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Rank-2 tensors from D’-matrix
Building Hamiltonian H= 44+ BJ *+CJ_* out of scalar and tensor operators
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As of April 3, 2014

Links to the current Harter-Soft I.earnlt web apps for Physics

Bold links have default redirect pages. Italics are not yet meant for production.Red: the final stages of testing.

List of production Harter-Soft Web Apps & Textbooks (For public)

Classical Mechanics with a Bang! - URL is "http://www.uark .edu/ua/modphys/markup/CMwBangWeb.html"
Quantum Theory for the Computer Age - URL is "http://www.uark .edu/ua/modphys/markup/QTCAWeb.htm]"
Learnlt Web Applications - URL is "http://www.uark.edu/ua/modphys/markup/LearnltWeb.htm]"

Individual web-apps for current classes:

Bohrlt - Production; URL is "http://www.uark .edu/ua/modphys/markup/BohrltWeb.html"

Bouncelt - Production; URL is "http://www.uark .edu/ua/modphys/markup/BounceltWeb.htm]"

BoxIt - Production; URL is "http://www.uark.edu/ua/modphys/markup/BoxItWeb.html"

Coullt - Production; URL is "http://www.uark.edu/ua/modphys/markup/CoulltWeb.html"
Cycloidulum - Production; URL is "http://www.uark .edu/ua/modphys/markup/CycloidulumWeb.htm]I"
Jerklt - Production; URL is "http://www.uark .edu/ua/modphys/markup/JerkltWeb.html"

MolVibes - Production; URL is "http://www.uark .edu/ua/modphys/markup/Mol VibesWeb.html"
Pendulum - Production; URL is "http://www.uark .edu/ua/modphys/markup/PendulumWeb.html"
Quantlt - Production; URL is "http://www.uark.edu/ua/modphys/markup/QuantitWeb.html"

The old relativity website (2005):
Relativity - Pirelli Entrant - Production; URL is "http://www.uark.edu/ua/pirelli" or "http://www.uark.edu/ua/pirelli/html/default.htm]"

Newer relativity web-apps currently being developed (2013-)
Relativlt Production; URL is "http://www.uark .edu/ua/modphys/markup/RelativitWeb.html|"
RelaWavity Production; URL is "http://www.uark.edu/ua/modphys/markup/RelaWavity Web.html"

Additional classical wep-apps:
Trebuchet Production; URL is "http://www.uark.edu/ua/modphys/markup/TrebuchetWeb.html"
Wavelt Production; URL is "http://www.uark.edu/ua/modphys/markup/WaveltWeb.html"

Link to master list of all Harter-Soft Web Apps & Textbooks (Prod, Testing, & Developement)

http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html
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Review : Asymmetric Top eigensolutions for J=1-2 and D> symmetry
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j,m,n formulas for momentum operator matrix elements:

LLAB matrix elements use the usual atomic formula:
<Z1’,n' Jl ‘ Zfz,n> - Dé’,m (Jl )5n’n :§1 |:6m’m+1\/(j —m)(j+m+1)+ 6m’m—1\/(j +m)(j—m+ 1)_ 6n’n
<Z1’,n' JZ Ln]a,n> - Dé’,m (J2 )6n’n :%i |:5m’m+1\/(j —m)(j+m+1) - 5m’m—l\/(j +m)(j—m+ 1)_ 5n’n

(oo |95 7o) = Do (9908, = 8,,m 8.,

’ /7
m’,n m,n

BOD matrix elements are the same after switching m’s into n’s
and changing sign of J> matrix (*-conjugation)

<;7]1’,n' JT ia,n> = 6m’mDnJ’,n*(JT) :% 5m’m |:\/(] o n)(] tn+t 1)671’71+1 T \/(] + n)(] —n+ 1):|6n’n—1]
<i’,n' JE ;7]1,n> = 6m’mDri,n*(J§) :%i 6m’m |:\/(] - I’l)(] Tt 1)61fz’n+l - \/(J T n)(] —n+ 1):|5n’n—1]
<J’ ’ J§ 4 > - 6m’lei,n*(J§) - 5m'mn 5n’n

m’,n m,n
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Hamiltonian matrices for asymmetric rotor Hamiltonian H=;

3

First are matrix formulas for BOD J2 components.

J%‘i’n>:1§\/(j—n)(j+n+l)JT

LG+ —n+ 1)

JU=m)(=n=1)(j+n+1)(j+n+2)
4

.J%‘jw>:g\/(j—n)(j+n+1).1z

G +m)( = n+1d;

4

B[o) =)
m,n m,n

J
m,n+1

J
m,n—1

)
)

J
m,n+1

J
m,n—1

NG=m)(j—n=D(j+n+1)(j+n+2) | J
m,n+2

)

)

[JIZ J§2 J—2 ]
+ =
I- I. I

This gives the rigid asymmetric-top matrix formula for general A, B, C and J.:

(A2 + BJ +CJ§>\;M>:

B JG=m)(=n=1)(j+n+1)(j+n+2)
= (4-B) X |

J
m,n+2

AJ? + BJ;” + CJs°

NG e DG =n= DG+ n+2) | )+ G = 1)
GG =t DG =G =42 | )+ GG =+ )
+j(j+1)_—n2 J > _|_\/(j+n)(j+n—1)(_j—n+1)(j—n+2) J >
2 m,n 4 m,n—?2
=2 JG=mG+n+ DG -n=-DG+n+2)|7 Y+ G=m)(i+n+1
N =) J=n=1)(j+n 2 ) Tz —n)(j+n+1)
WG =+ DG+ n=DG=n+2) |, )+ G+ m—n+1)
LIGH)=n* g > NGEG+n=D=mD(=n+2) | g >
2 m,n 4 m,n—2

m,n

. 2 SRV —
> +[(A+B)J(]+1)§—n _|_Cn2]‘J >_|_(A_B)\/(]+n)(]+n 1)(ZJ n+1)(j n+2)‘]

m,n—2>
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(J=1)-Matrix for A=1, B=2, C=3.

2 .2
2 2 +1
1 1 \_| 2 V2 1 1 \_| -l 2 1 1
<m,n’ JT‘m,n>_ 2 2 | <m,n' Ji‘m,n>_ % ‘ lj ’ <m,n' Jg‘m,n> 0
V2 —iN2 -1
2
1 1 1 1
2 2 2 T2 +1
[ | L1 : +1
2 2 2 2
(4 B A B ) (1,2 1 2\ (9 1)
|22 TC 372 ;T +3 373 > —3
<AJ%+BJ%+CJ%> - A+B - = - 1+2 - =] - 3
A B A, B 1 2 1,2 | 9
. 272 SR 5 R O B W ;T2 +3) (=2 3 )
eigen-values: (B+C=5 A+B=3, A+C=4 i
5 (+ i +C=4) B+C)=1n2]}, ) SNA y-like
| IN2 0 IN2 ’ 1 |
eigen-vectors: 0 1 0 A+B)= + ‘ m,o>
x-like
iz 0 112 a+C)=1r2}, ) +1N2]), )

j=1
Standing

Body-based J=1
vector-like eigenfunctions
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(J=2)-Matrix for A=1, B=2, C=3.

