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Absorption intensities of the multipole-field-induced double transitions involving
a homonuclear-heteronuclear pair of hydrogen molecules in condensed phase
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Theoretical expressions are derived for the integrated absorption coefficients of various zero-phonon double
transitions involving a homonuclear-heteronuclear pair of hydrogen molecules in condensed phase. The for-
mulas given in this paper can be applied to transitions in the absorption spectra of solid parahydrogen
orthodeuterium, or solid HD, HT, ejcmatrices that contain a low concentration of impurity molecules which
do not possess a permanent dipole monterg., N).
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[. INTRODUCTION this paper can be applied to the dopant-hydrogen combina-
tion transitions observed in the infrared spectra of solid para-
Solid hydrogen and its isotopic variants are the simplest, (or ortho-D,, HD, HT, etc) matrices containing a low
molecular quantum crystals and therefore provide unique opconcentration of impurity molecules.
portunities for the study of lattice dynamics and intermolecu-
lar interactions in the condensed phaséThe study of ab-
sorption intensities in the spectra of solid hydrogens,(H
D,, HD, etc) and comparisons between theory and experi- The absorption process in solid hydrogens results prima-
ment have been the subject of intensive research, due to thidy from induced dipole moments. Details of the formalism
fundamental importance of solid hydrogené’ The gas used in the present work can be found in Refs. 16, 20 and 22.
phase property of quantized end-over-end molecular rotatioRor any double transition, we first obtain the partial absorp-
persists in the solid hydrogens down to 0 K, with little
change. This is a direct consequence of the extreme weak- z
ness of the anisotropic intermolecular forces, on the one
hand, and the small moment of inertia of the molecules, on
the other. The extremely weak intermolecular forces are the
result of a nearly spherical molecular charge distribution and
the large nearest-neighbor distancés6-3.8 A in the
solid! Due to very weak intermolecular forces, solid hydro-
gens have been recognized as unique cryogenic media for
spectroscopic studies of molecular rotational-vibrational dy-
namics in the condensed phas€his has motivated, in re-
cent years, high resolution infrared absorption studies of the
rovibrational spectra of dopants embedded in solid
hydrogeng3-2¢
Theoretically, it would be useful first to understand the I
spectra of solid hydrogen for a specific isotopomer that con-
tains a small concentration of another isotopomer as a dop- (3)
ant. Recently, while developing intensity formulas for
multipole-induced transitions in solid HD, HT, etc., we real-
ized that most of the expressions for double transitions can
be applied tanixeddouble transitions involving para,kHD
or ortho-D,-HD pairs?? The goal of this paper is to present <
inten;ity expreSSions derived for mixed_iSOtOpomer transi- FIG. 1. Multipolar induction in a molecular pair (), in a solid
tlops involving ortho-H or para_l-[% (J=1) in the molecular crystal that contains a small concentration of & impurity.
pair. HereJ refers to the rotational quantum number of the yere HD and H are representatives of, respectively, heteronuclear

molecule. Although mixed isotopomer transitions, where aryng homonuclear isotopomers. The origi®’ of the laboratory
HD molecule and an ortho-tor para-3 molecule simulta-  coordinate systeYZis placed at the c.m. of molecule 1, which is
neously take part in a transition, are observed experimentally, . k specifies an HD molecule, with center of mass located on the
and absorption intensities are measured for some of thg axis at (0,0R;,). The vectorX, connects the c.m. of molecule
lines>"so far no theoretical analysis of the intensities ofto its CC. TheZ axis is directed along the hexagonal axis of the hcp

such transitions has been attempted. The formulas given iiattice. w;(= 6; ,¢;) defines the orientation of molecuile
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tion coefficienta(1k) due to a pair of molecules 1 arfld  is given by S_Lk(zslk,fllk). The orientations of the axes
and the net absorption coefficient is obtained by summingf the two molecules are given bys,(=6;,¢;) and

the pair absorption coefficients ovier o (= 0,,$y). Since, in the heteronuclear isotopomers, the

