left for further investigation.

It is possible to define the vibrational and rotational relaxation
times based on the temporal evolution of internal energy. There are
several ways to define a characteristic relaxation time [39]. One of the
ways is to calculate the relaxation time as if the equilibration process
follows the Landau—Teller (LT) equation:

deyip (1) _ eyip(t, T) — eyip (2, Tyip)
dl Tvib

2n

The vibrational energy, given by Eq. (21), evolves exponentially in
time. The vibrational relaxation time 7,j, is then defined by the
corresponding vibrational energy e, cfol4:

1 1
€yibefold = ;evib(TO) + (1 - E) eyin(T) ~ 0.3679 X ey, (To)
+0.6321 X ey (T) 22)

where ey ¢fo1q 1 the average vibrational energy at time 7.;,; and
eyin(To) and e;;, (T) are the average vibrational energies evaluated at
initial and final temperatures, respectively. This approach is called the
e-folding method [39]. The rotational relaxation time is calculated in
a similar way.

The present rotational and vibrational relaxation times are shown
in Fig. 5. Lines with square and delta symbols correspond to 7,
obtained by the VT model, using the HH and Varandas and Pais PESs
[13], respectively. The lines with right and left triangles correspond to
Ty, and 7., obtained by the RVT model from the HH PES,
respectively. Circle and diamond symbols represent the vibrational
relaxation time measured in experiments by Breen at al. [27] and
Kiefer and Lutz [28], respectively. The dashed—dotted line
corresponds to the curve fit of vibrational relaxation time using the
MW relation to the data from [28].

The vibrational relaxation time obtained from the VT model and
the Varandas and Pais PES [13] is in good agreement with the existing
experimental data in the range from 1000 to 3600 K. Both 7,
obtained from the Varandas and Pais [13] and HH PESs, have a
positive temperature slope, which corresponds to the observation
made by Breen at al. [27]. The agreement with the earlier

measurements by Kiefer and Lutz is less successful [28]. The largest
difference is observed in the high-temperature region and is not
higher than 15%. Taking into account the overall uncertainty of the
shock tube facility, the agreement with the experimental data is very
satisfactory. To the authors’ knowledge, other experimental data on
the O,—O relaxation in this temperature range, as well as other
simulations that adopt a master equation, do not exist.

The direct extrapolation of vibrational relaxation time by Kiefer
and Lutz [28] outside of the experimental range by using the MW
relation (dashed—dotted line in Fig. 5) shows a significant difference
from the present models based on either Varandas and Pais [13] or HH
potentials. The MW expression suggests that the vibrational
relaxation of oxygen by the parent atom becomes more efficient with
temperature [40]. The present results support a directly opposite
trend: the vibrational relaxation time becomes smaller at low
temperatures. The increase of vibrational relaxation time with
temperature can be attributed to a strong chemical effect in the O3
system due to the large attractive component in the PES [41]. This
observation is in agreement with the results by Quack and Troe [12],
obtained by means of the statistic adiabatic channel model.

Both the RVTand VT vibrational relaxation times based on the HH
PES are smaller than the relaxation time from the Varandas and Pais
PES [13]. This result demonstrates the influence of the three-body
interaction in the O,—O collisions. The HH PES has a deeper and
broader potential well, compared to the Varandas and Pais PES [13],
as can be seen in Fig. 1. This results in a stronger randomization of
internal energy [31]. The agreement of the RVT HH vibrational
relaxation time with the experimental data is very good; however, one
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should keep in mind that no O,—0, collisions are included in the
present simulation. Thus, the actual RVT vibrational relaxation time
in the O,—O mixture may be different from that reported in the
present work.

Another interesting feature of the present results is the strong
coupling between the vibrational and rotational relaxations. The
results by the RVT model suggest that the rotational relaxation is only
slightly faster than the vibrational relaxation in the range of
temperatures from 500 to 10,000 K. The linking between 7., and 7,
explains the large difference in the vibrational temperature obtained
by means of the VT and RVT models in Fig. 4a. The presence of
rotational nonequilibrium at high temperatures is in agreement with
recent QCT simulations of other molecular systems [4,10]. However,
at low temperatures, the conventional assumption is that the
rotational relaxation occurs much faster than thermalization of
vibrational degrees of freedom [3], which is profoundly different
from what is observed in O,—O collisions. The similar values of 7,
and 7.5, for O,—O cause the concurrent rotational and vibrational
nonequilibria, as follows from Fig. 4c.

The results of the VT model using the Varandas and Pais PES [13]
are compared to the vibrational relaxation time derived from the rate
of monoquantum deactivation and to that reported by Esposito et al.
[5] and Ibraguimova et al. [15] in Fig. 6. The curve with triangles and
the curve with squares describe the vibrational relaxation time by the
VT model and the corresponding rate of monoquantum deactivation
from v = 1. Circle symbols correspond to the experimental data from
[27]. The relaxation time, given by the dashed line, is taken from the
experimental work [15]. The solid line represents the relaxation time
derived from the rate of monoquantum deactivation by Esposito and
Capitelli [11]. The dashed—dotted line and square symbols represent
Park’s [17] curve fit and the theoretical data by Quack and Troe [12].
Experimental measurements by Kalogerakis et al. [42] and Pejakovi¢
et al. [43] at room temperature are given by right and left triangles,
respectively.

The results by Ibraguimova et al. [15] were obtained by measuring
the vibrational temperature behind the shock waves in pure oxygen in
the range of postshock temperatures between 4000 and 10,800 K.
The experimental data on the absorption of laser radiation in the
Schumann-Runge bands were interpreted in terms of vibrational
temperature. The vibrational relaxation time was then fitted to the
general form, given by the Landau—Teller theory [44] for the best
description of T;, using the two-temperature model. The following
equation was used to obtain 7;,:

kT U 1
Pryy = JIE . Pa- 23
fib = p o0 V8RT 1 — exp(—6/T) a=s 2
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Fig. 6 Comparison of O,—O vibrational relaxation times.

Table1 Curve fit parameters of relaxation times

A B C D

Pt RVT, HH PES —3.732x 10~* —3.254 x 1073 0.949 0.3549
Pz, RVT, HHPES —4.399x 10~* 2.823x 1073 0.776 7.223x 1072
Py, VI,HHPES —4.407 x 107% —5.662 x 10~3 0.5433 8.702 x 1072
Pryp, VT, Varandas 2304 x 1073 —7.254 x 1072 1.245 1.7

and Pais PES [13]

where P is the pressure; P, is the probability of vibrational
deactivation; oy is the gas-kinetic effective cross section; and x and 6
are the reduced mass of colliding particles and characteristic
vibrational temperature of the target molecule, respectively. The
vibrational relaxation time, given by Eq. (23), asymptotically
converges to the MW equation at low temperatures, since
P ~exp(=T"'/3), as shown in [15]. Equation (23), known as the
Landau-Teller equation, was derived under three assumptions:
1) The transitions occur only between the neighboring states. 2) The
rate of transition is proportional to the vibrational quantum
number.3) The states are populated according to the Boltzmann
distribution. At higher temperatures, the vibrational relaxation
deviates from that given by Eq. (23) due to the breakdown of the
assumptions in the Landau—Teller theory.

Equation (23) was used in [15] to derive the O,—O, and O,-O
relaxation times. The agreement between results in [15] and those
generated by the present VT model is very satisfactory, and both
results are substantially different from the MW relation. The
relaxation times, calculated from the K_, rate in the present work
and in [5], are in good agreement as well.

The vibrational and rotational relaxation times calculated by the e-
folding method can be fit by a polynomial function of translational
temperature in the range from 1000 to 20,000 K. The following
function is used to approximate the relaxation times:

peo=10%[a(- ) 4+ B(-5) (L) + b
e 1000 1000 1000
where x stands for either the vibrational or rotational mode, Pz, is in
measurements of atmosphere x second, and 7 is in Kelvins.
Coefficients A, B, C, and D are given in Table 1. The root-mean-
square error of the curve fit is not larger than 1.5 X 1073%.

The relaxation time, obtained by means of the RVT model on the
HH PES, is used to verify the adequacy of the Landau—Teller model,
given by Eq. (21). The evolution of average vibrational and rotational
energies, calculated from Eq. (21) using the relaxation parameters
from Table 1, is compared to e,;;, and e, obtained from Eqs. (15) and
(16) in Figs. 7a and 7b. Chemical reactions are not considered. The
pressure is set to 1.3625 atm at a heat bath temperature of 10,000 K.
The Landau-Teller model perfectly describes the average energy of
the rovibrational ladder at kinetic temperatures ranging from 1000 to
20,000 K using the relaxation times derived in the present work.

To make the results applicable in computational fluid dynamics
codes, the state-resolved O,—O VT transition rates based on the
accurate Varandas and Pais PES [13] are curve fitted in the range of
translation temperature from 1000 to 20,000 K. Transrotational
equilibrium is assumed when averaging the QCT data overinitial j. In
the present work, the following function is used to describe the rates
of vibrational deactivation:

K(T,v—=v) =101 exp(a1 +lo;ﬁ + a5 log(T)) (24)

where v > v/, T is in Kelvins; the transition rate K(7', v — v’) is in
cubic centimeters per second; and coefficients ay, a,, and a; for each
of the 1128 transitions are specified in the Appendix. The present data
have some important advantages over the results presented in [11].
The lower range of translational temperature is limited to 1000 K. At
lower temperatures, the O,—O transition rates vary drastically due to
the large influence of the O5 potential well, introducing larger errors
in the curve fit. Thus, the present curve fit coefficients have smaller
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errors compared to those in [11]. The maximum error is 15% for
v = 41 — 46 and is less than 6% for the rest. Additionally, the present
rates are more accurate at temperatures above 10,000 K, since O,—O
collisions are simulated up to the kinetic energy of 6.5 eV. The data,
given in Table Al, are available upon request.