<AJ% + BJ% + CJ% >J=2 =

(4+ B)+4C

@(A—B)

2(A4+B)+C

>(A-B)

\/Qg(A—B)

3(4+ B)

@(A—B)

>(A-B)

2(A+B)+C

Standing
d-Waves

‘/ig(A—B)

(A+ B)+4C

15

SN

15

ol s

6
2
-3
3
s
6 3
15
3
s
5 15

Thursday, April 10, 2014




(J=2)-Matrix for A=1, B=2, C=3.

(4+ B)+4C

J=2
2 2 2

éﬂA—B)
2(A4+B)+C
3(4+ B)
>(A-B)
Q%A—B)

>(A-B)

2(A+B)+C

‘/ig(A—B)

(A+ B)+4C

Matrix is nearly diagonalized in standing-wave D;-symmetry basis

Alz+>=ﬁ1

R
Sl Jer)-g

+21>+\/§1‘—21>= |A10>:‘8>

)

2\ 1] 2
+1/ 7o |-

15

SN

SN

ol s

15

(o)

S

15

The following basis transformation “almost diagonalizes™ <H>J:2 by reducing it to block form.

Let: X = A4+ B and A= A— B to shorten expressions.

ac-3 -
1 : 1
s
1 -1 - €+
N . Joa
(Dl 1 1 L .
S | 3A
2
2
4C+ X
4C+ X
=l - -+
. C+5§Z_
NEY

N
2

3A
2

£))

J3(4-B)

1 1 :
. .
@A - 2| (p)+2z
: -1 .
I -1
4C-%
4C+ A+ B
4C+ A+ B
C+4A4A+B
: C+A4+4B
J3(4- B)

34+3B

New D basis:
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Completing diagonalization from new D, basis:

A2+ — 1(2 12
4C+A+B J3(4-B) | _> [21+22>+ 21‘_22>
AC+ A+ B - B2 >= > +2>‘ z’—2>
C+44+B Bll+>= : f1>+ﬁl‘_1>
. C+A+4B — 1l 2 1l 2
A1 )= A2 1)
J3(4-B) 34438 )= 1>2 214
A10> = ‘o>
D, | 1 R, R
A1 1] 1 1
A2 1 1 —1
gl 1] -
32 1 -1 1 R
2(180°)
G |1 |1 R, R.(180°) R.(180°)
111
— |1 -1
C;xCy |11 R 1| 1R, R R,
4 1 1 1 1
= + 1 1 1 1
— [ ey e
_ 1 SHENE) (=1
p, |1 R, R
+=4 11 1|1 1 ,

1 Standing
o=t At d-Waves
—=B1 1 1 -1 =1 (1800)

=B |1 1| -1 1
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Completing diagonalization from new D, basis:

AC+ A+ B J3(4-B)
4C+ A+ B -
C+4A4A+ B
: C+A4+4B

J3(4-B) 34+ 3B

D2 1 R R

y z

A1 1] 1 1

/0 IS TS T I T

gl 1] -

Bl1 1|

Need only diagonalize the two A;’s:

A12+>:ﬁl +22>+ 21‘_22> ( It is n=0 versus n=2+)

322_>= ] +22>‘ 21’—22> 4C+A+B 3(4-B) ’A12+>:f21 +22>+J51"22>
Bll+>= : +21>+J51‘—21> V3(4-B) 34+3B |4,0) = ‘3>
or)-gli-gl)

4,0) = ‘§>

Standing

d-Waves
(180°)
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Completing diagonalization from new D, basis: Need only diagonalize the two A;’s:

i den | | | N A12+>:ﬁll +222>+ 211‘_222> (It is n=0 versus n=2+)
AC+ A+ B - 57 )=gl)-5]3) AC+A+B \/5(,4—3)) 427)= 2| 2)+ 2| 3)
C+44+B ‘ ' Bll+>= 21 +21>+J§1‘—21> \/E(A—B) 34+3B )|40) = ‘(2)>
C+A+4B : A21_>= 21 +21>_ 21‘_21>
D, |1 R, R,
A1 11
A1 1T -
Bol1 1] -1 -
Byl 1 -1 | -1 1

Standing

d-Waves
(180°)
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Completing diagonalization from new D basis:

4C+ A+ B
4C+ A+ B
C+44+B
C+A+4B

J3(4-B)

J3(4- B)

34+ 3B

Aj

n—_/I>,2 IG

Need only diagonalize the two A;’s:

_22> ( It 1s n=0 versus n=2+)
2

4C+ A+ B J?(A—B))]A12+>=¢§ 2)+42)
) J3(4-B) 34438 )|40) = |3)
)

20-4-B  ~3(4-B)

=(2C+24+2B)-1+
[x/E(A—B) _(2C- A-B)

J=2 Levels of prolate vs. oblate cases with eigenvalues:

=)

Ar

prolate
(A=2, B=2, C=3)

Ay :2C+2A+2Bi\/(2C—A—B)2+3(A—B)2

:2(A+B+C)12\/C2—(A+B)C+A2—AB+32

{4(3 +2B

=2C+4B+2(C-B)= if A= B

11
symmetri¢ | |
1o (A=2, 2<B<3, 3) B2 oblate
(A=2, B=3, C=3
<9
Ay
i s

A=B prolate case: (A=2, B=2, C=3)

B(J(J+1) +(C-B)n?=2B+4C=4+12=16 (n=+2)

S5B+C=10+3=13 (n=+1) ,6B=12 (n=0)

B=C oblate c]ase: (A=1, B=2, C=2)
B(J(J+1) +(A-B)n°=2B+4A=4+4=8 (n=+2)
S5SB+A=10+1=1] (n=+1) ,6B=12 (n=0)

Thursday, April 10, 2014
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Completing diagonalization from new D basis:

4C+ A+ B
4C+ A+ B
C+4A4A+B

J3(4-B)

C+A+4B
34+ 3B

J3(4- B)
Aj

n—2=> 16

Need only diagonalize the two A;’s:

( It is n=0 versus n=2"%)

_21’—22> {4C+A+B x/g(A—B))’A12+>:J51
J3(4—B) 34+3B

+22>+J51’—22>

|A10> = ‘(2)>

:(2C+2A+2B)-1+[2C_A_B Va(4-5) }

J3(4=B) —(2C— 4-B)

J=2 Levels of prolate vs. oblate cases with eigenvalues:

prolate
(A=2, B=2, C=3)

6+ 3B

14+8  32-8)|_
J32- B)

UO+28)1+(

4-B  32-B)
B32-B) —(4-B)

Ay =10+2Bi\/(4—B)2 +3(2- B)?

2<B<3,

3)'

=2(5+B)+2V7-5B+ B*

:14i2:{ 1; if: A=B=2 and: C=3 |

oblate N\
(A=2,B=3,C=3 A\

A2

n——=2>

A=B prolate case: (A=2, B=2, C=3)

B(J(J+1) +(C-B)n?=2B+4C=4+12=16 (n=+2)

S5B+C=10+3=13 (n=+1) ,6B=12 (n=0)

B=C oblate c]ase: (A=1, B=2, C=2)
B(J(J+1) +(A-B)n°=2B+4A=4+4=8 (n=+2)
S5SB+A=10+1=1] (n=+1) ,6B=12 (n=0)
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New geometric approach to rotational eigenstates and spectra
Introduction to Rotational Energy Surfaces (RES) and multipole tensor expansion
Rank-2 tensors from D’-matrix
Building Hamiltonian H= 4+ BJ *+CJ_* out of scalar and tensor operators
Comparing quantum and semi-classical calculations

Symmetric rotor levels and RES plots

Asymmetry rotor levels and RES plots

Spherical rotor levels and RES plots
SF's spectral fine structure
CFy4 spectral fine structure
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Review of freshman Chemistry and P
Electronic orbitals 101

Quadrupoles
( d-orbitals )

Dipoles
( p-orbitals )

Monopole
( s-orbital )

Thursday, April 10, 2014 15



Review of freshman Chemistry and Physics (contd)

Momentum 101 p=my J=L=1® BANG!
(linear) (rotation)
12 _ 2 Ly 2 p
Energy 101 E =mv- = p°/2m E=ITw" = J /21 $BUCKS
SBUCKS . BANG!