c.m. does not coincide with the center of charge, one must
a=2, a(1k). (1)  express all of the relevant quantities in c.m. coordinates. The
k two relevant quantities required for the intensity calculations
The calculation of a partial absorption coefficient involvesare the rovibrational matrix elements of the multipole mo-
the matrix elements of the induced dipole momgsy be- ments and of the polarizability. The former matrix elements
tween initial and final states of the pair of moleculeskj1, ~©Of these molecules have been reported by Migtral.™" in
In order to calculateu;,y, let us consider an isolated the c.m. coordinates while the later matrix elements are
Ll . . . '28
homonuclear-heteronuclear hydrogen molecular pak)(in, ~ @vailable in the CC cqqrdmaf_é. In order to overcome the
a single crystal of, let us say, a heteronuclear solid hydrogeflifficulty of two quantities being expressed in two different
(HD, HT, or DT) at 0 K and assume a rigid hexagonal closecoordinate systems, one can make use of the relation be-
packed(hcp lattice. We label the lone homonuclear mol- WeenRy, and Sy illustrated by Fig. 1
ecule(para- or ortho-H, D5, etc) substitutionally buried in
the crystal as 1 and place its center at the origin of a labora- Si= R+ Xy (2
tory fixed coordinate systeidYZ (the Z axis pointing along
the hexagonal axjsas shown in Fig. 1. The orientation of the 5,4 expand the induced dipole moment as a Taylor series

intermolecular axis does not affect the valueagfLk) for a  aroundR;, . For the above choice of location of molecikle
double transitiori”?? We exploit this freedom to locate the (the c.m. on theZ axis as shown in Fig.)1 the spherical

center of massgc.m) of an arbitrary heteronuclear molecule, componentwijo(l;l,k,slk) of the dipole moment induced in
k, at (0,0Ry), that is, on theZ axis in Fig. 1. The c.m. of moleculek by the 2-pole field of molecule 1, through the
molecule k is specified by the position vectoRix  isotropic and anisotropic parts of the polarizabilitylofare

(=RyZ), while the center of chargecC) of this molecule  given by

pB1;1k,Sp) =[4m(1+1)12Q(r) a(r )R T2(—=)"C(1, 1]+ 1;,— v,0)Y, (w1) +4a[(1+1)(1+2)
X (21+3)/31Y2Q,(r 1) Xya(r )Ry T3(=)"* 1> (1,10 +1;n—v,v,n)

XC(1+1,1]+2;n,—n,0Y| ,_n(@1) Yyn(@) = w213 1K), + w515 1K), 3)

w311k, Sy =[3272(1+ 1)/9]1M2Q, (r ) y(r R 2Y, (—)1"™mC(2,1,1;—m,m,»)C(1,1] +1;m,—m,0)
XY m(@1) Yo, m( @) +[12873(1 + 1) (1 +2) (21 + 3)/27]Y2Q; (r ) X ¥(r )Ry )
X > (—)™N"C(2,1,1v—m—n,m+n,»)C(I,1]+1;:m,—m—n,—n)

XC(I+1,1)+2;0,—n,0)Y) m(@1) Y1n(@) Y2, men( @) = 2315 1K) + u3151K),, - (4)

In the above equationgQ,(r;) is the 2-pole moment of justification for truncation of the Taylor expansion at the lin-
molecule 1 in the c.m. coordinate(r,) andy(r,) are, re- ear term is given in Ref. 22.

spectively the isotropic and anisotropic parts of the polariz- Relations similar to Eqs(3) and (4), supplemented by
ability of moleculek in the CC coordinateX, is the magni- appropriate phase factors, describe dipole moments induced
tude of the vectorX,, that connects the c.m. of moleclke by the multipole ofk on 1. Note that for centrosymmetric

to its CC, Y, y is a spherical harmonicC is a Clebsch- homonuclear molecules such ag,HD,, etc.,Q, is nonzero
Gordan coefficient, and; andr, are the internuclear sepa- only for even values of=2. Also, for homonuclear mol-
rations in the molecules specified by 1 dadn Egs.(3) and  ecules, the c.m. coincides with the CC, which means that
(4), only terms up to linear inX, have been included. A x;=0. Therefore, for induction by the multipole &fon 1,
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TABLE I. Intensity formulas for homonuclear-heteronuclear double transitions in solid hydrogen, where the homonuclear molecule is in
the J=0 rotational statéi.e., para-H or ortho-D,). In the intensity formulas, the matrix elements of the multipole mont@nt,are in the
c.m. coordinate, whereas those of the polarizabiliieand vy, are in the CC coordinate. The parts @f(pairlk) of Eq. (5), that yield a
nonvanishing contribution to the transition, are also listed. Note that the formulas are valid for any homonuclear-heteronuclear combination:
H, represents a homonuclear molecule while the HD stands for a heteronuclear molecule.