C. Analysis of RT and VT Rates

One can evaluate the rate of rotational-translational and
vibrational-translational energy exchange using only the full set of
rovibrational transition rates without involving the solution of master
equations. The rate of total energy loss from vibrational level v
during the bound-bound transition to level v, can be expressed as
follows [45]:

Rv—>v’
_ Zj ev,j(2j+ ]) exp(_(eu.j _ev,O)/kBTml) Zj’ K(Tv U,j d U/,j'/)
Zjev‘j(zj_’_ 1) exp(_(ev,j _ev,O)/kBTmt)

(25)

It is assumed in Eq. (25) that the population of rotational levels is
described by the Boltzmann distribution at temperature 7',.,. The
similar expression for the energy gain by vibrational level v’ during
the bound—bound transition from the level v can be written as follows:

Rv%—v
_ 21(2]+ ]) exp(_(ev,j _ev,O)/kBTmt) Zj’ ev’,j’K(Tv U,j - U,9j/)
Zjev,j(2j+ 1) exp(_(ev,j _ev.O)/kBTrol)

(26)

The loss and gain of energy, described by Eqgs. (25) and (26),
consist of vibrational and rotational contributions. To evaluate
individual contributions, the vibrational energy of molecules in the
ground rotational state must be subtracted:

R:jiu’ =Ry, — R:,,»iljw’ (27)
R =Ry,_,—R™ (28)

where R =¢, (K(T,T o, v—>v") and RV =e oK(T, Tpor, V' —
v) are the loss and gain of vibrational energy by state v. The gain and

loss of rotational energy due to the bound—bound transitions between
v and v’ vibrational levels are given by Egs. (27) and (28). The
difference between

Rrol

=0’
and

t
R:)O,FU
is due to the energy exchange between the rotational and translational
degrees of freedom:

T,rot __ prot __ prot
Rv.v’ _Rvav’ Rv’ev

(29)

A similar exchange term can be derived for the transvibrational
energy exchange

T.vib _ pvib _ pvib
Rv,v’ - Rv—nﬂ Rv’<—v (30)
TNote that 5{)‘%1),, Rﬂ’,v,, RY'_,, and Rﬁ_u are positive, whereas
R and R!*' can be either positive or negative. Under shock

conditions, when 7> T,, T, R:’:‘?‘ and R:’:,'b are always positive,

whereas in expanding flow, they can be negative. Equations (25-29)
allow an investigation of the internal energy exchange in a relatively
simple manner.

In the present work, the total rate of energy gain by internal modes
is estimated using the transition rates from the HH PES. It is
interesting to compare R7™! and R”¥"® in O,—O collisions to that of
another atom—molecule system. Colonna et al. [45] performed
similar calculations for the collisions of the hydrogen molecule with
its parent atom. The O,—Ar state-resolved rates also became available
recently [10]. In the present work, a comparison of rotational and
vibrational energy gains is performed for the fixed internal
temperature T, = T, = 50 K and translational temperature from
102 to 10° K. These parameters correspond to the typical conditions
observed immediately behind a shock front.

RTrt and RTVIP coefficients for the 0,—O, H,—H, and O,—Ar
systems are shown in Fig. 8. These results do not indicate which
species proceeds to equilibrium faster than the others, since all rates
are normalized to their own maximum values. The energy gain by the
translational mode (not shown in Fig. 8) is always negative, and the
corresponding rate asymptotically approaches unity for all
translational temperatures. This represents the loss of energy by
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Fig. 8  Rate of energy loss by vibrational and rotational modes, given by
the HH PES.

translational degree of freedom. The negative sign of R™ and R~
corresponds to the gain of energy. At low temperatures, nearly all
energy from the translational mode is spent to excite the rotational
degrees of freedom, whereas the vibrational mode remains virtually
inactive. This regime is observed at temperatures below 8000 K for
0,-Ar, 1000 K for hydrogen, and 400 K for O,-O. As the
temperature increases further, the energy from translational motion is
shared between the vibrational and rotational degrees of freedom.
Note that the rate of energy gain by the rotational mode is always
larger than that by the vibrational mode.

Recent master equation studies of state-to-state Kkinetics of
hydrogen [7] revealed a significant transrotational nonequilibrium at
kinetic temperatures of 6000 K and higher. The presence of
nonequilibrium can be judged by a relatively large deposition of
kinetic energy into the vibrational degrees of freedom, compared to
the rotational mode, as follows from Fig. 8. The same ratio of RT-t
and RT for O,—O collisions is observed at temperatures as low as
2000 K. Comparing R and RT¥"® for O,—Ar collisions, one may
conclude that the rotational nonequilibrium in this case occurs at
higher temperatures than in O,—O and H,—H collisions. The solution
of master equations, performed in [10], indicates that the rate of
rotational relaxation becomes important at kinetic temperatures of
10,000 K and higher. This result is in agreement with the expectation
of rotational nonequilibrium in H,—H and O,—O collisions.

Itis interesting to compare the vibrational and rotational relaxation
times in O,—O collisions with the relaxation times in pure oxygen, as
well as in O, diluted by a chemically inactive gas, such as argon. An
extensive overview of the experimental data on rotational relaxation
in pure oxygen at temperatures below 1500 K can be found in [46]. To
the authors’ knowledge, the experimental data on O, rotational
relaxation at higher temperatures do not exist. However, the
rotational relaxation time in O,—Ar collisions was recently calculated
by the QCT method over a wide temperature range [10]. The O,-0O,
0,—Ar, and O,—O relaxation times are shown in Fig. 9. Diamond and
delta symbols correspond to the vibrational and rotational relaxation
times in pure oxygen, taken from [40] and [46]. Square symbols
correspond to the O,—Ar vibrational relaxation time, measured in
shock tube facilities [47]. Solid and short-dashed curves correspond
to the vibrational and rotational relaxation times of O,—O obtained in
the present work by means of the RVT model via the HH PES. Long-
dashed and dashed—dotted lines describe the rotational and
vibrational relaxation in O,—Ar [10].

It follows from Fig. 9 that the rotational nonequilibrium in O,—Ar
collisions is significant only at temperatures of 10,000 K and higher.
Below these temperatures, the rotational relaxation time is two to
three orders of magnitude smaller than the vibrational relaxation
time. This fact confirms the conclusion drawn from Fig. 8. The

Fig. 9 Comparison of relaxation times in 0,—O (HH FES), 0,-0,, and
O,-Ar collisions (rot = rotational, vib = vibrational, and
exp = experimental).

0,-0, and O,—Ar vibrational relaxation times are nearly the same
order of magnitude for the entire temperature range, indicating that
the mechanisms of transvibrational energy exchange in these systems
are similar.

The experimental data on rotational relaxation in pure oxygen are
ambiguous and are limited to temperatures from 150 to 1200 K. The
rotational relaxation in O,—O proceeds more slowly than in pure
oxygen at these temperatures. On the contrary, the O,—O vibrational
relaxation time is more than three orders of magnitude smaller than
that in O,—O, collisions. Moreover, one can notice the opposite
slopes of vibrational relaxation times for the O,-0O,, O,—Ar, and
0,-0 collisions. The explanation of this phenomenon lies in the
different mechanisms of vibrational relaxation for the considered
species.

D. Nonreactive and Exchange Channels of Reaction

The exchange channel in collisions of oxygen with the parent atom
has a significant impact on the process of internal energy transfer.
Bauer and Tsang [41] have made an assumption that the vibrational
relaxation in the O; complex occurs entirely via the exchange
channel. This observation was partially confirmed by Esposito and
Capitelli [11]. They demonstrated the importance of the exchange
channel by comparing rates of removal and monoquantum
deactivation from the first excited vibrational level. The exchange
mechanism contributes up to 30% to the total rate of monoquantum
deactivation at temperatures below 300 K, rapidly diminishing at
high temperatures. Particular interest in the exchange reaction is due
to its absence in collisions of oxygen with other species, such as
argon. The present paper analyzes the contribution of the exchange
reaction to the vibrational relaxation in a straightforward manner by
computing the corresponding transition probability over a wide range
of collision energies.

Vibrational transition probabilities via the exchange and
nonreactive channels in O,—O and O,-Ar collisions are shown in
Figs. 10a and 10b, respectively, for the initial state (v =1, j = 1).
For O,—0, probabilities are obtained from the Varandas and Pais PES
[13]. Details on O,—Ar calculations are given in [10]. Solid and
dashed curves correspond to the exchange and nonreactive channels,
respectively. The probability of vibrationally elastic transition is
shown for reference by curves with symbols. One can see that
vibrational transitions in O,—O collisions occur at much lower kinetic
energies than in the O,—Ar interaction. In the latter case, the QCT
method resolves only rotational transitions at collision energies lower
than 1.7 eV. This fact explains an efficient rotational relaxation
compared to the vibrational mode in the O,—Ar mixture. Here, one
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should note that the number of trajectories, adopted for the O,—Ar
QCT simulation, was 2000. The vibrational transition probability for
these species at low temperatures is orders of magnitude smaller than
that in O,—O collisions, as follows from Fig. 9. Thus, to obtain
accurate vibrational transition probabilities for the O,—Ar system,
one should significantly increase the number of trajectories in the
QCT simulation. At the same time, the probability of vibrational
deactivation is comparable for the O,—O and O,—Ar systems at
energies above 5 eV, which explains the close vibrational relaxation
times in Fig. 5.

The exchange and nonreactive channels of deactivation are both
active in O,—O collisions starting from very low energy. The
contribution of the exchange channel is significant for energies below
1 eV; however, at higher energies, the exchange probability rapidly
approaches to zero. The exchange probability during the
vibrationally elastic collision is small for all considered energies.

The vibrational energy randomization is also studied for high-
lying levels in Figs. 11a and 11b for the initial state v; = 20, j = 1.

The probability of multiquantum vibrational deactivation at low
collision energies is strongly dependent on the exchange channel.
The latter contribution is nearly twice as high as the probability of the
nonreactive channel at kinetic energies between 0.1 and 1 eV. The
contribution of the exchange channel diminishes at high energies,
whereas the nonreactive channel remains open. This situation also
takes place in transitions to higher vibrational states, as shown in
Fig. 11b. More important, the exchange plays a dominantrole in large
multiquantum jumps rather than in transitions with small energy
randomization, as follows from Fig. 1la. For the transition
v =20 — v’ = 15, the nonreactive channel plays a major role for
energies of 1 eV and higher, whereas for the transition
v = 20 — v’ = 0, this takes place only at energies higher than 10 eV.

V. Conclusions

Two sets of transition rates in O,—O collisions are generated by
means of the QCT method for each vibrational state using the
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Varandas and Pais PES [13] and for each rovibrational state using the
PES obtained from the Hulburt—Hirschfelder potential. These PESs
are different by the presence of the O; three-body interaction term.
The vibrational and rotational relaxations of oxygen in collisions
with its parent atom are modeled by the master equation, constructed
for each vibrational and rovibrational state. A heat bath of oxygen ata
constant temperature between 1000 and 20,000 K is considered
under the assumption of transrotational equilibrium (VT model), as
well as treating rotational and vibrational relaxation in a similar
manner (RVT model).