Simple Rigid Rotor Hamiltonian... (Hamiltonian H=E is energy in terms of momentum)

H= A3+ BJ +CI2+-

.and its multi-

expansion...

(A+B+C)

3

Spherical Top \
(A4=B=C)
H= B J*

2
[+

To

0) _ 52
T,7 =J

2 2
e

2C—- A-B
+( )(2J2—J2—J2)
| 6 z X y
Symmetric Top )
(A=B+C) 2T,

O
JU

H= BJ*+(C - B)(2/3)T

10

+(A_B)(J2—J2)
I R
i i

¢

y)
<2 L 7(2)
\/;(Tz + T )

Asymmetric Top
(4#B#C)

2
H= BI+2C-4-BBTY +(A-BNG( T+ 1))

(Derivation follows...)

Thursday, April 10, 2014
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New geometric approach to rotational eigenstates and spectra
Introduction to Rotational Energy Surfaces (RES) and multipole tensor expansion
Rank-2 tensors from D’-matrix
Building Hamiltonian H= AJ *+ BJ *+CJ_* out of scalar and tensor operators
Comparing quantum and semi-classical calculations

Symmetric rotor levels and RES plots

Asymmetry rotor levels and RES plots

Spherical rotor levels and RES plots
SF's spectral fine structure
CFy4 spectral fine structure
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Spherical 2*-multipole functions X’(q or X-functions are D*-functions times the k" power of radius ().

2 bk / AT kyk
Var /57,75 (98) = D3 (¢60)= \qu’sme =\/§M Xg quO_ k+1 Yy

r

Nar /5 Yéj((ﬁ@ Dz* ¢90 \/;e sinfcosf =-— %M
r
2 2
,47T/5Yr£z(2)(¢6) _Dz*(¢00) 3COS 9 1 _ 3z —21"
2r

Var /57,22, (¢0) =D/, (960)=

“e ®sinfcosO = \/g

VA /5 Y22, (¢0) Dz* (¢60) = \/g ~29 ¢in% 0 =\f 3

ﬁ

(x—iy)z

2
X — zy)

7,2

Thursday, April 10, 2014
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Spherical 2*-multipole functions X"q or X-functions are D*-functions times the k" power of radius ().

V2 bk / AT kyk
Var /57,75 (98) = D3 (¢60)= \Fz"’sme :\EM Xg quO_ k+1 Yy

r

Nar /5 Ylﬁzf(qbe) —Dz* ¢90 = \/;e sin 6 cos O :—\/gw
r

2 2 2 2 2

2
s r00) =0y foon)= 20N L E L s yiien) = xipso)= 2 20Tl o 2oy
r

Z¢®sinBcosh = \/EM
2,2

¢ sin’ @ =\/§M
g8 ;2

ﬁ

Var /57,22, (¢0) =D/, (960)=

ﬁ

Var /57,72, (98) = D2 (¢60)=

Thursday, April 10, 2014
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Spherical 2*-multipole functions X"q or X-functions are D*-functions times the k" power of radius ().

2 ok / AT kok
Var /5 Y/22(96) = DI} (960)= \Fz%me =\/§M X quO_ 2k+1 Yy

r

Narn /5 Y,jj(q)e Dz* ¢90 \/7e sin @ cos O :—\/g@

2 r
_ 2 2 2.2 2 .2 2
/7471'/5Yrﬁz(2)(¢6) Dz* (¢00) 3cos? 9 1 _ 322 2r — ’—47r/5Y,ﬁiS(¢9) =X§(¢00):r2300829_1 =3z 2—r :22 —)2c -y
r
Nar /5 Yg 2 (q)@ Dz* q)GO \/ge sinfcosO = \/gw
r
Van 15722, (08) = D% ,(960) = \/g 20 5in? 0 :\f M The (x,y,z) polynomials become
’ (Jx,Jdy,J;) rotor tensor operators
202-J°*-J? 20_1
) T02: z x y :J2 3cos” 6 :JZPZ(COSO)
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Spherical 2*-multipole functions X’(q or X-functions are D*-functions times the k" power of radius ().

V2 C ke _ | ATk
Var /57,75 (98) = D3 (¢60)= \/geizq)sinze = EM"? Xy =1"Dgo = k+1 Y,

8 r
_ # 3 s . 3(x+iy)z .
Nar /5 Y,fl:f (q)@) = Dlz’0 (¢90) = —\/;e ?sinfcos® =- 5 % :
(=2 N2 _ 3cos” 61 _ 322 - r? ; /=2 ) 23cos29—1 372 2 222—x2—y2
Vam/syZi(e0) =D (060)= T=m— = o= =i Janisn(ee) = x5 (ee0)=rt TS =F =S
r 1
= * 3 —id - 3 x—iy z E
\Nar /5 Yrﬁil (¢6) = Dzl,o (¢90) = \/;e ?sinOcosh = 5% E
2 .
a5 ¥'22, (06) = D2, (660) = \/g S22 %@ The (x,y,z) polynomials become
: : (Jx,Jdy,J;) rotor tensor operators
2 32 ¢ .2 3 232 4. 2 E 2 2J22_Jx2_‘-l 2 2300829—1 )
X2(¢90): gre sin“@ = g(x+ly) = g(x +2ixy—y )'(_ > TO — : Y —J > -J PZ(COSO)

Thursday, April 10, 2014 21



Spherical 2*-multipole functions X’(q or X-functions are D*-functions times the k" power of radius ().

V2 C ke _ | ATk
Var /57,75 (98) = D3 (¢60)= \/geizq)sinze = EM"? Xy =1"Dgo = k+1 Y,

8 r
_ * 3 s . 3(x+iy)z .
Nar /5 Y,fl:f (q)@) :Dlz’o(d)HO):—\/;e‘pschosO =— 5% :
Var /57 ~5(98) =D;,(960)= 3cos”0-1 _ - _i_) 1 (=2 2 _ 53c0s0-1 322 —rF 2727 —xT—)?
m=0 = Do = 3 = T2 : VAT /57 20 (90) =X, (960)=r — == :
/ = * 3 _io . 3(x—iy)z E
4rc /5 Yrﬁil (¢6) =D31,0 (¢90):\/;e ?sinOcosh = \/;% E
N2 :
[am 75 7/22, (06) = D2, (060)= \/ge—mp wnlp - \/g (x—zly) 5 The (x,y,z) polynomials become
L r T E R R R PR EE P PEPRERPREREPRRR S (Jx,Jy,J7) rotor tensor operators
: 2 32 29 .2 3 N2 32, .. 2 .(_E ) 2J22_Jx2_‘-l 2 2300829—1 )
.X2(¢90)= gr e’sin“0 = g(x+zy) = g(x +21xy—y) > TO — Y —J -J Pz(COSO)
) > 3 —i20 - 2 3 2 3 o) 2 2
X2(¢90): 2° 29 5in’ @ =\/%(x—zy) = g(x —2ixy—y )
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Spherical 2*-multipole functions X’(q or X-functions are D*-functions times the k" power of radius ().