Transition Parts of,(pairlk) Integrated absorption coefficientcm®s™*
_ isor| . 8m3(1+1)
Qu,p(0)+[AJ=1],,, (0) wy(151K), W§|+2$+2(UHDO|C¥|00>2(UH2||Q||00>2
Ryp(0)+[AJ=1],, (0) w21y + 31 1K), 8m3(1+1)(1+2)(2+3) ,
" &+3S+3(vn,!|Qi|00)*[(v p1|X|00)
oha@+o) >

+ 5(vppl|X¥/00)]2

any . 16m3(1+1)
S,p(0)+[AI=1(=4)],,, (0) w3 (LK), W§I+ZSI+2<UHD2|7’|00>2<UH2||QI|OO>2
Syp(0)+Sy,, (0) w(2;1K)+ (25K, 1), 3 , ,
anep £e5150r021 Q2100 (01,21 7100+ 5(v 1,2/ Q|00)*
X<UHD2|7|OO>2_%<vHD2|Q2|00><UH22|Q2|00>
X (v,2]7100)(v1p2| ¥|00)]
T, p(0)+[AI=1(=4)],, (0) w3151k 16731+ 1)(1+2)(21 +3)
75022 +6)
X &1+35 +3(vn,l Q100 (v p3|X7|00)?
Q, (0)+[AJ=I(>1)],. (0) iSO(|'k1) 8m(+1) 2 2
Vh, Vhp My (LKL W§I+ZS+Z<UHZO|Q|OO> (vl [Qi|00)
ary| - 16m3(1+1)
S, (0)+[AI=1(=4)],,,(0) T (L] W§I+ZS+2<UHD||QI|OO>2<UH22|'V|OO>2
Sy, (0)+T,,5(0) w25 1K)+ pn3(3:k,1), 643

mfsss[%<vH03IQ3|00>2<vH22|y|00>2

+52(v11,21 Q21 00)%(v 43| X 7/ 00)2
+&(v11p3|Q3|00) (v n,2| v/00)

X (v1,2/Q200)(v11p3| X ¥|00)]

contributions arising from the second term of E¢®. and  The induced moment in the pair given by E&), must in
(4) vanish. Thus the induced moment in the pair can be writprinciple be summed over all possidlealues. However, in
ten as practice, this is not necessary since not all values adn-
tribute to a given transition. Even for a given valud obnly
. . some among the six terms given in E&) give nonzero
wo(pairlk) = u (1 1K)+ (15 1K) + w515 1K), matrix elements. Considering the lowest-order multipolar in-
an . isor 1. an . duction, in Tables | and II, we identify which of the terms in
Ty LI+ Xk D)+ U Dy w,(pairlk) give rise to nonvanishin;ycontributions to a par-
(5) ticular transition. The higher order multipoles contribute to
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TABLE Il. Intensity formulas for homonuclear-heteronuclear double transitions in solid hydrogen, where the homonuclear molecule is in
theJ=1 rotational statéi.e., ortho-H or para-B). In the intensity formulas, the matrix elements of the multipole mor@grre in the c.m.
coordinate, whereas those of the polarizabilittesand vy, are in the CC coordinate. The parts pf(pairlk) of Eqg. (5) that yield a
nonvanishing contribution to the transition, are also listed. Note that the formulas are valid for any homonuclear-heteronuclear combination:
H, represents a homonuclear molecule while the HD stands for a heteronuclear molecule.