The present VT and RVT models satisfactorily reproduce the
experimental data on O,—O vibrational relaxation time in the range
of experimental measurements between 1000 and 3600 K.
However, the relaxation time, derived from the solution of master
equations, has a significantly different temperature dependence
compared to that in the conventional Millikan—White equation.
Namely, the vibrational relaxation in O,—O collisions is very
effective at low temperatures, and it slowly increases toward the
high—temperature limit. The rotational and vibrational relaxation
times are comparable in the range of temperature between 1000 and
10,000 K, suggesting that the vibrational and rotational modes
should be treated individually.

Trajectory simulations, carried out on the Varandas and Pais [13]
and HH PESs, revealed a similar temperature dependence of
vibrational relaxation times. The former PES predicts slower
vibrational relaxation compared to that of the HH PES. The
difference in relaxation times between the Varandas and Pais [13] and
HH PESs increases at low temperatures, indicating the importance of
the geometry and depth of the O; potential well at these conditions.
At high temperatures, the difference in transition rates between these
two PESs becomes small due to the predominant interaction of the
target and projectile via the repulsive branches of the potential. It is of
interest to investigate the dynamics of O,—O collisions on completely
ab initio PES in the future, as well as to expand the range of existing
experimental measurements.

In the present work, convenient relations for the e-fold rotational and
vibrational relaxation times are derived. The Landau-Teller model
accurately describes the evolution of the average vibrational and
rotational energies using the present relaxation parameters. The detailed
analysis of the state-to-state transition rates indicates that rotational
nonequilibrium in O,—O collisions occurs at much lower temperatures
than in H,—H and O,—Ar mixtures. This fact may be important when
modeling shock flows with a significant amount of oxygen atoms.

The probabilities of O,—O multi- and monoquantum vibrational
jumps are comparable with each other. This result is profoundly
different from what is typically observed in molecular systems with a
large repulsive potential. Meanwhile, the exchange channel of the
0,-O collision has a large impact on the internal energy
randomization. The probability of the exchange trajectory that leads
to a vibrational deactivation is larger than that of the nonreactive
channel at low collision energies. The contribution of the exchange
channel diminishes with collision energy, and vibrational
deactivation at high temperatures occurs mostly via inelastic
collisions. The contribution of the exchange channel to the process of
energy randomization is more significant for large vibrational jumps.
A database of vibrational transition rates, computed on the Varandas
and Pais PES [13] assuming transrotational equilibrium is given in
the Appendix for temperatures between 1000 and 20,000 K.

Appendix: Curve Fit Coefficients of VT Transition
Rates

See Table Al.
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Table A1

Curve fit coefficients of VT

transitions rates

<
N

al

a2 a3

—_
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6.141 — 1
1471 -1
1.248+0
-3.765+0
4723 +0
8.763 -1
-5.033+0
2.402+0
5.858 +0
3.073 -1
—6.546 + 0
4.456 — 1
4.552+0
6.926 + 0
2.040 +0
—6.987 +0
—1.4814+0
3.359+0
5.830+0
7.029+0
1.606 — 1
—8.538+0
-3.085+0
1.376 + 0
424140
5.006 +0
7.354+0
-3.3334+0
—-8.792+0
—-4.002+0
-1.188 - 1
3.090+0
4372+0
5711 +0
7.121+0
-2.679 + 1
—-1.029+ 1
—-4.672+0
—6.407 - 1
1.557+0
4.056 + 0
5.158+0
5.544+0
6.833+0
8.638 — 1
—-1.129+ 1
=5.791+0
—5.600 — 1
1.343 +0
2.804+0
3729 +0
527140
5.501+0
5478 +0
1.646 +0
—-1.230+1
-7.232+0
—-1.530+0
1.005 +0
2.400+0
4.066 + 0
4.660 + 0
4784 +0
5.097+0
5.081+0
8.000 — 1
—-1.189 + 1
—8.767+0
-2.963+0
4.523 -1
3.540+0
3.533+0
499340
5.149+0

2522+0 3968 -1
-7504-1 2214-1
-2.005-1 3.563-1
1.029+1  4.990-1
—-1.883+1 -1.070-1
1.060+0 3.785-1
1.2064+1  6.066 —1
—-1.144+1 4.142-2
2473 +1 -1.846-1
3551+0 4.079-1
1.593 + 1 7.174 -1
=5513+0 1.718-1
-2.006+1 -—1.115-1
-3.023+1 -2528-1
-3.822+0 3.053-1
1.610 + 1 7.584 -1
4.622 — 1 3.017-1
—-1.654 +1 -3.504 -2
—2580+1 —-1984-1
=3.134+1 -2.644-1
3858 +0 4.175-1
2.148 + 1 8.585 -1
5989 +0 4.036-1
-9496+0 8.721-2
-2.008+1 -1.038-1
-2296+1 -1551-1
-3297+1 -2919-1
1.705+1 6440—-1
2.168 + 1 8.806 — 1
8597 +0  4.660—1
—-4374+0 1.815-1
-1.630+1 -=-3.210-2
—2.105+1 -1.181-1
-2.633+1 -2.027-1
-3.208+1 -2.868-1
1.0804+2 214240
2745+1  9725-1
1.059 + 1 5.108 -1
-3.038+0 2.168-1
-1.070+1 6.096 -2
-2.049+1 -9.898 -2
—2485+1 -1.683-1
-2.614+1 -1952-1
-3.110+1 -2.768 -1
6.890 — 1 37301
3.157+1 1.030+0
1.501 + 1 5.757 -1
-3.944+0 2148-1
—-1.031+1 7.494-2
-1.590+1 -2237-2
-1959+1 -8213-2
-2583+1 —-1.772-1
-2.638+1 -1.960-1
-2590+1 -1992-1
2714 +0 3.266 -1
3529+1 1.0934+0
2131+1  6547-1
2578 -1 2.673 -1
-9.025+0 9.223-2
—-1452+1 7363-4
—2.1184+1 —-1.044-1
-2377+1 -1409-1
—-2439+1 -1479-1
-2530+1 -1.733-1
=2517+1 -1.727-1
6.424 — 1 3774 -1
3248+1 1.080+0
2769 +1 7420-1
6811 +0 3418-1
-6499+0 1.200-1
-1917+1 -7.100-2
—-1.908 +1 —7.548 -2
—-2519+1 -1.648-1
-2.602+1 -1733-1
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Table A1 (Continued.)

v, Us al a2 a3

11 2 496440 -2540+1 -1.622-1
11 1 4141+0 221841 -1.127-1
11 0 475240 247941 -1503-1
12 12 132140 -1.7634+0 3.481-1

12 11 —-1.118+1 2.844 +1 1.048 + 0
12 10 —-8.839+0 2.706+1 7.537-1

12 9 -5148+0 1.616+1 4.641 -1

12 8 -8920-1 -2272-2 1.856-1

127 26664+0 —-1498+1 -2901-2
12 6 430440 -22104+1 -1257-1
125 439540 -2267+1 -1.323-1
12 4 455540 -2351+1 -1422-1
12 3 481240 -2483+4+1 -1.570-1
12 2 415140 222441 -1.182-1
12 1 532640 -2789+1 -1.804-1
12 0 524840 -2.822+4+1 -1.707-1
13 13 1.005+0 -3411-1 3.637-1

13 12 —1.093+1 2.695+1 1.0384+0
13 11 -1.030+1 3.201 +1 8.509 — 1

13 10 -5.100+0 1.517+1 4.667 — 1

13 9 -1740+0 3945+0 2270-1

13 8 164440 -1.0064+1 2.146-2

13 7 484740 -2380+1 -1.674-1
13 6 447440 225441 -1453-1
13 5 427740 -2195+1 -1334-1
13 4 358440 -1947+1 -9.070-2
13 3 420640 -224541 -1.255-1
13 2 466540 252441 -1438-1
13 1 524140 -2860+1 —-1.683-1
13 0 551540 -3.092+4+1 -1.739-1
14 14 210040 —48034+0 2963-1

14 13 —-1114+1 2747+1 1.052+4+0
14 12 -1.079+1 3.329+1 8.866 — 1

14 11 —-4856+0 1307+1 4618 -1

14 10 —-1966+0 4.057+0 2461-1

14 9 6758-1 -57244+0 7.220-2

14 8 294440 -15074+1 —-6.656-2
14 7 525940 -25354+1 -1.99%4-1
14 6 432640 216841 —-1449-1
14 5 302840 -17164+1 -5945-2
14 4 280040 -1.666+1 —-4376-2
14 3 334140 —-19434+1 -7236-2
14 2 52014+0 -2807+1 -1.743-1
14 1 5459+0 -3.0324+1 -1.792-1
14 0 647140 -3565+1 -2285-1
15 15 5746-1 1279 +0 3.883-1

15 14 —-1215+1 3.175+1 1.1104+0
15 13 —-1.187+1 3.758+1 9497 -1

15 12 -73164+0 2290+ 1 6.084 — 1

15 11 -3364+0 8979+0 3.365-1

15 10 -7.706 -1 -2409-2 1.569-1

15 9 179540 -95724+0 -1.053-2
15 8 316540 -—-1546+1 -9.020-2
15 7 355940 -1.793+1 -1.072-1
15 6 229340 -133441 -2.791-2
15 5 181240 -1.2254+1 7.808-3

15 4 272240 -169+1 -3.670-2
15 3 33614+0 —-1990+1 -7.429-2
15 2 383240 -2298+1 -9.129-2
15 1 524140 -3038+1 -1590-1
15 0 581440 -33514+1 -1.885-1
16 16 7934-1 3250 -1 3749 -1

16 15 -1380+1 3.859+1 1.208 40
16 14 —-1.729+1 6.093+1 1.260 4+ 0
16 13 —-1.113+1 393441 8.260 — 1

16 12 -7528+0 2.666+ 1 5.757 -1

16 11 -3.697+0 1211+1 3278 -1

16 10 —-1.423+0 422840 1.724 -1

16 9 —-1562+0 5.652+0 1.693 -1

16 8 -3.608—1 3.969-1 9.794 -2

16 7 28% -1 -37954+0 7.499-2

16 6 -5108—-1 -1.6454+0 1331-1

16 5 -5596-1 -25014+0 1455-1

16 4 -3790-1 -3899+0 1.397-1

16 3 8470-1 -9.643+0 7.265-2
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Table A1 (Continued.)