\2
JirT5 13 (00) =02 foo0)= Perosnre - BLtE)

1”2

Var /57,75 (¢8) = Djy(¢60)= \E ¢ sinfcosh =- 3 (x0)2

2 42

Dz* (¢00) 3COS29—1 _ 322—1"

2 272

NAm /5 Y22 (¢0)

Varn /57,2 (¢9) =D3i0 (¢90)=\/§e_i¢ sinfcosf = \/g—(x—

X2 ¢90 = \/g ¢"*?sin” @ :\/g(x+iy)2:\/§(x2+2ixy—y2)
>
+ X2 ¢00 \/ge sin” @ =f(x—iy)2=@(x2—2ixy—y2)

2

iy)z

1

20, —i2
X (¢90) +X2, (‘PQO) = \/gi’z %Sitﬁ 0= \/g(xz —~ y2) = \/grz cos2¢sin’ 6

41
Xk —rkD = rkYk
a0 "\ k41 ¢

2 2 2 2

3cos’O—1 322 —r* 2z°—x*-
Var/5722(06) = X2 (060)=r "052 = 2’” = ; Y
The (x,),z) polynomials become
(Jx,Jdy,J;) rotor tensor operators
2J°-J *-J 2 29
— Tg =2 2x Y = J? 3cos 61 JZPZ(COSO)
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Spherical 2*-multipole functions X’(q or X-functions are D*-functions times the k" power of radius ().

V2 bk / 4T ko k
Var /57,75 (98) = D3 (¢60)= \/geizq)sinze :\EM..: X ”qu— k+1 g

r

Nar /5 Y,f;% (¢9) Dz* (¢90) \/gew sinfcosf = —\/g (x+ iy)z

7,2

2, 2 2 - 2 22 2 2 2
myrﬁzg((pe) Dz* (¢00) 3cos29 1 _ 322 2r : 3 myﬁézg(q)e) =X§(¢00):r2300829_1 =3z 2—r :22 —)2c -y
r 1
* 3 —id - 3 X—iy z E
\Var /5 Yg 2 ((I)G) DELO((I)GO):\/;e ?sin@cosO = \/;( rz) E
2 .
[am 75 7/22, (06) = D2, (060)= \/ge—mp wnlp - \E (x—zly) 5 The (x,y,z) polynomials become
e e e e e S (Jx,Jy,J7) rotor tensor operators
2 12 g2 )
X2 ¢90 = \/g 26120 5in% 0 —\/:(x+iy)2:\/§(x2+2ixy—y2) < > T(% _ 2JZ JZX Jy :J2 300526_1 =J2P2(COSO)

>
+ X2 ¢90 \/ge i2¢ sin% 0 =\/7(x—iy)2:\/§(x2—2ixy—y2)

2 2
20 . —i2¢ J —-J
— X22 (¢00)+X32 (¢90):\/§ 2%@1129:\/%()62—)/2):\/%1’2 cosZ¢sin29 —_ T22 +T_22 = \/g i > Y — \/%Jz Sin2gcosz¢
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Spherical 2*-multipole functions X’(q or X-functions are D*-functions times the k" power of radius ().

V2 bk / 4T ko k
Var /57,75 (98) = D3 (¢60)= \/geizq)sinze :\EM..: X ”qu— k+1 g

r

Nar /5 Y,f;% (¢9) Dz* (¢90) \/gew sinfcosf = —\/g (x+ iy)z

7,2

24 2 2 ' 2, 2 2 2 2 2
myrﬁzg((pe) Dz* (¢00) 3cos29 1 _ 322 2r : 3 myﬁézg(q)e) =X§(¢00):r2 3cos29 | =3z - r :22 )2c v
r 1
* 3 —id - 3 X—iy z E
\Var /5 Yg 2 ((I)G) DELO((I)GO):\/;e ?sin@cosO = \/;( rz) E
2 .
[am 75 7/22, (06) = D2, (060)= \/ge—mp wnlp - \E (x—zly) 5 The (x,y,z) polynomials become
e e e e e S (Jx,Jy,J7) rotor tensor operators
3, 23 , 2J2-J -y 2 3cos2 0 —1
X2 ¢90 = \/; 2¢??5in 0 —\/:(x+ly) :\/%(x2+21xy—y2)'(_ N T02: z 2x Y :J2 Cosz :JZPZ(COSO)

>
-+ X2 ¢90 \/ge 20 in’ 9 :f(x—iy)zzé(xz—Zixy—yz)
_ 3 el omi20 3 3 2, -2 sz_‘j N 2 .2
B X22(¢00)+X32(¢90):\/; 2Tsin29=\/;(xz—y2)=\/;r20032¢sin29 2 T2 +T_2 :\/g > Y EJ sin 9C0$2¢

20 —i2¢
— X;(¢60)- X2, (¢60)= \E 2%Sin29 - \E (i4xy) = i6xy = i\gﬂ sin2gsin’ 0 —> T, —T%, = i6 JJ,
etc.

And, don’t forget scalar:  T)=J*+J 2 +J %=
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New geometric approach to rotational eigenstates and spectra
Introduction to Rotational Energy Surfaces (RES) and multipole tensor expansion
Rank-2 tensors from D’-matrix
* Building Hamiltonian H= AJ *+ BJ *+CJ_* out of scalar and tensor operators
Comparing quantum and semi-classical calculations
Symmetric rotor levels and RES plots
Asymmetry rotor levels and RES plots
Spherical rotor levels and RES plots
SF's spectral fine structure
CFy4 spectral fine structure
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

2J2_J?_J? 20 J?2-J?
T(§)=sz+\ly2+\lzz=d2 T2 == 2x y :J23C0529 1:J2P2(cos¢9) T22+T_22=x/g X : L %stirﬂecosqu
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

2J2_J?_J? 20 J?2-J?
T(())=J)62+\ly2+J22=J2 T2 == 2x y :J23C0529 1:J2P2(cos¢9) T22+T_22=\/g X : L %stinzecosz(p

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2
=(=4 += B +=C)(J~ +J ° +J
(34 +3 8 +300(d7 +d,7 +4.9)

. 2 2 2 2
A B +=C)-d “"—-dJd “+2J
+( At~ p )(=d, "= 2

1 —1 2 2
+ =A+—B +0C) J "—-Jd “+0
( 2 2 e Y )
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

2J2_J?_J? 20 J?2-J?
T(())=J)62+\ly2+J22=J2 | p— 2x y :J23C0529 1:J2[>2(c059) T22+T_22=x/g X : L %stinzecosz(p

