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Semiclassical calculation of collisional dissociation cross sections
for N+N,
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Dissociation and doubly differential cross sections are calculated foNNat near-threshold
collision energies using a semiclassical wave packet method in which the vibrational motion of the
molecule is treated quantum mechanically and the rotational and translational motions are treated
classically. A three-bodied London—Eyring—Polanyi—Sato potential energy surface is used and
results compared to those obtained using a purely repulsive power law potential. For a comparison
of results, cross sections are also calculated using pure classical mechaniz®02@\merican
Institute of Physics.[DOI: 10.1063/1.1504085

I. INTRODUCTION molecule—molecule reactiVeand nonreactiVe scattering
problems.
The collision-induced dissociatiditID) of the N, mol- This paper is organized as follows: The theory behind

ecule by an energetic nitrogen atom is a process of impotthe calculation is given in Sec. I, where we introduce the
tance in the upper atmosphere of Titan, a moon of Saturrsemiclassical effective Hamiltoniaisec. 11 A) and describe
which has a nitrogen atmosphér@he energized nitrogen the method of solutiotSec. Il B), including the wave packet
atoms produced by dissociation populate Titan’s atmospheripropagation techniques. We also briefly review the equations
corona and can contribute to atmospheric loss. Essentially nfar calculating the dissociation cross sections in Sec. I C. In
laboratory data exist for this collisional system in the energySec. Il the computational details of the calculation are given
range of interest(~9 eV to ~a few ke\). Previously along with the results for the total integrated dissociation
Johnsonet al? calculated the collisional dissociation cross cross sections and the doubly differential cross sections. A
sections for N-N, using classical molecular dynamics and summary of our findings is given in Sec. IV.

potentials constructed based on laboratory data for energy

transfer in O+ N, collision_s_.3 They found thgt for a num_be_r Il THEORY AND CALCULATION

of atom—molecule collisions the classical dissociation

threshold using repulsive power law potentials is about threé. Semiclassical equation

times the actual dissociation energy. They also concluded To study the system ABC—A+B+C we use the

that classical trajectory calculations were reasonably accurage*p(,ice fixed Jacobi coordinate system wharés the vector
at high energies but poorly describe the effective thresholi

X di o q h hreshold i oining atom B to C and, is the vector joining atom A to the
Since dissociation can occur down to the true threshold it igehier of mass of molecule BC. The Hamiltonian for this
important to carry out a more detailed calculation in this

system is given b
regime. y d y

A full quantum mechanical calculation for CID is com- N 2 p2
putationally challenging, particularly when such a large num- H= _21 2_,U~|

#? 29 1 ( 9
ber of rotational channels participate in the collision. Quan-

ar? ran i\ a6

tum mechanical effects become most significant when g 1 .
tunneling occurs or when the energy spacings between the +cot0i§—0i sir? 6, (9_? V(. 0.4, 1=1.2,
guantum states are large. In investigating the systeniNp

—N-+N+N, since tunneling plays no role and the rotational @)

levels of the N molecule are closely spaced, we have em-where the vector; is expressed in terms of spherical polar
ployed a semiclassical approximation. The vibrational mo-coordinates;, 6;, and¢;. 6; and¢; are the angles defining
tion of the N, molecule is treated quantum mechanically,the orientation of the space fixed vectats w, is the re-
using a time-dependent wave packet method, while the rotaduced mass of the molecule BC apg is the three-body
tional motions and the relative translational motion arereduced mass. W is the wave function associated with the
treated classically. This approach has previously been apgdamiltonian of Eq.(1), we can introduce a new wave func-
plied to atom—diatom reactive systehasmd to more complex tion ¢, given by

p=r,V, 2
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variables associated with the translational and rotational mog(rq,t=0) in the vibrational state was taken as a Morse
tions in Eq.(4) with their respective classical counterparts, oscillator wave function. Because we will use the population

ie., of the bound states below, we eliminate the reactive and
2 2 p2 2 dissociative contributions to the wave function by introduc-
o —h° 9 T E ( p2 ) ing an absorbing potential,
s 2,(L1 &rl 2,(L2 i=1 2,u,| ei Slﬂ2 0i