Vi Ur al a2 a3

16 2 250740 -1772+1 -1478-2
16 1 324140 -22104+1 —-4.600-2
16 0 5090+0 -3056+1 -1499-1
17 17 -1420—-1 3987+0 4315-1

17 16 —-1261+1 3266+1 1.147+0
17 15 -1.503+1 5.056+1 1.135+0
17 14 -1250+1 4470+1 9.089-1

17 13 -8.699+0 3.148+1 6427-1

17 12 —-4481+0 1.534+1 3.709-1

17 11 -2260+0 6983+0 2269-1

17 10 —-1.148+0 3.554+0 1458-1

17 9 -1394+0 5412+0 1490-1

17 8 4.067-3 -12954+0 7.441-2

17 7 9268—-1 -6960+0 3.885-2

17 6 7361-2 —4568+0 9.981-2

17 5 4416-1 -7.033+0 8555-2

17 4 7658-1 -9.197+0 7.395-2

17 3 161140 -1346+4+1 3.054-2

17 2 212440 -1633+1 4.988-3

17 1 250840 -1918+1 -4826-3
17 0 342340 -2378+41 —5447-2
18 18 1.623-1 2.637+0 4.132-1

18 17 —-1.197+1 2966+1 1.112+0
18 16 —-1522+1 5.028+1 1.157+0
18 15 -1.183+1 4.086+1 87921

18 14 -8286+0 2922+1 6.218-1

18 13 —-4973+0 1.735+1 3.984-1

18 12 -2727+0 9.017+0 2509 -1

18 11 -1.049+0 3.069+0 1376-—1

18 10 -2.085-2 -6.660—-1 6.977-2

18 9 -5626—-1 1.867+0 9.650-2

18 8 -=2127-1 -101240 9.053-2

18 7 2782-1 —-4909+0 8.095-2

18 6 115840 -9546+0 3.659-2

18 5 9747-2 —-6242+0 1.108-1

18 4 3891-1 -8184+0 9.830-2

18 3 121940 -1228+1 5.383-2

18 2 9.080-1 -—1.1574+1 7.665-2

18 1 7519-1 -1.169+1 9.152-2

18 0 293140 -2137+1 -=-3330-2
19 19 -5005-2 3468+0 4.250-1

19 18 —-1.102+1 2549+1 1.058+0
19 17 -1580+1 5240+1 1.193+0
19 16 —-1252+1 4303+1 9253-1

19 15 -8433+0 2913+1 6.339-1

19 14 -5236+0 1.750+1 4217-1

19 13 -3550+0 1.227+1 2986-1

19 12 -1964+0 6934+0 1.876—1

19 11 -1.100+0 3.614+0 1.330-1

19 10 -1.185+0 4.005+0 1.369-1

19 9 -6953-1 1.786+0 1.088-1

19 8 5894 -1 -49634+0 4.699-2

19 7 1743+0 -1.131+1 -6.184-3
19 6 116640 -1051+4+1 4437-2

19 5 795-1 -942240 6.720-2

19 4 9143-1 -1049+1 6.383-2

19 3 4831-1 -945940 9.590-2

19 2 -6616-2 -7624+0 1302-1

19 1 9546-1 -1260+1 7.637-2

9 0 7531-1 -12154+1 8907-2

20 20 -5.633—-1 521940 4.591-1

20 19 -1.098+1 2502+1 1.059+0
20 18 —1.5214+1 4940+1 1.162+0
20 17 —-1239+1 4198+1 9.203-1

20 16 —-8241+0 2739+1 6317-1

20 15 -=54974+0 177741 4429-1

20 14 -3261+0 1.049+1 2.843-1

20 13 -25944+0 8942+0 2300-1

20 12 -1.5204+0 549840 1.526-1

20 11 -1.8324+0 6.523+0 1.742-1

20 10 -8574—-1 2556+0 1.145-1

20 9 —-4627-1 4.657-1 9.529 -2

20 8 5.117-1 -=5050+0 5345-2

20 7 107140 -8966+40 3.567-2

20 6 1.469+0 -1.168+1 2.069-2
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v, Us al a2 a3

20 5 129040 -1.197+1 4.029-2
20 4 7764-1 —-1.03941 7.445-2

20 3 6572-1 —-1.0274+1 8.174-2
20 2 6810—-1 —-1.098+4+1 8.535-2
20 1 2872-1 -9814+4+0 1.100-1

20 0 4212-2 -8881+4+0 1.233-1

21 21 -7878+0 337841 9.225 -1

21 20 -92184+0 1.746+1 9.570 — 1

21 19 —-1562+1 5.082+1 1.189 4+ 0
21 18 —-1373+1 4721+1 1.002 4+ 0
21 17 -8.6124+0 2.859+1 6.544 — 1

21 16 -55354+0 1.759+1 4453 -1

21 15 —-4418+0 1457+1 3.580 -1

21 14 -2355+0 7.224+0 2205-1

21 13 -1.149+0 3.234+40 1.363 -1

21 12 -9573-1 295440 1.179 -1

21 11 -2255-1 -=-2267-1 7.643-2

21 10 -7.165-1 1.609+0 1.071 -1

21 9 4839-1 -39164+0 4.093-2

21 8 7060-1 -587240 3.773-2

21 7 233540 -1437+1 -4177-2
21 6 1.834+4+0 -—-1.348+41 -7.405-4
21 5 121840 —-1.185+1 4341-2

21 4 -2594-1 -6429+4+0 1358-1

21 3 1.894-1 -82764+0 1.040-1

21 2 -=5737-1 -593340 1576-1

21 1 -2078+4+0 8.646-2 2.450-1

21 0 —-1380+0 -2.8374+0 2.003-1

22 22 -2469+1 9351+1 2.09+0
22 21 -9.867+0 2.048+1 9912 -1

22 20 —-1.577+1 S5.142+1 1.196 + 0
22 19 —-1212+1 4.028+1 9.079 -1

22 18 —8.594+0 2.822+1 6.542 — 1

22 17 -5964+0 1.893+1 4734 -1

22 16 -3413+0 9.867+0 3.007-1

22 15 -2868+0 8786+0 2532-1

22 14 -2.1014+0 6.302+0 1.992 -1

22 13 —-1432+0 431240 1.503 -1

22 12 -5934-1 1.1444+0 9.752-2

22 11 -=5787-1 127440 9.265-2

22 10 —-4.851-1 5.164 - 1 9.152-2

22 9 7229-1 -50104+0 2542-2

22 8 137140 -9.1584+0 1.270-3

22 7 266040 -159+1 -6.125-2
22 6 106240 -1.050+1 4368-2

22 5 8395-1 -1.022+4+1 6.094-2

22 4 —-1250+0 -234740 1908-1

22 3 —-6.680—-1 -527240 1.582-1

22 2 —-1.652+0 -1272+40 2.134-1

22 1 -1207+0 -33914+0 1.863-1

22 0 -2401+0 1277+0 2578-1

23 23 -9824-3 275840 4.235-1

23 22 -9558+0 1.929+1 9.715 -1

23 21 —-1436+1 4560+ 1 1.1124+0
23 20 —-1292+1 4346+ 1 9.555-1

23 19 -9.646+0 3.202+1 7.223 -1

23 18 —-6.789+0 220141 5243 -1

23 17 —42284+0 1.270+1 3533 -1

23 16 -2973+0 8.720+0 2.617-1

23 15 -2409+0 6931+0 2211-1

23 14 -7.813-1 8.482 — 1 1.175 -1

23 13 -1.076+0 2474+0 1.298 -1

23 12 —-6.443 -1 9.810 -1 1.012 -1

23 11 —-1.005+0 2.708+0 1.191 -1

23 10 -9.677-2 -132640 6.836-2

239 3263-1 -37814+0 5.050-2

23 8 143440 -962840 -3.157-3
23 7 1.096+0 -9.6164+0 2996 -2

23 6 124340 -—1.1514+1 3339-2

23 5 3603-2 -7.12540 1.078-1

23 4 -3361-1 -6.1214+0 1322-1

23 3 -1.047+0 -38794+0 1.790-1

23 2 252740 1841+0 2677-1

23 1 -2473+0 1239+0 2.644-1

23 0 -3711+0 6484+0 3337-1

Table A1 (Continued.)