H=4J 2+ BJ *+CJ.°

ry 4! 1 2 492 442 (Lailp dloya e g2

_(3/1 +3B +3C)(Jx +J,7 +4.7) (3 3 3 )W, +d 7 +dT)
-1 -1 2 . 5 1 2 2d7-d7-J7

+(6 A+ . B +EC)(—JX —J,7+2d.7) +(—A+?B +Z0) ; V)
1 -l 2 2 J2_yg°2

+( —A+—B +0C) J—-J “+0 -J,
(3445 S =9 +0) L SNV e e 2

\/g \/_
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

p N S N 29 _ J?2-J?
T(())=Jx2+Jy2+J22=J2 T()2: z 2x Y :J23C0529 1:J2])2(c050) T22+T_22=\/g = 7 Y — %stin2000s2¢

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2 R e LN AN E: 1 0
=( 4 +=B += =( -4 += B += = ~(A+B+C)T
(3A +3B +3C)(Jx +J,° +d.7) (3 3 3 )W, +d 7 +dT) 3( + B+ C)(Ty)
-1 -1 2 2 2 2 —1 2 2J22_Jx2_" ? Ly 2
+( 6 A+ p B +EC)(—JX _Jy +2Jz ) +(—A+?B +3C)( 5 Y ) +3( A B+2C)(T0)
1 -l 2 42 J2_yg°2 1 2 | 12
+(=A+—£B +0C) J°—dJ “+0 -J, +—=(A=-B)YT; +T-
(3445 S =9 +0) e L procye NN )
N J_
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

p N S N 29 _ J?2-J?
T(())=Jx2+Jy2+J22=J2 T()2: z 2x Y :J23C0529 1:J2])2(c050) T22+T_22=\/g = 7 Y — %stin2000s2¢

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2 R e LN AN E: 1 0
=( A4 + — =( 4 += — = —(A+B+C)T
(3A +3B +3C)(Jx +J,° +d.7) (3 3 3 )W, +d 7 +dT) 3( + B+ C)(Ty)
-1 -1 2 2 2 2 —1 2 2J22_Jx2_" ? Ly 2
+( 6 A+ p B +EC)(—JX _Jy +2Jz ) +(—A+?B +3C)( 5 Y ) +3( A B+2C)(T0)
1 —1 2 2 2 2 1 2 2
+(=A+—£B +0C) J°—dJ “+0 -J, +—=(A=-B)YT; +T-
(3445 S =9 +0) e L procye NN 2)
N J_
Resulting asymmetric top Hamiltonian expansion:
asymmetry
| | A— B term
H=4J 2+ BJ *+CJ.% = 5(A+B+C)(T(g’)+§(2c—A—B)(T02)+ 7 (T, +T2)
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

p N S N 29 _ J?2-J?
T(())=Jx2+Jy2+J22=J2 T()2: z 2x Y :J23C0829 1:J2])2(c050) T22+T_22=\/g = 7 Y — %stin2000s2¢

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2 R e LN AN E: 1 0
=( A4 + — =( 4 += — = —(A+B+C)T
(3A +3B +3C)(Jx +J,° +d.7) (3 3 3 )W, +d 7 +dT) 3( + B+ C)(Ty)
-1 -1 2 2 2 2 —1 2 2J22_Jx2_" ? Ly 2
+( 6 A+ p B +EC)(—JX _Jy +2Jz ) +(—A+?B +3C)( 5 Y ) +3( A B+2C)(T0)
1 —1 2 2 2 2 1 2 2
+(=A+—£B +0C) J°—dJ “+0 -J, +—=(A=-B)YT; +T-
(3445 S =9 +0) e L procye NN 2)
N J_
Resulting asymmetric top Hamiltonian expansion:
asymmetry
| | A— B term
H=4J 2+ BJ *+CJ.% = 5(A+B+C)(T(g’)+§(2c—A—B)(TO2)+ 7 (T, +T2)

Resulting semi-classical asymmetric top Hamiltonian expansion.: @symmetry
term

2300529—1 A—B

)\/—(

J2 sin” 6 cos 20)

H=4J*+BJ *+CJ % = %( A+ B+C)(J2)+%(2C—A— B)J
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

p N S N 29 _ J?2-J?
T(())ZJX2+Jy2+J22=J2 T()2: z 2x Y :J23C0829 1:J2[)2(c059) T22+T_22=\/g = 7 Y — %stin2000s2¢

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2 R e LN AN E: 1 0
=( 3 = ~ =( -4 +- = = —(A+B+CXT
(3A +3B +3C)(Jx +J,° +d.7) (3 3 3 )W, +d 7 +dT) 3( + B+ C)(Ty)
-1 -1 2 2 2 2 ~1 2 2J22_Jx2_" ? Ly 2
+(6 A+ p B +EC)(—JX _Jy +2Jz ) +(—A+?B +Z C)( 5 Y ) +3( A B+2C)(T0)
1 -1 2 2 2 2 1 2 2
+(=A+—B +0C) J"-d °+0 J, -J, +—=(A=-B)T;+T
( 9 2 )( X Y ) +( 1 B+OC)(\/7 ) \/g( )( 2 _2)
N f
Resulting asymmetric top Hamiltonian expansion:
asymmetry
A— B term
H:AJX2+BJy2+CJ22 —(A+B+C)(TO)+ (2c A= BYT)+ (T; +T2%)

N

Resulting semi-classical asymmetric top Hamiltonian expansion.: @symmetry

term
2 j—
H=4Jd 2+ 5 2+ CJ %= %(A+B+C)(J2)+%(2C—A—B)(J23COS o-1, A\/_B( > I sin% 0 cos 20)
H=4J 2+BJ +CJ2 JZ{A+§+C+2C_A_B(3c0529—1)+A_Bsinzé?coqub}
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

p N S N 29 _ J?2-J?
T(())ZJX2+Jy2+J22=J2 T()2: z 2x Y :J23C0829 1:J2[)2(c059) T22+T_22=\/g = 7 Y — %stin2000s2¢

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2 R e LN AN E: 1 0
=( 3 = ~ =( -4 +- = = —(A+B+CXT
(3A +3B +3C)(Jx +J,° +d.7) (3 3 3 )W, +d 7 +dT) 3( + B+ C)(Ty)
-1 -1 2 2 2 2 ~1 2 2J22_Jx2_" ? Ly 2
+(6 A+ p B +EC)(—JX _Jy +2Jz ) +(—A+?B +Z C)( 5 Y ) +3( A B+2C)(T0)
1 -1 2 2 2 2 1 2 2
+(=A+—B +0C) J"-d °+0 J, -J, +—=(A=-B)T;+T
( 9 2 )( X Y ) +( 1 B+OC)(\/7 ) \/g( )( 2 _2)
N f
Resulting asymmetric top Hamiltonian expansion:
asymmetry
A— B term
H:AJX2+BJy2+CJ22 —(A+B+C)(TO)+ (2c A= BYT)+ (T; +T2%)

N

Resulting semi-classical asymmetric top Hamiltonian expansion.: @symmetry

term
2 j—
H=4Jd 2+ 5 2+ CJ %= %(A+B+C)(J2)+%(2C—A—B)(J23COS o-1, A\/_B( > I sin% 0 cos 20)
H=4J 2+BJ +CJ2 JZ{A+§+C+2C_A_B(3c0529—1)+A_Bsinzé?coqub}

Resulting semi-classical symmetric top Hamiltonian expansion.