Transition Parts ofu,(pairlk) Integrated absorption coefficient cn® s
B 0 8m(1+1)? 5 5
Qu,p(0)+[AJ=1(=2)],, (1) v (1K) W§+23+2<UHDO|Q|OO> (v, +1|Q/[01)
0 is0 |=2:1Kk 16773 2 2
QUHD( )+QuH2(1) wy (1=2;1K), 5ha 8§4S4<UHDO|CV|OO> (UH 1/Q,|02)
1)+[AJ=1(=4)], (0 SOk, 1)+ 3k, 1 B +1) 2 2
Qu,, (1) +[AJ=1(=4)],,,(0) w1k, 1)+ w305k, 1), W§|+ZS+Z<UHD||Q||OO> {(vn,1lal0D)

+25(vp, 1] 7/02)2}

Q,, (1)+R, (0) £R(231K) )+ (25 1K) 448 2
vh, UHD M I 15ha 105585<UH21|Q2|01> [{vhpl|Xa|00)

+ 1_5<UHD]-|X7|OO>]2

iSO anio. 8n°
Qup, (1) +S,,,(0) w23k 1) 2k ), 5021 Q2100 7[3(v 1, 1] 2] 01)?
+157(2;1K), +15(v n, 1] 7/02)%] + 15(v 1,11 Q2|01)*(v p2| 7|00)?

~ 25(01p2| Q2| 00)(v14,1] Q2| 01)(v14p2| 7]00)
X (v, 1] y/0D)}

3
Qu,, (1)+T,,,(0) w535k, 1)+ u3(35k,1), %gsss{(vHD3|Q3|00>2[<UH21|a|01>2

+M1a/n(2i1k)|| 45<UH 1|7|01>2] + 125<UH 1|Q2|01>2<UHD3|X7|00>2

25<U HD3|Q3|00><U H21|Q2|01><UHD3|X7| 00)
X(uw,1vI0D}

87%(1+1)2(1+2)(21+3)

Rup(0)+[AI=1(=2)],,, (1) s (R RS (R NENETCED &35 +3(vp,] +1]Qi[02)?
X [(vipl|Xa]00)+ 15(v1pl] X»]00)]?
ary|. 1673(1+1)
S,,, (1) +[AI=1(=4)],,,(0) O (H ] mg.ummol|Q||00>2<vH23|y|01>2
_ s 1673(1+1)2
UHD(O)+[AJ_|( 4)]UH (1) /J,Vn(|,1,|()| W§I+ZSI+2<UHD2|7|00>2<UH2|
+1]Q|01)?
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TABLE Il. (Continued.)

Transition Parts ofu,(pairlk) Integrated absorption coefficieatcm? s

1672

15ha®
X (vpp2| ¥00)*— g<UHD2|Q2|00><UH23|Q2|01>

X(vn,3[¥|01)(v1p2|¥|00)]

Syp(0)+Sy,, (1) w32 1K) SN2k ), 484 (v1p2|Q2|00)X(v 1, 3] Y1012+ (v, 3| Q| 01)?

1673(1+1)2(1+2)(21 +3)

75h(21+1)a® e
X (vpp3|X¥|00)?

TUHD(O)"‘[AJ:'(;Af)]UHZ(l) w315 1K), &1+3S +a(vm,] +1]Q|02)?

™ 8 2 2
@fsss[E@HDﬂQsmO) (v H23| ¥/02)

+£38(v1,3|Q2|01)%(v1p3| X 7]00)
+58(v11p3|Q3|00) (v 1,3 7/02)
X<UH23|Q2|01><UHD3|X7|00>]

SvH2(1)+TvHD(0) wS(2;1k) )+ uS(35k,1),

only some of the transitionédue to conditionJ’ +J"=I,  d,(=2J"+1) is the initial state degeneracy. Theis the

whereJ' andJ” are, respectively, upper and lower state ro-experimentally measured quantity, defined as
tational quantum numbersn Tables | and Il. Also, restric-

tion to the lowest order multipolar induction does not seri- ~
ously compromise the accuracy of the intensity formulas. In “:(C/Nl)J In(lo/h)dv/v. v
fact, one can show that the relative contribution€gf ; and . , ,
Q, to the intensity of a particular transition scale asHerec is the speed of lightl, andl are, respectively, the
[Q|+1(a-u_-)/Q|(a-U-)]2><(é}o/Rk)z ~(ao/R|_<)2 ~0.02, |nC|d.ent _and tr7a1lnsm.|tted intensities,s the wave number (_)f
wherea, is the Bohr radius an®,~3.64 A is the nearest- e line(in cm™7), | is the sample length, arid is the num
neighbor distance in solid HD. For homonuclear moleculed®’ ©f ~absorbing ~ molecules — per €m N=Nhomo
Q, is nonzero only for even values band the contribution < Nneterd (Nhomot Nieterd for the mixed isotopomer transi-
of Q'IZ to the intensity relative to that of), is ~4  tONS.
X 107",