Vi Ur al a2 a3

24 24 -1.686+0 9535+0 5241-1
24 23 -8.838+0 1.650+1 9.263-1
24 22 —-1384+1 4341+1 1.082+0
24 21 -1285+1 4293+1 9527-1
24 20 -9737+0 3240+1 7.248-1
24 19 -5843+0 1.804+1 4.652-1
24 18 —4.838+4+0 1481+1 3.909-1
24 17 -3247+0 9352+0 2.807-1
24 16 —-1965+0 4887+0 1.937-1
24 15 -2598+4+0 7885+0 2.261-1
24 14 -8.104—-1 7.822-1 1.174 -1
24 13 -3463-1 -7984-1 8.616-2
24 12 -1624-1 -148140 7513-2
24 11 1995-2 -1.7384+0 5.818-2
24 10 1.787-1 -2.640+0 5.058-2
249 4413-1 —440440 4205-2
24 8 1350+0 -9.247+4+0 -2.597-3
24 7 131040 -1.0664+1 1.596-2
24 6 111840 -1.103+1 3.679-2
24 5 9.631-2 -75514+0 1.023-1
24 4 -6671-1 -4864+4+0 1495-1
24 3 -1349+0 -2408+0 1.896-1
24 2 -2168+0 2.095-2 2464-1
24 1 -=2507+0 1.230+0 2.637-1
24 0 —-4264+0 8588+0 3.643-1
25 25 240840 1.197+1 5757-1
25 24 851940 155241 9.036-1
25 23 —-1423+1 4529+1 1.100+0
25 22 —-1201+1 3988+1 8962-1
25 21 -9447+0 3.126+1 7.053-1
25 20 -5.849+0 1.800+1 4.643—1
25 19 =5.1154+0 1.601+1 4.039-1
25 18 -3543+0 1.025+1 2.989-1
25 17 -3212+0 9.698+0  2.686—1
25 16 —-1.8054+0 4208+0 1.800-—1
25 15 -9966—-1 1.17440 1.283 -1
25 14 -8841-1 1.044+0 1.175-1
25 13 4.113-1 —4253+0 4.046-2
25 12 -7312—-1 8405-1 1.058 -1
25 11 6.765-2 —-2305+0 5.576-2
25 10 1911-1 -2939+0 4931-2
25 9 6425-1 =5377+0 2772-2
25 8 127240 -9.0164+0 1.107-5
25 7 192540 —1345+1 -2.248-2
25 6 -2282-1 -5480+0 1.130-1
25 5 —-6457-1 —-4.666+0 1450-1
25 4 -1152+0 -2976+0 1.750-1
25 3 -2050+0 1.238-1 2314-1
25 2 -=25634+0 1350+0 2.694-—1
25 1 =3.123+0 3331+0 3.015-1
25 0 —4193+0 7749+0 3.627-1
26 26 —-1387+1 4935+1 144440
26 25 -7.943+0 1354+1 8.644—1
26 24 -1320+1 4.158+1 1.031+0
26 23 -1.143+1 375341 8595-1
26 22 -8.823+0 2869+1 6.671—1
26 21 =724940 2367+1 5465-1
26 20 -5.094+0 1.608+1 3.975-1
26 19 —4322+0 1341+1 3423-1
26 18 -32134+0 9331+0 2.686—1
26 17 -2373+0 5916+0  2.181-1
26 16 —1904+0 4472+0 1.832-1
26 15 -9573-1 6.005-1 1.278 -1
26 14 -1.093+0 132840 1.338-1
26 13 7274-1 -5768+0 2.070-2
26 12 3.128—1 —-3548+0 3.951-2
26 11 409 -1 -3856+0 3423-2
26 10 -3330-1 -6379-1 7.490-2
26 9 -1275-1 =21574+0 6912-2
26 8 1.0774+0 -8569+0 1311-2
26 7 6734-1 -8211+0 4.732-2
26 6 1.1654+0 —1.144+1 2847-2
26 5 -7448-1 -4167+0 1452-1
26 4 -2167+0 8234-1 2361-1
26 3 -2433+0 1212+0 2.560-1
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26 2 -3349+0 4369+0 3.129-1
26 1 -3496+0 443340 3.254-1
26 0 —4662+0 9550+0 3.858-—1
27 27 -2936+0 1.454+1 5965-1
27 26 -8.065+0 141741 8707-1
27 25 -1300+1 4.066+1 102240
27 24 -1.162+1 3878+1 8.654-1
27 23 -8.677+0 284241 6.524-1
27 22 -7247+0 2399+1 5413-1
27 21 =5611+0 1816+1 4271-1
27 20 -5266+0 171141 3.989-1
27 19 —-4212+0 1310+1 3.300-1
27 18 -3403+0 9863+0 2.801-1
27 17 -1619+0 2685+0 1.705-1
27 16 —1.189+0 1.203+0 1411-1
27 15 -7376-1 -4.136-1 1.110-1
27 14 —-4477-1 -154440 9.486-2
27 13 -3906-1 -1.5874+0 8919-2
27 12 1733-1 -352240 5.170-2
27 11 4.686—-1 —421440 2.833-2
27 10 -5457-1 -1615—-1 8.850-2
27 9 —-4018—-1 -134240 8.59%4-2
27 8 8418—1 794840 2.719-2
27 7 9.086-1 -9309+0 3.210-2
27 6 2521-1 -78514+0 8.168-2
27 5 -5008-1 -55934+0 1318-1
27 4 -=2256+0 128840 2359-1
27 3 =2728+0 2280+0 2.716-1
27 2 -2842+0 2021+0 2830-1
27 1 -3245+0 314340 3.087-1
27 0 —5298+0 1.147+1 4.287-1
28 28 —6.854+0 282941 8716-1
28 27 —6.769+0 956040 7.839-1
28 26 —-1.156+1 3520+1 9.291-1
28 25 —1.054+1 3436+1 7.998-1
28 24 -8.012+0 258441 6.104-1
28 23 732840 2456+1 5416-1
28 22 —6270+0 2076+1 4.654-1
28 21 —4407+0 1355+1 3.458-1
28 20 -3926+0 121241 3.067-1
28 19 =-3.653+0 1.071+1 2929-1
28 18 -2.078+0 4225+0 1.975-1
28 17 -1.776 +0 3.020+0 1.791-1
28 16 —1.699+0 2995+0 1.714-1
28 15 -3.826—1 -22054+0 9.077-2
28 14 -1.006+0 7.585-1 1.235-1
28 13 -5147-1 -1.0814+0 9.270-2
28 12 2755-1 —4.1324+0 4.354-2
28 11 1.188-1 —3.12240 4.886-2
28 10 -6.571-1 2862—-1  9.196-2
28 9 -5736-1 -8745-1 9.620-2
28 8 6911-3 —46044+0 7.328-2
28 7 -1.137-1 -54104+0 9.256-2
28 6 4267-1 -8.6704+0 6.814-2
28 5 —1.762+0 —4727-1 2042-1
28 4 -2246+0 8279-1 2364-1
28 3 -3285+0 440840 3.025-1
28 2 -2204+0 -8758-1 2436-1
28 1 -3309+0 3.017+0 3.124-1
28 0 —6309+0 1.537+1 4.874-1
29 29 =2011+0 1.0934+1 5366-1
29 28 -7506+0 1293+1 8.249-1
29 27 -1.170+1 3.637+1 9.299-1
29 26 -1.069+1 3547+1 8.032-1
29 25 -8502+0 2833+1 6325-1
29 24 -6.701+0 220441 5.028-1
29 23 -5675+0 1854+1 4.255-1
29 22 —-4477+0 1390+1 3465-1
29 21 -3.584+0 1.006+1 2928-1
29 20 -2956+0 777540 2494-1
29 19 -3.020+0 7811+0 2545-1
29 18 —-1.665+0 208640 1.757-1
29 17 —-1345+0 8.559-1 1.542 -1
29 16 -2.681—-1 -299940 8323-2
29 15 —-1.094+0 2.698—1 1353 -1
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29 14 3402-2 -3816+0 6.146-2
29 13 -3.557-1 -2.087+0 8348-2
29 12 1.871-1 —4.065+0 4.908-2
29 11 -7952-1 6.538—-1 9.939-2
29 10 —-1.548+0 3513+0 1469-1
29 9 -2427-1 -=271440 7.804-2
29 8 -123940 1735-1 1.492 -1
29 7 =2651-1 —4751+0 9.729-2
29 6 -2053+0 1368+0 2.154-1
29 5 233440 1414+0 2406-1
29 4 -3616+0 6527+0 3.127-1
29 3 -=3576+0 5201+0 3.202-1
29 2 —4.007+0 6337+0 3491-1
29 1 —4153+0 6453+0 3.592-1
29 0 -5800+0 1279+1 4593-1
30 30 —-8.252+0 3474+1 9408-1
30 29 -5970+0 7.397+0 7.231-1
30 28 —-1.0664+1 3256+1 8.630—1
30 27 -9559+0 3.136+1 7.261-1
30 26 -7.770+0 2568 +1  5.847-—1
30 25 —6.1424+0 2013+1 4.629-1
30 24 —-4384+0 1357+1 3427-1
30 23 —4.016+0 1.222+1 3.144-1
30 22 -32634+0 8564+0 2732-1
30 21 -3.704+0 1.044+1 2952-1
30 20 -2.179+0 4205+0 2.025-1
30 19 =2.127+0 3.897+0 1.991-1
30 18 -1.260+0 8309 -2 1.506 — 1
30 17 -6577-1 -=-2117+0 1.101-1
30 16 -9451-1 -4.696-1 1.234-1
30 15 —1408+0 1.744+0 1473-1
30 14 -9770-1 3.179-1 1.178 -1
30 13 -1.073+0 8.741 -1 1.224 -1
30 12 -3866—-1 -1.62840 7.773-2
30 11 -6.139-1 -=7260-1 9.147-2
30 10 -2735+0 7.894+0 2.194-1
30 9 -1.622+0 2769+0  1.584-1
30 8 —-1.697+0 2071+0 1.713-1
30 7 -1.680+0 9.295-1 1.776 — 1
30 6 —-1961+0 9.184—-1 2.049-1
30 5 -2164+0 8591-1 2.226-1
30 4 —4671+0 1.066+1  3.726—1
30 3 -3480+0 4.660+0 3.104-1
30 2 -3748+0 4771+0 3.343-1
30 1 -3916+0 4961 +0 3470-1
30 0 —6.6994+0 1.638+1 5.091-1
31 31 -1.818+0 9.880+0 5223-1
31 30 -5726+0 6.726+0  7.050-1
31 29 -1.065+1 3338+1 8517-1
31 28 -7935+0 2503+1 6.255-1
31 27 -7.687+0 2595+1 5703-1
31 26 =59114+0 1943+1 4451-1
31 25 -3788+0 1.114+1 3.052-1
31 24 —-4866+0 159 +1 3.597-1
31 23 -3.013+0 8206+0 2463-1
31 22 -3.805+0 1.088+1 2999-1
31 21 -1.689+0 1.714+0 1.767-1
31 20 —-1.166+0 -2.644—-1 14131
31 19 -7677-1 -=-2010+0 1.179-1
31 18 -1.439+0 7.504-1 1.575-1
31 17 -6905-1 -=2.139+0 1.104-1
31 16 —-1.649+0 1912+0 1.675-1
31 15 -2.002+0 3.823+0 1.832-1
31 14 —-1594+0 2486+0 1.549-1
31 13 —-1.8434+0 3759 +0 1.672-1
31 12 -14214+0 2127+0 1416-1
31 11 -1303+0 1471+0 1379-1
31 10 —-4.010+0 1.260+1 2989—1
31 9 -1299+0 1.183+0 1.369-1
31 8 -2019+0 3371+0 1.860—1
31 7 344240 7725+0 2.849-1
31 6 —-2641+0 3338+0 2459-1
31 5 —5435+0 1398+1 4.182-1
31 4 —41724+0 8.140+0 3447-1
31 3 -2995+0 2182+0 2.842-1
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31 2 -3894+0 5.104+0 3418-1
31 1 —41464+0 6.122+0 3.537-1
31 0 —4.6784+0 7.188+0 3.943-1
32 32 -6.0214+0 2304+1 8502-1
32 31 -55354+40 6908+0 6.820—1
32 30 -1.025+1 3201+1 8255-1
32 29 -8.645+0 2872+1 6.586—1
32 28 —6.13240 2025+1 4.685-1
32 27 -65034+0 2230+1 4.732-1
32 26 —-4.1084+0 1270+1 3.185-1
32 25 -32264+0 9.063+0 2.618-1
32 24 -3435+0 9835+0 2702-1
32 23 -26034+0 6280+0 2.178-1
32 22 -1.7474+0 2329+0 1.724-1
32 21 -1565+0 1.083+0 1.656—1
32 20 -7203-1 -2380+0 1.129-1
32 19 -2.080+4+0 310340 1.949-1
32 18 -1.696+0 1818+0 1.674-1
32 17 -1.8424+0 2280+0 1.778-1
32 16 —-1.6974+0 2.091+0 1.641-1
32 15 -141240 1305+0 1441-1
32 14 -16304+0 2511+0 1.544-1
32 13 215140 4846+0 1.842-1
32 12 -238340 6.153+0 1916-1
32 11 -1.5734+0 2513+0 1.483-1
32 10 -1.7814+0 3.133+0 1.630—-1
32 9 -15784+0 2010+0 1.520-1
32 8 -27264+0 5401+0 2341-1
32 7 -3633+0 8284+0 2942-1
32 6 —-421840 9856+0 3325-1
32 5 511740 1301+1 3.885-1
32 4 -4937+0 1.120+1 3.867-1
32 3 -60644+0 1480+1 4.610-1
32 2 —41804+0 6.748+0 3.478-1
32 1 -5268+4+0 1.100+1 4.104-1
32 0 578440 1225+1 4484-1
33 33 -6409+0 2776 +1 8.116—1
33 32 -53764+0 6963+0 6.654—1
33 31 -1.068+1 3481 +1 8367-1
33 30 -7.146+0 2338+1 5576-1
33 29 502840 1.611+1 3961-1
33 28 545540 1.830+1 4.081-1
33 27 -3524+0 1.086+1 2747-1
33 26 -2.84840 753440 2378-1
33 25 -1.0794+0 -8215-2 1.300-1
33 24 -1.0474+0 -5416—-1 1294-1
33 23 -159940 1526+0 1.605-1
33 22 243140 4.665+0 2.134-1
33 21 -2525+4+0 4812+0 2208-1
33 20 -1469+0 2417-1 1.592 -1
33 19 -1.7224+0 1253+0 1.743-1
33 18 -=2.1054+0 3.004+0 1946-1
33 17 -24954+0 4772+0  2.155-1
33 16 -12014+0 -3.746-1 1364-1
33 15 -3.02840 7.592+0 2413-1
33 14 -2861+0 6.865+0 2321-1
33 13 —4563-1 -2530+0 8250-2
33 12 -7781-1 -=8.028—1 9.500-2
33 11 -3.0434+0 8282+0 2354-1
33 10 -23484+0 5.194+0 1942-1
33 9 —46624+0 1418+1 3369-1
33 8 —44734+0 1225+1 3.368-1
33 7 -352840 7.700+0 2.839-1
33 6 —-68484+0 2004+1 4952-1
33 5 —-4759+0 1.086+1 3.708 -1
33 4 558240 1338+1 4244-1
33 2 —-459+0 8.040+0 3.731-1
33 1 —-47344+0 8.622+0 3.752-1
33 0 538240 1.057+1 4202-1
34 34 453240 2074+1 6.842-1
34 33 -56174+0 9.091+0 6.662—1
34 32 -1.0314+1 3416+1 8.056—-1
34 31 -8.0164+0 2763+1 5997-1
34 30 -73734+0 2629+1 5300-1
34 29 -439240 1473+1 3311-1
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34 28 -2.623+0 7209+0 2220-1