B+B+C+2C—B—B
3

C-B

H=5J_ 2+BJ +CJ, 2 = Jz{ (300829—1)+B_Bsin2900s2¢}= J{B+ 300829:|
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Building Hamiltonian H= 4J *+ BJy2+ CJ_* out of scalar and tensor operators

p N S N 29 _ J?2-J?
T(())ZJX2+Jy2+J22=J2 T()2: z 2x Y :J23C0829 1:J2[)2(c059) T22+T_22=\/g = 7 Y — %stin2000s2¢

H=4J 2+ BJ *+CJ.°

1 1 1 2 2 2 R e LN AN E: 1 0
=( 3 = ~ =( -4 +- = = —(A+B+CXT
(3A +3B +3C)(Jx +J,° +d.7) (3 3 3 )W, +d 7 +dT) 3( + B+ C)(Ty)
-1 -1 2 2 2 2 ~1 2 2J22_Jx2_" ? Ly 2
+(6 A+ p B +EC)(—JX _Jy +2Jz ) +(—A+?B +Z C)( 5 Y ) +3( A B+2C)(T0)
1 -1 2 2 2 2 1 2 2
+(=A+—B +0C) J"-d °+0 J, -J, +—=(A=-B)T;+T
( 9 2 )( X Y ) +( 1 B+OC)(\/7 ) \/g( )( 2 _2)
N f
Resulting asymmetric top Hamiltonian expansion:
asymmetry
A— B term
H:AJX2+BJy2+CJ22 —(A+B+C)(TO)+ (2c A= BYT)+ (T; +T2%)

N

Resulting semi-classical asymmetric top Hamiltonian expansion.: @symmetry

term
2 j—
H=4Jd 2+ 5 2+ CJ %= %(A+B+C)(J2)+%(2C—A—B)(J23COS o-1, A\/_B( > I sin% 0 cos 20)
H=4J 2+BJ +CJ2 JZ{A+§+C+2C_A_B(3c0529—1)+A_Bsinzé?coqub}

Resulting semi-classical symmetric top Hamiltonian expansion.

B+B+C+2C—B—B
3 6

=BJ* +(C - B)J *= BJ* +(C - B)J*cos* 6

H=5J_ 2+BJ +CJ2 Jz[ (3c0520—1)+B_BsinzecOSZ(p}: J2|:B+(C—B)C0829:|

Thursday, April 10, 2014 35



New geometric approach to rotational eigenstates and spectra
Introduction to Rotational Energy Surfaces (RES) and multipole tensor expansion
Rank-2 tensors from D’-matrix
Building Hamiltonian H= AJ *+ BJ *+CJ_* out of scalar and tensor operators
* Comparing quantum and semi-classical calculations
Symmetric rotor levels and RES plots
Asymmetry rotor levels and RES plots
Spherical rotor levels and RES plots
SF's spectral fine structure
CFy4 spectral fine structure

Thursday, April 10, 2014

36



Some New Approaches for Treating Rotor Hamiltonians
(Q) Quantum: Find H-matrix rep and diagonalize by computer

<J’ T(O) J \ SK’KJ(J + 1) (But, is there life after diagonalization?!?)
T
[T (2 c20J g, \
\ K’ T() qKK W/ 2HJ/

(P) Classical RES Plot: Rotational Energy (RE) Surfaces and/or H-phase paths

/ T(O) \ _ CY(? _J ( J+ 1) ‘Tg (tensor opemtorTé( is replaced by spherical harmonic Y g [B,Y])

\ 0
\[ <(T<z> T<2>)

(S) Semiclassical: Some of both

$

c(Y22 —Y22) - J(J+1)(sin2 BCOSZY)

¢

\/
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Peeking into BLA 0OX of matrix diagonalization:

9
dy Hy Hz - *
H= Hy Hyp Hy *
Hy Hyp Hiyz - ‘)
o ; ; o

Hy Hy Hyz -
Hy Hy Hy -
Hy Hyp Hyz -

Plotting 2*-pole expansion of into Fano-Racah tensors

scalar+ + vector+ + 22-tensor +.... + 2";-tensor +..
H=aT’ +bT' +cT! +..+dT? +eT? +..=Xc" T
le k=1 (odd) mixed-k

Di

\

;T
I

Quadrupole k=2 (even)
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2%-pole expansion of an N-by-N matrix H
2-by-2 case: H= (Bﬂch’SC) =A+TD(é ?)“9(? é)*c (f b)“%(f) 3)

=42 1 =0, +0, +3 0,

2
U(2) generators (spin J=1/2 __A+D 0l . 1 D
() 1 (sp ) == T0+(B-1C)T1+(B+1C)T_I +== T
1_(0 ] 1_(] O)l 1 _(0 0) rank-1
W=\ o WU - L U=\ o (vector) (0 ]) (0 0)

0_{I1 0\ 0 0 1 0

u =( )f rank-0
o \0 1J2 (scalar)

H11H12H13
3-by-3 case: H=(r. 1.1 )= Ti+ ...+, Trt...
U(3) generators (spinJ=1)
0 1 1 0
) I () I () B (R S U
1 C 1 O)fl 7 )f (O 0 ) rank-1
u =\’ g é 2 0 ? (vector)
0 0 rank-0
u =(0 é (]))é (scalar)

+0

Mutually
commuting
diagonal operators

rank-2
(tensor)

NI~

,QQ?

N I~
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Some New Approaches for Treating Rotor Hamiltonians (contd)

(P) Classical RE Plot: Rotational Energy (RE) surfaces and/or H-phase paths
< T O(O) \ _ CYOO —_J ( J + 1) JT%) (But, there IS life before AND after diagonalization!)

0

\/7\ T(z) T(z))>_ (Y2 ) J(J+1)(sm ﬁcoszy)

m@ precessing %
op Asymmetric
Pl B Jvector Top
C=3.0 4=07
=]1.5
C =3.0

RE surface

Energy plotted radially
VS.
direction of J-vector
\[for fixed magnitude |J
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(S) Semiclassical Analysis

Uses
J-Phase Paths (Intersection(s) of RE Surface and Energy Sphere )

and
)

Quantum angular momentum cones

Rotational Energy Surface

Angular Momentum Cone 1 Z’loevl;g%)b’ph ere
J-Phase Path - -<--= —»
(High E)

Energy Sphere
(High E)

J

X
In body frame Counter

LEFT HAND RULE Clockwise

gives J-phase flow around a
Low

Clockwise_.-

around a

High
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J
Interpreted “Literally” is: K
> JJ(J+1)

~J+1/2

-

JIT+1) =NB))

for J=3

Thursday, April 10, 2014
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New geometric approach to rotational eigenstates and spectra
Introduction to Rotational Energy Surfaces (RES) and multipole tensor expansion
Rank-2 tensors from D’-matrix
Building Hamiltonian H= AJ *+ BJ *+CJ_* out of scalar and tensor operators
Comparing quantum and semi-classical calculations
* Symmetric rotor levels and RES plots

Asymmetry rotor levels and RES plots

Spherical rotor levels and RES plots
SF's spectral fine structure
CFy4 spectral fine structure
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(S) Semiclassical J-Phase Paths for

(J=3) Prolate Symmetric Rotor
K=+3

Thursday, April 10, 2014
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Rotational Energy Surface (RES):

Plot Hamiltonian H=BJ? + (C — B)-JZ2 radially as H(@)=BJ(J + 1)+ (C — B)J(J +1)cos> ©