+V(ri !Hi ,¢i), |:1,2 (3) Vabs=
In Eq. (3), theP; are the classical momentum associated with (10

r, and the orientation angles. The effective semiclassicalvhereVy is the height and\r ,,sthe width of the absorbing
Hamiltonian, which is defined as the expectation value of thepotential andr 4.5 is its location onr, which is placed suf-
semiclassical Hamiltonian, couples the classical and semificiently far away from the interaction region. This procedure

|_iVOAt(r1_rabs)/ﬁArabsa ra1bs<|’1$rabs"'Arabs
01

M1<rlaps

classical degrees of freedom. It is given by also prevents any reflection at the boundaries that arise natu-
rally in the SSO FFT method.
fef= (A The classical equations of motion, given by
R
, . Po [ 1)\ef
P, 1 Glzz P

=Heffy = 4 f :
HQ 2,“2 21“’2r§ ( |:)02 Slr']2 02 P 2
P¢lcosol< 1> aVefi(r,6,,¢0)

1 1 1) Po=—=a| =
= | p2 1 si 0, \ r 36
+ Zﬂl(Pal s|n2 01 P )( i) M1 1 1 1
P eff eff
+Vei(ri 0,00, =12, 4 =1 | SR S 1
h ( I 1 ¢I) ( ) ¢1 Mlslnz 61 r2 y ¢l (9¢l y
where
(¥IHgl¥) o (11)
r :_1
K ® e
2
. —h? b —|p24 P35, 1 ave(ri, 6, )
M= 2u, © "2\ 2SI o) oty arp
2
Wl 1) LSS S R\ G RN
1)\ 17 2ty "2 ppsit 0,15 30,
2l Tl " o »
by é2 b o VT, 6;, i)
and 2 upSint Grs’ 2 Iy ’
Vef(r .0, )= (lV(ri, 6 ’¢i)|¢>_ (g Wwere integrated, for each randomly chosen impact parameter,
v (¢ly) b, set of orientation angles; and ¢;, and initial center of

mass energy, using a fourth-order predictor corrector
method. Angles9; and ¢, were chosen in the range<(¥,

< and O< ¢; <2, respectively. The initial position of the
atom A was chosen to lie along tlzeaxis at an initial dis-
tancer, sufficiently large in order for the interaction poten-
For the quantal part of the calculation the time-tial to be negligible. In those cases for which the collision is

In the above equations) denotes integration over the quan-
tal variabler ;.

B. Method of solution

dependent Schdinger equation is given by primarily dissociative or reactive the calculation was termi-
a(rt) [—h% & 1 , 1 nqted when thg norm of thg wave fun'ction remaining on the
h rank —+ 2 2(Pf,lJr a7 P¢,1) grid was negligible. Otherwise the trajectory was terminated

M1 0y 2paly o when the distance between the atom and the center of mass

of the molecule is larger thaanax’ where we chose!ezmaX

P(ry,t). © —gA.

Due to the lack of accuratab initio potential energy
DUrlng the propagatlon of the wave fUnCUOn the Va”ablesSurfaceS for the System_N\IZ, we used a London— Eynng_
r2, 6;, and¢;, i=1,2 and the moment®j andP, , were  polanyi-Sato potential energy surface, calculated by Lagana
passed from the classical calculation and remained constast al® This is likely accurate in describing the three-body
for each time stepAt. The wave packet propagation was affects at long range but is probably not very accurate for
carried out using the symmetrized split operat860 fast  close collisions between atoms, as discussed later.
Fourier transform(FFT) method and a finite grid, which is The simultaneous evaluation of the quantal and classical
described briefly in the Appendix. The initial wave function degrees of freedom is performed in the following way. After

+V(ri,0;,¢)
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setting the initial conditions, the wave function is propagated 03
through a time step 04t. This is followed by integrating 06
the classical equations of motion through a time sidp 04
using the wave function calculated halfway through the time o2~~~ .
interval. The wave function is then propagated through a full o : —

H H H H 0.8 o™ — semiclassical reaction | |
time step using the classical variables calculated at fine .
This sequence is repeated for the rest of the calculation.