34 27 -2315+0 5756+0 1.970-1

34 26 -2310+0 4772+0  2.065-1

34 25 —-4591-1 -3.191+0 9.469-2
34 24 -1363+0 5.042-1 1.453 -1

34 23 -1341+0 -1376—-1 1476-1

34 22 -1508+0 7.172-1 1.542 -1

34 21 -2735+0 5380+0 2308-1

34 20 -1.660+0 8.587-1 1.663 -1

34 19 -19164+0 2.064+0 1.790-1

34 18 -1.770+0 1.267+0  1.728-1

34 17 -1.638+0 8953-1 1.645 -1

34 16 -3.7284+0 9.723+0 2.875-1

34 15 -2328+0 4454+0 1.968-1

34 14 -2891+0 7.027+0 2264-1

34 13 -2273+0 4.673+0 1.895-1

34 12 -2391+0 5321+0 1.938-1

34 11 —49204+0 1.551+1 3.469-1

34 10 -2536+0 5.524+0 2.065-1

34 9 -2807+0 5824+0 2311-1

34 8 —4390+0 1.145+1 3.328-1

34 7 -5251+0 1415+1 3.902-1

34 6 -3495+0 6.187+0 2.883-1

34 5 —69474+0 1922+1 5.046—1

34 4 -71077+0 1958+1 5.195-1

34 3 -5691+0 1248+1 4376-—1

34 2 -5309+0 1.066+1 4.143-1

34 1 -33284+0 2308+0 2953-1

34 0 -5875+0 1.200+1 4525-1

35 35 140941 -629+1 -2376-1
35 34 -5402+0 9525+0 6.352-1

35 33 -1.0374+1 3554+1 7940-1

35 32 -7.896+0 2801+1 5822-1

35 31 —-6.193+0 2188 +1 4.520-1

35 30 -33164+0 1.046+1 2.648—1

35 29 -2713+0 8285+0 2.135-1

35 28 -2.091+0 4.650+0 1.848-1

35 27 -7.684—-1 -1.066+0 1.025-1

35 26 -4030-1 -3.122+4+0 8357-2
35 25 4573-1 -7.170+0 3.325-2
35 24 —-4917-1 -=-35214+0 8956-2
35 23 -7939-1 -2578+0 1.097-1

35 22 259340 4344+0 2216-1

35 21 -2471+0 3.806+0  2.131-1

35 20 -7.778—-1 -=3277+0 1.129-1

35 19 —-1485+4+0 -2.635—-1 1.534-1

35 18 —-1.601+0 3.671—1 1.567 — 1

35 17 =2112+0 2770+0 1.845-1

35 16 218240 3264+0 1.877-1

35 15 —4594+0 1354+1 3280-1

35 14 -3477+0 9374+0 2561-1

35 13 =5766+0 1911 +1 3.904-1

35 12 -3.133+0 7.794+0 2393-1

35 11 -2993+0 6948+0 2339-1

35 10 -2343+0 4501+0 1.908-1

35 9 —-6.051+0 1.898+1 4.191-1

35 8 —4.07840 9.639+0 3.135-1

35 7 =5.043+0 1303+1 3.722-1

35 6 -5700+0 1.509+1 4.156—1

35 5 575340 1427+1 4252-1

35 4 -5183+0 1LI21+1 3.942-1

35 3 -5636+0 1.192+1 4315-1

35 2 -7374+0 1905+1 5311-1

35 1 =5257+0 1.008+1 4.046—1

35 0 —=56234+0 1.072+1 4346-1

36 36 136341 589141 -2581-1
36 35 —6.789+0 1.645+1 7.052-1

36 34 -1.067+1 3783+1 7.964-1

36 33 -8936+0 3298+1 6349-1

36 32 -5.199+0 1.863+1 3.816—1

36 31 —4.0514+0 1442+1 2937-1

36 30 —2424+0 6917+0 1.991-1

36 29 5.124-1 -=51474+0 1.112-2
36 28 6.667—-2 —4427+0 4.838-2
36 27 -7384-1 -2009+0 1.036-1
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36 26 —4.752-1 -3902+0 9.562-2

36 25 6515-1 -8.1144+0 1470-2

36 24 -5771-2 -5751+0 6.163-2

36 23 2079+0 -1513+1 -6.193-2
36 22 -34024+0 7.181+0 2.706-1

36 21 -332440 7.021+0 2.606—1

36 20 -2449+4+0 3247+0 2.091-1

36 19 -27694+0 4889+0 2229-1

36 18 —-3.158+0 6393+0 2482-1

36 17 -3.040+0 6.005+0 2421-1

36 16 -20154+0 1953+0 1.796-1

36 15 -3.091+0 6.827+0 2397-1

36 14 -27514+0 5723+0 2.161-1

36 13 —48004+0 1.417+1 3.392-1

36 12 -3964+0 1.080+1 2.886—1

36 11 -2587+4+0 4738+0 2.095-1

36 10 -2.4364+0 4.0604+0  2.002-1

36 9 -5756+0 1.754+1 3970-1

36 8 —45374+0 1.130+1 3370-1

36 7 -5799+4+0 1613+1 4.103-1

36 6 —=57014+0 1471+1 4.128-1

36 5 —=557840 1365+1 4.058-1

36 4 —4931+40 9549+0 3.802-1

36 3 —462340 7715+0 3.653-1

36 2 -56444+0 1.122+1 4303-1

36 1 —-6.875+0 1.654+1 4986-1

36 0 -5968+4+0 1.223+1 4473-1

37 37 121441 -52094+1 -1.688-1
37 36 -7.736+0 2155+1 7469-1

37 35 -1240+1 4614+1 8.848-1

37 34 745440 279+1 5308-1

37 33 -5262+4+0 1981+1 3.730-1

37 32 -39174+0 1421+1 2803-1

37 31 178340 4774+0 1.496-1

37 30 2296 -1 —4131+0 3.017-2

37 29 1.0744+0 -8.0514+0 -2.367-2
37 28 1.2814+0 -9963+0 -2.731-2
37 27 144440 -1.11941 -=3.505-2
37 26 239040 -1612+1 -8.111-2
37 25 —4614-1 —-4248+0 8286-2

37 24 -1.02240 -222540 1.164-1

37 23 -1.7734+0 2.238-1 1.674 -1

37 22 =5971-1 —-4900+0 9.977-2

37 21 -6526-2 -6.7934+0 6.080—2

37 20 272740 4.087+0 2207-1

37 19 =21774+0 1.638+0 1908 -1

37 18 =2.6654+0 3817+0 2.174-1

37 17 -7593-1 -38344+0 1.034-1

37 16 —6.537-1 —-4213+0 9.806-2

37 15 -2468+0 3.695+0 2.025-1

37 14 -2942+0 6.038+0 2255-1

37 13 -2.6974+0 5.183+0 2.104-1

37 12 =37544+0 9.673+0 2.709-1

37 11 =37124+0 9417+0 2.694-1

37 10 -35174+0 7.648+0 2.683 -1

37 9 -381840 8617+0 2.863-1

37 8 —45274+0 1.091+1 3313-1

37 7 =77534+0 2349+1 5289-1

37 6 -68144+0 1816+1 4.855-1

37 5 —-47814+0 9751+0 3.580-1

37 4 864240 2419+1 6.033-1

37 3 567540 1206+1 4.192-1

37 2 —-47354+0 7241+0 3.699-1

37 1 -6830+0 1593+1 4.922-1

37 0 -5082+0 8276+0 3.894-1

38 38 9876+0 -=3777+1 -1.011-2
38 37 -9.767+0 3.122+1 8515-1

3836 —1.184+1 4489+1 8375-1

38 35 -9338+40 3.671+1 6305-1

38 34 519640 2012+1 3.570-1

38 33 -14554+0 4775+0 1208-1

38 32 —-1479-2 -1941+0 3525-2

38 31 214140 -1.160+1 -9.455-2
38 30 7570-1 -=7.002+0 -2.785-3
38 29 337740 -1.8134+1 -1.656-1
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38 28 452040 -2397+1 -2218-1
38 27 32054+0 -1830+1 -1.477-1
38 26 1.634+0 -1318+1 —-4.672-2
38 25 1.0494+0 -1.099+1 -1.127-2
38 24 1.008+0 -1.137+1 -4.203-3
38 23 —-1279+0 -2244+40 1.334-1