)
‘ m,n Conventional notation: n=K
LAB BOD
m=M n=K
_ Minimum uncertainty angle
J=10 LANSE @10 =17.55°

prolate cone Restly 10
symmetric to ‘ N ®+9
3 P RES contour K=+10
RES

NI(J+1) ~J+1/2 /\\\

Polar
Uncertainty
angles

0! =cosL K&
K NI0+D

10.488~10.5

b/

[

-6

Int.J. Molecular Science 14.(2013) Fig.1 p. 730
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Rotational Energy Surface (RES):
Plot Hamiltonian H=BJ? + (C— B).JZ2 radially as H(®)=BJ(J+1)+(C - B)J(J + 1)0032 e

J J 2
‘ m,n> Conventional notation: n=K H(G)K )=BJ(J +1)+(C—=B)J(J +1)cos ®K
LAB BOD
m=M n=K
J=10 Minimum uncertainty angle 4, _17.550 Polar
“““““ prolaie TN ek Uncertainty

0
| e

‘ RES contour K=+10 m o @c;n:gcl(e)il K

N K NI0+D

symmetric top
RES

N
NI(J+1) ~J+1/2
10.488~10.5 ZANEN

KZS//s ..: é\@lo

-6

-9

NN
vy

% Int.J. Molecular Science 14.(2013) Fig.1 p. 730
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Rotational Energy Surface (RES):
Plot Hamiltonian H=BJ? + (C— B).JZ2 radially as H(®)=BJ(J+1)+(C - B)J(J + 1)0032 e

‘ £1,n> Conventional notation: n=K H(®{< ):BJ(J " 1) i (C B B)J(J i 1)C082 ®{<
LAB  BOD =BJ(J+1)+(C - B)K?
(Here this gives exact quantum eigenvalues!)
J=10 Minimum uncertainty angle 4, —17 550 Polar
————————— prolate T\ conetd 10 Uncertainty

0
| e

‘ RES contour K=+10 m o @c;n:gcl(e)il K

N K NI0+D

symmetric top
RES

N
NI(J+1) ~J+1/2
10.488~10.5 ZANEN

b/

i @10
K=5 :
— —alell
+1 @}g =84.53°

-6

-9

NN
vy

% Int.J. Molecular Science 14.(2013) Fig.1 p. 730
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New geometric approach to rotational eigenstates and spectra
Introduction to Rotational Energy Surfaces (RES) and multipole tensor expansion
Rank-2 tensors from D’-matrix
Building Hamiltonian H= AJ *+ BJ *+CJ_* out of scalar and tensor operators
Comparing quantum and semi-classical calculations
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Asymmetric Top Eigensolutions

Related to RE Surface

and semi-classical J-phase paths

precessing
J vector

after QTforCA Unit 8. Ch. 25 Fig. 25.4.1

J

<

777777777777777

Note: A1B1A2Bo
‘monondromy“
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Separatrix circle pair
dihedral angle

_ A-B
0 se p—atan( BT?

Int.J.Molecular Science 14.(2013) Fig.3 p. 733
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Molecular Symmetry and Dynamics | 32.2 Rotational Energy Surfaces and Semiclassical Rotational Dynamics

J=10 : Rotation axes J
near Z —axis

Rotation axes
mear X—axis

Kx)=9| -~

Cz(x) Cz()’)
| 5 KGx) KGo)
region
0 e h~5 @ h
Ay | = A | o A I ¥
Ay o | 4 | x & l
B, | t B, o | B > I
= ' B, . I B, I e
Kz(x) = 10 9 \ 8 \ 7 X 7 XY K LY b
A} ’ A ’ A} ’
Fime structure 5.34cm™ i Y 2

=150 GHz | || i |
——1[ l l Springer Handbook

Of
Atomic, Molecular, and Optical
8.6x

T 2.8x 515¢

107cm”  105cm? 102em™ 102em! Physics (2005)
i s Fig.32.2 and 32.3 p. 495-497

C,(x)-type clusters : C1(z)-type clusters
l A ' ' ' ' 1 1 1 1 l 1 L L L L 1 L L 1 l '} 1 ' El 1 1 L 1 1 I 1 L L I L L L 1 1 l 1 1 1 1 L
i = . 50 Pty A Unit 8. Ch. 25 Fig. 25.4.2
. . 1€. A
g 32.2 J = 10 rotational energy surface and related level spectrum for an asymmetric rigid rotator (A =0.2, B = Clﬁ er QTf orCA Unit g

B2 C=06cm™))
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Molecular Symmetry and Dynamics | 32.2 Rotational Energy Surfaces and Semiclassical Rotational Dynamics

J=10 : Rotation axes J
near z —axis

Rotation axes AJ
mear X—axis

K@=9| |

J = 10 eigenvalues for rigid tops (A = 0.20, C = 0.60)
70.0,
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Fig.32.1 J = 10 eigenvalue plot for symmetric rigid rotors. (A = 0.2, C =0.6cm™! A < B < C). Prolate and oblas=
/ surfaces are shown
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i s Fig.32.1 and 32.2 p. 494-495
C,(x)-type clusters : C1(z)-type clusters
l A ' L ' ' 1 1 1 1 l 1 L L L L 1 L L A l L 1 A el 1 1 L 1 1 I 1 L L ! L L L 1 1 l 1 1 1 1 L
20 30 40 50 60 (cm™)

g 32.2 J = 10 rotational energy surface and related level spectrum for an asymmetric rigid rotator (A =0.2, B =
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B=14

Int.J.Molecular Science 14.(2013) Fig.4 p. 734
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Semi Rigid Rotor Hamiltonian: Centrifugal and Coriolis terms...

H= A%+ B, +CI2+1, I+, I35+

XXXX- X ' OXxXyy x°y

Semi Rigid Oy, or Ty Spherical Top: (Hecht Hamiltonian 1960)

3
2 2 2 4 4 4 4 Lo

S
precessing

J vector

- g7

after QTforCA Unit 8. Ch. 25 Fig. 25.4.5

o BKg=08
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Finding Hamiltonian Eigensolutions by Geometry
using K

J J cone
Uncertainty Cone Angles COS (@) K= \/
J(J+1)

intersects J=88
RE surface

fo give approx.
K=J, J-1, J-2...
energy levels

Oy, or T ; Spherical Top: (Hecht Ro-vib Hamiltonian 1960)
3
2 2 2 4 4 4 4 LI
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440[ 0 14| 47T 4 I - | K, =88
R S —
e =86

| ete.
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=87
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- page
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~ slice)
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VISUALIZING THE J=30
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VISUALIZING THE J=30
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SPHERICAL TOP
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VISUALIZING THE J=30
LEVELS OF A
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Previous page: OQTforCA Unit 8. Ch. 25 Fig. 25.4.9

Fig. 25.4.9 Infrared spectra showing fine structure clusters. Tetrafluorosilane (SiFy) spectrum from a v3 R(30) transition .

[After C. W. Patterson, R. S. McDowell, N. G. Nereson, B. J. Krohn, J. S. Wells, and F. R. Peterson, J. Mol. Spectrosc. 91, 416 (1982).
[ Cubane (CsHs) spectrum from vi; P(30), P(31), and P(32), transitions, cubane (CsHg) spectrum from v;> R(36), transition.