PR “TTTsn-.. |~ Semiclassical dissociation
” s |~ classical dissociation

Probability
=)
ES
I
|

ol ‘ P .
o prbabi - — -
C. Transition probabilities and cross sections 081 Ly Lo classical toal .

The probability of dissociation is calculated by first pro- o4}
jecting the final wave function onto each asymptotic vibra-  %2f . N
tional state to obtain the vibrational transition probabilities, ° 05 1 L5
i .e., Impact Parameter B (A)

2 FIG. 1. Top: Probability of dissociation vs impact parameidn ,&using
P, = P(ri,t=0) e, (ry)drq| , (12 semiclassical(solid) and classicaldasheyl methods for the LEPS PES.
Middle: Probability of reaction vs impact parametein A using semiclas-

where ¢ ,(r ) is the Morse oscillator wave function for vi- sical (solid) and classicaldashedl methods for the LEPS PES. Bottom:
vl Total probability of dissociation and reaction vs impact parametar A

brati_onal state . If a SUfﬁCient_ _number of Vibr_ational_ states ¢icylated semiclassicallfsolid) and classicallydashed using the LEPS
are included, then the probability of the collision being non-pEs.
dissociative and nonreactiv®\PR, is obtained by adding

together all the vibrational transition probabilities, ) N ) )
whereP; (e, x) is the probability of the scattering angle being

NDR._ {max in the range ¢—Ax/2,x+Ax/2) with final energy in the
P = E Powr (13 range €—Ae/2,e+Ael2). This is averaged over the number
oo of initial orientations for a given impact parametgr. Here
wherev nayis the maximum vibrational state. To determine if N is the total number of impact parameters anid the en-
a reaction has taken placee., A+BC—AB+C or A+BC  ergy in the center of mass of the atom—molecule system. For

—AC+B) we calculate the kinetic energy and the potentialthis set of collision partners the net energy transfer from the
energy both between atoms A and C and between atoms #\cident N to the molecule i§= 1.5 ¢,— €], wheree, is the

and B. If the kinetic energy plus the potential energy is lessnitial energy in the center of mass.
than zero for either case, then a reaction has taken place. Due
to the presence of the absorbing potential we place a limit ofy| RESULTS AND DISCUSSION

the maximum separation of the BC molecui@rh . There- _ _ o )
ax Since the dissociation threshold energy ofisl9.91 eV,

fore whenr,>r; , the calculation ends. We chose . e . .
max max  the dissociation cross sections were calculated at energies,

=8 A which is large enough to make a good estimate of theEO, between 9 and 40 eV for the ground vibrational state

final positions and total energies between all three atoms bu:t0 The wave function was propagated on a grid of 1024
is small enough to provide accurate results for the number Oéisc;rete points and the maximum value of the $&para-
grid points used in the FFT calculation. For a given orienta-,[ion was 8.0 A and the minimum value 0.3 A. Larger and

H H R ; H NDR
tion and impact Eararrl;etd?, IS eltheorl i O'I[r?’ thereaB . smaller values for the grid length and the maximmwere
can range anywhere between 0 and 1. Therefore we estim sted to find the best values. The maximum vibrational

. . P D . R_
the;)[r)o_bgbllltr)]/ of dissociatiorP’™, as follows; ifP™=1we o ,antym number was calculated using the semiclassical
setP®=0, otherwise approximation

D_ NDR
P"=1-P . (14) +l 2_2M1De (17)
vTa T hep?