38 22 5309-1 -9.82540 2.567-2

38 21 1.658-1 -9.018+0 5.519-2

38 20 -9.151-1 -=-3799+0 1.090-1

38 19 —-1.7414+0 -1.12240 1.669 —1

38 18 —1.131+0 -2849+0 1.205-1

38 17 -1958+0 7.161-1 1.703 -1

38 16 -2.156+0 1986+0 1.781-1

38 15 -8241-1 -3804+0 1.043-1

38 14 -3473-1 -5139+0 6.851-2

38 13 -3.066+0 6274+0 2283-1

38 12 -3249+0 6430+0 2469-1

38 11 =27094+0 4772+0 2.060-1

38 10 —-3432+0 7.095+0 2.533-1

38 9 -5763+0 1.593+1 4.010-1

38 8 —4.6204+0 1.044+1 3401-1

38 7 —6586+0 1.817+1 4.532-1

38 6 -7409+0 2051+1 5125-1

38 5 -=52304+0 1.040+1 3.895-1

38 4 —-6901+0 1.652+1 4943-1

38 3 —65124+0 1415+1 4765-1

38 2 —4452+0 5279+0 3.538-1

38 1 —6.047+0 1.299+1 4342-1

38 0 -2160+0 -3.408+4+0 2.020-1

39 39 251240 -9352+0 3.057-1

39 38 -1.029+1 3435+1 8758-1

39 37 —-14304+1 5646+1 9.654—1

39 36 -9.118+0 3.673+1 6.046—1

39 35 -3952+0 1.590+1 2729-1

39 34 241340 9.103+0 1.709-1

39 33 -2362-1 -7707-1 4202-2

39 32 231740 -1215+1 -1.088-1
39 31 4802+0 -2309+1 -2.590-1
39 30 4205+0 -2212+1 -2.103-1
39 29 479240 -2490+1 -2490-1
39 28 4161+0 -2313+1 -2.033-1
39 27 4.063+0 -2310+1 -1.999-1
39 26 351240 -2.146+4+1 -1.604-1
39 25 377140 -2305+1 -1.728 -1
39 24 235540 -1.766+1 —8541-2
39 23 368940 -23474+1 -1.657-1
39 22 3394-1 -9871+0 3931-2

39 21 1706 4+0 -1.607+1 -3.679-2
39 20 -8844-1 -5169+0 1.149-1

39 19 -3914-1 -7406+0 8.849-2

39 18 2368—-1 -9.701+0 4.763-2

39 17 -6565—-1 —=5729+0 9.817-2

39 16 -8576-2 -7.633+0 6.065-2

39 15 8095-1 -1.070+1 1.155-3

39 14 —-1.134+0 -2552+0 1.162-1

39 13 -1233+0 -20184+0 12121

39 12 -4799-1 -520740 7.639-2

39 11 —-1.653+0 —4503-1 1467-1

39 10 1.170-1 -8.666+0 5.092-2

39 9 282940 3358+0 2235-1

39 8 -T7.091+0 2026+1 49461

39 7 -3490+0 4554+0 2719-1

39 6 —4957+0 1.013+1 3593-1

39 5 -7675+0 2028+1 5307-1

39 4 701340 1.643+1 5012-1

39 3 -5404+0 9.188+0 4.083-1

39 2 —4581+0 5.640+0 3.561—1

39 1 =7923+0 2024+1 5420-1

39 0 -3469+0 1.625+0 2.767-1

40 40 -9.760—-4 24314+0 4813-1

40 39 -1.150+1 4.0614+1 9302-1

40 38 —1460+1 5856+1 9.734-1

40 37 -1.060+1 4359+1 6.804-1

40 36 -7.534+0 312341 4736-1

40 35 -2914+0 1.120+1 1.958 — 1
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v, Us al a2 a3

40 34 -16154+0 5780+0 1.043 -1

40 33 224940 -1.187+1 -1.123-1
40 32 53764+0 —-2539+1 -3.019-1
40 31 451940 -2262+1 -2512-1
40 30 535340 -2.754+1 -2844-1
40 29 528740 —-2739+1 -2884-1
40 28 5461+0 —-2.890+1 -2907-1
40 27 6.030+0 -3.195+1 -3.228-1
40 26 325140 —-2.092+1 -—-1.532-1
40 25 444540 -2616+1 -2259-1
40 24 2.659+0 -1951+1 -1.103-1
40 23 1476+0 —-1453+1 —-4292-2
40 22 29734+0 -2.150+1 -1.248-1
40 21 120340 —-1436+1 -1.711-2
40 20 -5684-2 -9.1414+0 5.888-2

40 19 2.055+0 -1.773+1 -6.828-2
40 18 4506-1 -1.159+1 3.392-2

40 17 121340 -—-1415+1 -1.848-2
40 16 -4861-1 —-6458+0 7.859-2

40 15 149040 —-1450+1 —-4.077-2
40 14 8.669-1 -—-1.155+1 -5335-3
40 13 1812+0 -1.501+1 -6.737-2
40 12 -2.688+0 3.7234+0 1.980 -1

40 11 -1.780+0 -2.844—-1 1452-1

40 10 -1.0094+0 —4.183+0 1.048-1

40 9 -412440 812540 2938-1

40 8 -28694+0 215340 2.241-1

40 7 —-424540 7.1584+0 3.100-1

40 6 -5603+0 1.218+1 3919-1

40 5 -39394+0 4.131+0 3.031-1

40 4 -6418+0 132741 4591 -1

40 3 —6.648+0 1.438+1 4.664 — 1

40 2 -437740 4545+0 3351-1

40 1 -5.083+4+0 8.0674+0 3.663-1

40 0 -6382+0 1331+1 4421 -1

41 41 -9.198—-1 6385+0 4994 — 1

41 40 -1.208+1 4395+1 9.611 -1

41 39 -1593+1 6.500+1 1.0354+0
41 38 —-1.054+1 4399+1 6.707 — 1

41 37 -65314+0 2699 +1 4.107 -1

41 36 -3.801+0 152941 2.381 -1

41 35 —-1.177+0 3.6634+0 7.732-2

41 34 189540 -1.003+1 -1.067-1
41 33 4840+0 231841 -2772-1
41 32 43614+0 —-2.159+1 -2538-1
41 31 56074+0 -2782+1 -3222-1
41 30 6.508+0 —-3.283+1 -3.639-1
41 29 652240 -3305+1 -3.718-1
41 28 7.055+0 -3.606+1 -3956-1
41 27 446340 -2612+1 -2352-1
41 26 54014+0 -3.054+1 -2872-1
41 25 5.700+0 322341 -3.024-1
41 24 391340 -2507+1 -1952-1
41 23 4950+0 —-2955+1 -2563-1
41 22 2736+0 -2.085+1 -1.186-1
41 21 371440 252241 -1.746-1
41 20 5907+0 -3388+1 -=-3.110-1
41 19 142840 -1.595+1 -3571-2
41 18 2.848+0 —-2.155+1 -1.230-1
41 17 2860+0 —-2.145+1 -1.252-1
41 16 2555-1 -9979+4+0 2.607-2

41 15 332140 —-2.195+1 -1.637-1
41 14 1576 +0 —-1.482+1 -5558-2
41 13 1.8814+0 —-1.594+1 -7.526-2
41 12 164940 -1529+1 -6.010-2
41 11 -1.044+0 —-4267+0 9.804-2

41 10 —-4479-1 -6.696+0 5.8906-2

41 9 -2306+0 2.045-1 1.746 — 1

41 8 —-427540 8130+0 2.893-1

41 7 -424840 733540 2909-1

41 6 -5605+0 1.160+1 3849 -1

41 5 —-4.17440 4808+0 3.027-1

41 4 -47624+0 626340 3487-1

41 3 -7403+0 1.640+1 5.108 —1

41 2 -6.148+0 1.131+1 4.338 -1

Table A1 (Continued.)

Vi Ur al a2 a3

41 1 =5223+0 777540 3.732-1

41 0 —6466+0 1286+1 4.454-1

42 42 2145-1 507240 4611-1

42 41 -1246+1 4640+1 9.705-1

42 40 —-1449+1 5953+1 94571

42 39 —-1.126+1 4670+1 7.029-1

42 38 —7724+0 3.0984+1 4869-1

42 37 -5588+0 2195+1 3.378-1

42 36 -3.688+0 132241 2222-1

42 35 5925-1 505140 -=-3.778-2
42 34 1730+0 -1.008+1 -1.170-1
42 33 4.054+0 -2.059+1 -2491-1
42 32 4548+0 -2357+1 -=-2731-1
42 31 6.863+0 —3328+1 —-4204-1
42 30 5904+0 -3.089+1 -3436-1
42 29 8460+0 —4.1954+1 -5.002-1
42 28 8905+0 —4435+1 -5212-1
42 27 644540 -3429+1 -3792-1
42 26 8.0434+0 —4222+41 -—-4582-1
42 25 7.076+0 -3.805+1 -4.082-1
42 24 505940 -3.032+1 -2.824-1
42 23 5486+0 -3226+1 -3.079-1
42 22 6752+0 -3814+1 -3747-1
42 21 340540 -2489+1 -1.683-1
42 20 2344+0 -1994+1 -1.133-1
42 19 3.088+0 -2355+1 -1498-1
42 18 1.429+0 -1.579+1 -6.124-2
42 17 3.072+0 -2259+1 -159-1
42 16 329540 -2306+1 -1.752-1
42 15 1183+0 -1.325+4+1 -6.135-2
42 14 1951+0 -1617+1 -1.097-1
42 13 145140 -14014+1 -=7.901-2
42 12 8564-1 —-1202+1 —-4.038-2
42 11 9.626—-1 -1326+1 -3.926-2
42 10 -1.122+0 -5.608+40 9.380-2