[After A. S. Pine, A. G. Maki, A. G. Robiette, B. J. Krohn, J. K. G. Watson, and Th Urbanek, J. Am. Chem. Soc., 106, 891 (19584).]

b

0, s 24 3,
Y
Al - |
E| 1 -

T 00 !
T« 11

Fig. 25.4.7 Different choices of rotation axes for octahedral rotor corresponding to local symmetry Cs, Ca, and C4. Tables correlate global octahedral symmetry species with the local ones.

OTforCA Unit 8. Ch. 25 Fig. 25.4.7
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(a) SF, 7, Rotational Structure

v

i

llllllllllllllll

FT IR oand Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).
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(a) SF, % Rotational Structure .

FT IR and Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).
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(b) P(88) Fine Structure (Rotational anisotropy effects
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FT IR ond Laser Diode Spectra

K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
P(60) J.Mol. Spectrosc. 76, 322(1979).
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(a) SF, 7, Rotational Structure
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(a) SF, % Rotational Structure .

FT IR ond Laser Diode Spectra
K.C. Kim,W.B. Person, D.Seitz, and B.J. Krohn
P(60) J.Mol. Spectrosc. 76, 322(1979).
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IR Spectra of SF6 v4 P(88)

FT IR ond Laser Diode Spectra
K.C.Kim,W.B. Person, D.Seitz, and B.J. Krohn
J.Mol. Spectrosc. 76, 322(1979).
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SF 4 Spectra of Oy, Ro-vibronic Hamiltonian described by RE Tensor Topography

and J-cone intersection
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(a) CF4 Vibrational Structure

Exampl.e of frequency e
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v4:631.2 cm™!
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a) CF, vibrational structure

Example of frequency
hierarchy
for 16pm spectra
of CF4

(Freon-14)
W.G .Harter

v, =435.0cm™
ve=631.2¢cm™

=908.5 cm™

vy=1283.0cm™

b) v rotational structure

Fig.32.7
Springer Handbook of
Atomic, Molecular, &

Optical Physics
Gordon Drake Editor
(2005)

€) P(54) fine (centrifugal)

structure Qe ";;::ﬁ: &

Faster 2-fold' 080 ¥V 57O\ v Faster
4-fold tumbling Amte CGOOT 3-fold
rotation B / rotation

P(54)
d) Superfine ( “Tumblms“) 6033 6034 603.5 603, o . Dot
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As of April 3, 2014

Links to the current Harter-Soft I.earnlt web apps for Physics

Bold links have default redirect pages. Italics are not yet meant for production.Red: the final stages of testing.

List of production Harter-Soft Web Apps & Textbooks (For public)

Classical Mechanics with a Bang! - URL is "http://www.uark .edu/ua/modphys/markup/CMwBangWeb.html"
Quantum Theory for the Computer Age - URL is "http://www.uark .edu/ua/modphys/markup/QTCAWeb.htm]"
Learnlt Web Applications - URL is "http://www.uark.edu/ua/modphys/markup/LearnltWeb.htm]"

Individual web-apps for current classes:

Bohrlt - Production; URL is "http://www.uark .edu/ua/modphys/markup/BohrltWeb.html"

Bouncelt - Production; URL is "http://www.uark .edu/ua/modphys/markup/BounceltWeb.htm]"

BoxIt - Production; URL is "http://www.uark.edu/ua/modphys/markup/BoxItWeb.html"

Coullt - Production; URL is "http://www.uark.edu/ua/modphys/markup/CoulltWeb.html"
Cycloidulum - Production; URL is "http://www.uark .edu/ua/modphys/markup/CycloidulumWeb.htm]I"
Jerklt - Production; URL is "http://www.uark .edu/ua/modphys/markup/JerkltWeb.html"

MolVibes - Production; URL is "http://www.uark .edu/ua/modphys/markup/Mol VibesWeb.html"
Pendulum - Production; URL is "http://www.uark .edu/ua/modphys/markup/PendulumWeb.html"
Quantlt - Production; URL is "http://www.uark.edu/ua/modphys/markup/QuantitWeb.html"

The old relativity website (2005):
Relativity - Pirelli Entrant - Production; URL is "http://www.uark.edu/ua/pirelli" or "http://www.uark.edu/ua/pirelli/html/default.htm]"

Newer relativity web-apps currently being developed (2013-)
Relativlt Production; URL is "http://www.uark .edu/ua/modphys/markup/RelativitWeb.html|"
RelaWavity Production; URL is "http://www.uark.edu/ua/modphys/markup/RelaWavity Web.html"

Additional classical wep-apps:
Trebuchet Production; URL is "http://www.uark.edu/ua/modphys/markup/TrebuchetWeb.html"
Wavelt Production; URL is "http://www.uark.edu/ua/modphys/markup/WaveltWeb.html"

Link to master list of all Harter-Soft Web Apps & Textbooks (Prod, Testing, & Developement)

http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html

Thursday, April 10, 2014

75


http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html
http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html
http://www.uark.edu/ua/modphys/markup/CMwBangWeb.html
http://www.uark.edu/ua/modphys/markup/CMwBangWeb.html
http://www.uark.edu/ua/modphys/markup/QTCAWeb.html
http://www.uark.edu/ua/modphys/markup/QTCAWeb.html
http://www.uark.edu/ua/modphys/markup/LearnItWeb.html
http://www.uark.edu/ua/modphys/markup/LearnItWeb.html
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html
http://www.uark.edu/ua/modphys/markup/BohrItWeb.html
http://www.uark.edu/ua/modphys/markup/BounceItWeb.html
http://www.uark.edu/ua/modphys/markup/BounceItWeb.html
http://www.uark.edu/ua/modphys/markup/BoxItWeb.html
http://www.uark.edu/ua/modphys/markup/BoxItWeb.html
http://www.uark.edu/ua/modphys/markup/CoulItWeb.html
http://www.uark.edu/ua/modphys/markup/CoulItWeb.html
http://www.uark.edu/ua/modphys/markup/CycloidulumWeb.html
http://www.uark.edu/ua/modphys/markup/CycloidulumWeb.html
http://www.uark.edu/ua/modphys/markup/JerkItWeb.html
http://www.uark.edu/ua/modphys/markup/JerkItWeb.html
http://www.uark.edu/ua/modphys/markup/MolVibesWeb.html
http://www.uark.edu/ua/modphys/markup/MolVibesWeb.html
http://www.uark.edu/ua/modphys/markup/PendulumWeb.html
http://www.uark.edu/ua/modphys/markup/PendulumWeb.html
http://www.uark.edu/ua/modphys/markup/QuantItWeb.html
http://www.uark.edu/ua/modphys/markup/QuantItWeb.html
http://www.uark.edu/ua/pirelli/html/default.html
http://www.uark.edu/ua/pirelli/html/default.html
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html
http://www.uark.edu/ua/modphys/markup/RelativItWeb.html
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html
http://www.uark.edu/ua/modphys/markup/RelaWavityWeb.html
http://www.uark.edu/ua/modphys/markup/TrebuchetWeb.html
http://www.uark.edu/ua/modphys/markup/TrebuchetWeb.html
http://www.uark.edu/ua/modphys/markup/WaveItWeb.html
http://www.uark.edu/ua/modphys/markup/WaveItWeb.html
http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html
http://www.uark.edu/ua/modphys/testing/markup/Harter-SoftWebApps.html