here D,=9.91eV is the dissociation energy angd
=2.689/A, and was found to he,,,=67. For the total dis-
sociation cross sections the maximum value for the impact
parameter was taken to be 1.5 A and for the differential cross
whereb,y is the maximum value of the impact parameter - sections was chosen to be 4.0 A. For each impact parameter
andPp, is the probability of dissociation averaged over initial we integrated trajectories for 100 random initial orientations
orientation. For a more detailed analysis of the system wéor each energy and we chodd=0.05 A. For the absorb-
calculate also the doubly differential cross section, which isng potential we chos¥,=100 eV andr ,o—=1.0 A.
given by In Fig. 1 we compare how the probability of dissociation
) N and reaction vary with impact parametefor the semiclas-
d°e —om Pi(e,x)bi Ab (16  Sical and classical calculation using the LEPS PES at the
dQ de T 2msiny Ay Ae’ center of mass energy 30 eV. Using the LEPS PES at small

This method ensures th&P® is never less than zero. The
total integrated cross section for dissociation is obtained byW

Dmax —
aD=f bPy db, (15)
0
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FIG. 2. Integrated dissociation cross sections vs center of mass energ
E(eV) ranging from 9 to 40 eV for the semiclassi¢ablid) and classical

(dashed calculations using the LEPS PES. Also shown is the dissociation ' ' ' ]

cross section calculated classically using the repulsive pair potefdiads 0.06-

dashegl =R i [3—F] Final Energy = 10eV 1
005 Av -]
g | j ]
8

. - . = - |

impact parameterg<0.5 A) the probability of reaction g %%

dominates over that of dissociation but as the impact param- % Om' |

eter increases so too does the probability of dissociation until &

the peak at about 1 A, o |

Collisional dissociation cross sections are shown in Fig. £

2 for center of mass energy varying between 9 and 40 eV. 3

These are carried out using the semiclassical method de /

scribed above and a classical molecular dynamics calculatiot 0 1

ST 7 |
50 100 150
Scattering Angle

both using the LEPS PES potential. Also shown in this plot
is the classical calculation using the pair potentials obtained
by Johnsoret al? For energies greater than 20 eV it can beFIG. 3. Doubly differential cross sections plotted against scattering angle
seen that the classical and semiclassical results agree well ft§F the final center of mass energy=5 eV (top) and =10 eV (bottom),
the LEPS PES. However, on approaching the dissociatioff"®"® the initial center of mass energy is 20 eV.
threshold energy9—20 eV} the semiclassical approximation
predicts more dissociation than the classical. The pair poten-
tials are in the form of a repulsive power law potential, given+ N, system.e,, in the range 9—40 eV using a semiclassical
by method. Because a goal was to better describe the dissocia-
C, tion probability near the threshold region, we used a three-
- (18  body model potential that can roughly describe the ground
state of N. This differs considerably from the pair potentials
wherer is the separation of the atoms a@j, andn are  used earlier. For comparison to our semiclassical calculations
obtained from data extracted from dissociation cross sectionse also carried out fully classical calculations using the
for O+ N,.2 The differences between the results of the LEPShree-body potential.
PES and those of the power law potentials are primarily due  We find that in the region studied the pair potentials fail
to the three-body terms present in the LEPS PES. That is, aframatically both in describing the dissociation probability
the incident N approaches, the molecule becomes highly diswxith impact parameter and the total dissociation cross sec-
torted. Because the cross section is very sensitive to the déens. However, using the three-body potential constructed
tails of the potentials in this energy range, accurate potentialsom Morse potentials fails at large energy transfers. There-
are needed. fore, in the region where the repulsive part of the potential
Finally, in Fig. 3 the semiclassical doubly differential dominates>~40 eV), an appropriate description of the re-
cross sections are given for a range of final energies plottedulsive part of the potential is needed. In this velocity region,
against the center of mass scattering angle excitations within the ground state multiplet should also be
included.
Although our goal was to study collisional dissociation
in Titan’s upper atmosphere, we found surprisingly large re-
We have calculated the dissociation cross sections, thaction probabilities for the M N, system. However, our
reaction cross sections, and the doubly differential cross secross sections for reaction plus dissociation channels are the
tions for N+ N, for energies in the center of mass of the N most reliable. The separation into reaction and dissociation