42 9 -2039+0 -2013+0 1.461-1

42 8 -5209+0 1.077+1 3350-1

42 7 —-4701+0 8.179+0 3.057-1

42 6 —6544+0 145+1 4259-1

42 5 —=5423+0 926940 3.584-1

42 4 —4773+0 552940 3.304-1

42 3 —4249+0 3630+0 2.898-1

42 2 -=5210+0 7.486+4+0 3473-1

42 1 -5.620+0 9386+0  3.689 -1

42 0 —6.618+0 1346+1 4280-1

43 43 -3813+0 20354+1 6874-1

43 42 -9478+0 3467+1 79971

43 41 —1.222+1 4957+1 8.033-1

43 40 -1.034+1 421041 6.570-1

43 39 -9.103+0 3.665+1 5518—1

43 38 —=7.092+0 27174+1 4323-1

43 37 -6.104+0 2231+1 3.601-1

43 36 —1.85+0 3897+0 1.052-1

43 35 -8243-2 -3.662+0 -9.612-3
43 34 2220+0 -13024+1 -1.648-1
43 33 3.198+0 -—-1.848+1 -2.059-1
43 32 375340 -2.143+1 -2388-1
43 31 6.119+0 -=3.106+1 -3.929-1
43 30 7.803+0 -3967+1 -4732-1
43 29 799040 —4.08 +1 -4845-1
43 28 7904+0 —4136+1 —-4743-1
43 27 7940+0 —4145+1 -4817-1
43 26 7407+0 —4.024+1 -4403-1
43 25 7019+0 -=3911+1 -4135-1
43 24 8207+0 —4412+1 -4861-1
43 23 6202+0 -=3.6114+1 -3.653-1
43 22 4526+0 -2986+1 -2562-1
43 21 403940 -2708+1 -2419-1
43 20 392240 -2707+1 -=-2302-1
43 19 9806—-1 —-1479+1 -5.687-2
43 18 392240 -2700+1 -2294-1
43 17 6288—-1 —1335+1 -3478-2
43 16 1296+0 -1532+1 -8229-2
43 15 -1.105-1 -9.1594+0 -6.561-4
43 14 3.0074+0 =2.125+1 -1.943-1
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v Uy al a2 a3

43 13 —5.600-1 -63714+0 1.436-2

43 12 -8501—-1 -5982+0 4.200-2

43 11 -2.03440 -1.3874+0 1.153-1

43 10 9.646—1 —-14794+1 -5415-2
43 9 -3981-1 -99104+0 3.115-2

43 8 -2.032+0 -3399+0 1.264-1

43 7 —-4558+0 6586+0 2.766-1

43 6 -83174+0 2136+4+1 5011-1

43 5 -58164+0 101441 3.548-1

43 4 -6.1224+0 1.196+1 3.611-1

43 3 —472840 580940 2.780-1

43 2 -3958+0 1907+0 2375-1

43 1 -78244+0 189%+1 4531-1

43 0 =79914+0 203041 4.565-1

44 44 —5640-1 136941 579% -1

44 43 795440 2877+1 7.045-1

44 42 -9406+0 3566+1 6.691—1

44 41 -1.164+1 4412+1 7505-1

44 40 —-1.1984+1 445841 7.670-1

44 39 —1.141+1 4.134+1 7.081-1

44 38 -—1.184+1 4267+1 7298-1

44 37 -8.649+0 2870+1 5232-1

44 36 —4.6654+0 122741 2.730-1

44 35 -34714+0 758840 1.874-1

44 34 -1565-1 —6.5564+0 -1982-2
44 33 —-1.446+0 -1992+0 6.174-2

44 32 5633+0 -3.163+1 -3.625-1
44 31 3860+0 —-2530+4+1 -2.557-1
44 30 6402+0 -3.588+1 —-4.090-1
44 29 5349+0 -3.170+1 -=-3536-1
44 28 6400+0 -3.780+1 -3955-1
44 27 6273+0 -3719+1 -3980-1
44 26 7.1344+0 —4.080+1 —4543-1
44 25 3.031+0 248341 -2.010-1
44 24 3959+0 -2845+1 -2.622-1
44 23 639440 -3.89+1 -—-4085-1
44 22 5061+0 -3374+1 -3276-1
44 21 1.85+0 -=2070+1 -1360-1
44 20 4335+0 311341 -2.824-1
44 19 3237+0 -2.645+1 -2218-1
44 18 3.741+0 -2861+1 -2526-1
44 17 2425-1 -1377+1 -5.188-2
44 16 2931+0 -2490+1 -2.080-1
44 15 -5958-1 -9.615+0 -5667-3
44 14 2299 +0 -1985+4+1 -2.011-1
44 13 —4449-1 -9850+0 -1.872-2
44 12 —-1.045+0 -6.695+0 6.723-3

44 11 1890-1 —-1246+1 -6245-2
44 10 1367+0 -1.85+1 -1.177-1
4 9 1631+0 —-1965+1 -1.364-1
44 8 -1416+0 -7979+0 4.577-2

44 7 729840 1646+1 3852-1

44 6 -243440 -48154+0 1.043-1

44 5 -75274+0 1599+1 4.006-1

44 4 -7526+0 1458+1 4.168-1

44 3 -=50914+0 472840 2.612-1

44 2 -9400+0 2200+1 5216-1

44 1 924240 22534+1 4932-1

4 0 -1.1794+1 330241 6.494-1

45 45 -1.667+0 1266+1 5645-1

45 44 —-6.557+0 24614+1 6307-1

45 43 —1.140+1 4249+1 7.782-1

45 42 —-12354+1 436241 8546-1

45 41 -1.1554+1 392141 7.657-1

45 40 -9457+0 2986+1 6397-1

45 39 828240 24974+1 5300-1

45 38 -9360+0 291341 5.869-1

45 37 -7502+0 2107+1 4582-1

45 36 —62124+0 1456+1 3.833-1

45 35 595440 138541 3.504-1

45 34 —-441240 701840 2486-1

45 33 -38694+0 351640 2260-1

45 32 —-1.009+0 -8.868+0 5.233-2

45 31 5998-1 —-1.499+1 -6.781-2
45 30 —-48154+0 653140 2612-1
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Vi Ur al a2 a3

45 29 -2808+0 -2276+0 1.359-1

45 28 -7224-1 -1287+1 3477-2

45 27 -5234-4 -1572+1 -2.192-2
45 26 —1.652+0 -9.258+40 7.456-2

45 25 —-5328+0 5533+0 2907 -1

45 24 225440 -2640+1 -1593-1
45 23 -3.185+0 —4.005+0 1.587-1

45 22 -2900-1 -16124+1 -1355-2
45 21 -2.656+0 -6.524+0 1.280-1

45 20 8739-1 -1976+1 -1.042-1
45 19 5624-1 -1.890+1 -8575-2
45 18 7978 -1 —-1443+1 1.268-2

45 17 -2483+0 —631240 9.442-2

45 16 —4962+0 4860+0 2305-1

45 15 6239-1 -1.740+1 -1.119-1
45 14 -2486+0 —-4.15440 6.506-2

45 13 -2534+0 -3222+0 5.670-2

45 12 267040 -2547+1 -2439-1
45 11 2010+0 -=2160+1 -2225-1
45 10 3251+0 -2.864+1 -2743-1
45 9 —-1725+0 -8.185+4+0 2.078-2

45 8 157140 -=2.123+1 -1.906-1
45 7 —-1295+0 -1052+1 -1.562-2
45 6 —4565+0 149340 1.901-1

45 5 -4267-1 -1635+1 -5551-2
45 4 -2487+0 -9388+0 8919-2

45 3 -2229+0 -1.02241 6.065-2

45 2 -4831-2 -2090+1 -5300-2
45 1 =7743+0 114341 3971-1

45 0 —-6.064+0 6.111+0 2720-1

46 46 -2.659+0 1.771+1 6.436-1

46 45 —-4.604+0 165941 5353-1

46 44 —-8383+0 2749+1 6.616-1

46 43 -7.570+0 2619+1 4.550-1

46 42 -2956+0 819240 1.419-1

46 41 1018+0 -9.118+0 -1330-1
46 40 5570+0 -2.868+1 -3.956-1
46 39 6781 +0 —3518+1 —-4819-1
46 38 1.094+1 -5572+1 -6.888—1
46 37 115241 —6.134+1 -7.078-1
46 36 7862+0 —4.861+4+1 -4710-1
46 35 7.064+0 —4768+1 -4.055-1
46 34 5687+0 —4372+1 -3.181-1
46 33 6431+0 —4980+1 -3333-1
46 32 —1.571+0 -1.788+1 1.491-1

46 31 —6.556+0 234940 4317-1

46 30 —1.321+1 2697+1  8595-1

46 29 —-1.671+1 4261+1 103240
46 28 —1429+1 314341 9.047-1

46 27 —-1715+1 4223+1 1.068+0
46 26 —1921+1 5070+1 118340
46 25 -2.004+1 544041 122140
46 24 -2.029+1 5643+1 121340
46 23 -2.684+1 82754+1 1.607+0
46 22 -2159+1 6080+1 1.296+0
46 21 -2343+1 7.042+1 1.368+0
46 20 -2.051+1 56574+1 121340
46 19 —1.864+1 5081+1 1.072+0
46 18 -2174+1 6272+4+1 126040
46 17 -2266+1 693341 128340
46 16 —-1355+1 3.1134+1 7378-1

46 15 -2106+1 6400+1 1.163+0
46 14 —1441+1 374841 7.539-1

46 13 -2109+1 6612+1 1.138+0
46 12 —1.615+1 452541 8408-1

46 11 —1452+1 384741 7.456-1

46 10 —1.291+1 321241 6369-1

46 9 -9.698+0 184741 4.534-1

46 8 -3.634+0 —-6.609+4+0 7.543-2

46 7 —1.617+1 440441 8372-1

46 6 —1.633+1 450241 8238-1

46 5 -2.005+1 5784+1 1.073+0
46 4 -3.065+1 103242 1.669+0
46 3 -7430+0 8.0644+0 2713-1

46 2 —-8864+0 1.587+1 3.359-1
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Table A1 (Continued.)

v Uy al a2 a3

46 1 -1.0304+1 1995+1 4368 -1

46 0 -3801+1 1309+2 2.1474+0
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