Vn=r

IV. CONCLUSIONS
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APPENDIX: THE SPLIT OPERATOR FAST FOURIER
0.2} - TRANSFORM METHOD

The time propagation of the wave functiaf(r,t) is
carried out using the symmetrized split operator fast Fourier
o1l | transform method proposed by Fleekal ! The following is
based on the description by Feit al 1

If at time t=t, the initial wave functiony(r,ty) is
known on the grid =[r yin . maxl, Wherer ;i is the minimum

Differential Cross Section (cm”10™"%)

% ' 50 100 1% ‘ value ofr andr 4 is the maximum, then the solution of the
Scattering Angle wave function having advanced through a time sipis
given by
(—h* a At
100 ‘ , , ‘ Y(r to+At)=exg —i ZWJFV“) W W(r,tg).

(A1)
B If At is sufficiently small then this can be approximated by

B p( h At 92 At
P(r to+At)=ex _IHP ex —|7V(r)

[3—=£1 Final Energy = 19eV

x
(=]
T

=N}
(=
T
1

~
<
T
1

h At 5P
Xexr{—lmﬁ o(r,ty), (A2)

which is the symmetrized split operator form.
The solution to the first term in EGA2),

. ) 2
00 5I() l(I)O 1;0 ex _| E (9_2 ,
4u or

&)
=)
T
|

Differential Cross Section (cm>10™)

Scattering Angle

FIG. 4. The same as Fig. 3, but for final center of mass energys eV is obtained by using the band-limited Fourier series represen-

(top) and e=19 eV (bottom). tation,
ChAt §?
ex —IEW W(r,tg)
. . . . N/2
cross §ect|ons requires that we estlmgte 'the position of the _ 2 U (to+ At) 27NN, (A3)
dissociated atoms with respect to the incident N. It should n=-"N/2+1

also be noted that since a finite grid is used it is difficult to

accurately calculate the highly excited vibrational eigenstates

up to the dissociation limit. Another method would be to

calculate the flux and integrate it to obtain the probability In(to+ A=
that the molecule has dissociated. It is seen that for both the _ )
dissociation and the reaction cross sections, there is rough Xexp{_lh At Zl”)
agreement of the classical result with the semiclassical cal- Au Lo
culation. Because the semiclassical method allows dissociga Eq. (A4), Ly is the length of the gridr ., fmad, N is the

tion when theaveragevibrational state is below the disso- nmper of grid points, andr =Lo/N. Théngffirg?ency of this
ciation limit, the semiclassical dissociation cross section iﬁ)rocedure can be increased by using a fast Fourier transform
larger than the classical result at the lowest energies as ®XIgorithm in evaluation of EqSA3) and (A4). Accurate re-
pected. In treating low-energy collisions, the most importanty,;ts are obtained by choosirg, large enough so that the
improvements that can be made are the use of a better pgmpjitude of the wave function is negligible at the grid ends
tential surface that accurately treats both the binding and thgnd py choosing\r small enough to accommodate the spa-

repulsive regions and, where reactions are important, a fullyia| bandwidth of the wave function. The time stap must
quantal calculation. The cross sections calculated here agdso satisfy the condition

now being incorporated in a particle transport cotte de-

; : o L At<AIAVax, (A5)
scribe the heating and loss of Titan's upper atmosphere in max
preparation for the arrival of the Cassini spacecraft at SaturivhereAV . is the difference between the highest and low-
(see Fig. 4 est potential values in the Franck—Condon region.

N-1
N jzo (T mint AT] :to)e_zvinj”\‘)

(A4)
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