Next we need the matrix elements for the part of the in- lll. RESULTS AND DISCUSSION
duced dipole moment that contributes to the corresponding
transition between the initial and final states of {har of
molecules. The rovibrational states for the pair can be writte
as simple product states

Tables I and Il list the expressions for the integrated ab-
sorption coefficients for different types of zero-phonon

"Youble transitions involving homonuclear-heteronuclear iso-
topomers of hydrogen in condensed phase. In the intensity

101.3:M; kvy I M expressionsS and ¢ are, respective_ly, '_[he positive-d_efinite
101,31 My kv, M) lattice sums and phonon renormalization factor which cor-
=[101,31,(r))kvi, Ik, (VY5 w.(@1) rects the rigid lattice sum to allow for zero-point
) ACH motions?>?? The lattice sums are defined a$,.,
XY; w (@) =3,(a/Ry)? "%, wherea is the nearest neighbor distance
ko VK !

in the crystal and the prime denotes exclusion of terms with
in which [v,J,(r)) refers to the radial part of the wavefunc- k=1. In the notation of rovibrational transitions, the sym-
tion of the vibrating rotator. From the matrix elements of thebols Q, R, S, etc. are used to denote, respectively, rotational
induced dipole momenty;,q, one can calculate the inte- transitions withAJ=0,1,2, etc. The subscript specifies the
grated absorption coefficiefit change in the vibrational quantum numkére lower state
always beingy =0) whereas the number in parentheses rep-
~ 3 N resents the lower statkvalue, O or 1. Note that for hetero-
a=(8m /3h)§ [(fNe] ptindl ini}|*/dl 6 nuclear molecules, the ortho-para distinction does not exist
o and practically all HD, HT, or DT molecules in solid phase
wherelin;) and|fn;) are the initial and final states; andn; are in theJ=0 state, whereas homonuclear molecules exist
are the labels of the respective degenerate components, aimdtwo metastable ortho- and para-modifications andoid
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TABLE lll. Predicted intensities of some of the mixed isotopomer transitions in an HD crystal containing
traces of ortho-kKl

Transition wlemist Transition alemist
Q1 (0)HD+ Sy(1)H, 4.11x10 % Q1(1)Hy+ Se(0)HD 6.74x 10 1%
Q,(0)HD+ Sy(1)H, 3.20x10 16 Q,(1)Hy+ S(0)HD 7.43<10716
Q3(0)HD+ Sy(1)H, 5.28<10 18 Q;1(1)H,+S,(0)HD 1.94x 10 1%
Q;(0)HD+ S, (1)H, 1.06x 10 1° Q,(1)H,+S,(0)HD 1.88x10 Y/
Q,(0)HD+ S, (1)H, 8.27x10 18 Q1(1)H,+S,(0)HD 3.48x10° Y7
Q1(0)HD+S,(1)H, 2.42x10° Y7 Q1(1)H,+Q4(0)HD 8.93x 107 1&
Q1(0)HD+Uy(1)H, 1.35x10° 7 Q,(1)H,+Q4(0)HD 1.46x10° Y7
Q4(0)HD+U4(1)H, 1.39x10718 Q3(1)H,+Q4(0)HD 2.96x10°1°
Q1(1)H,+Ug(0)HD 6.34x 1077 Q1(1)H,+Q,(0)HD 6.95<10 18
Q1(1)H,+U,(0)HD 6.82x10 18 Q,(1)H,+Q,(0)HD 1.13x10°1°
Q,(1)Hy,+Ug(0)HD 5.55x 10 19 Q1(1)H,+Q3(0)HD 1.15x 10 *°
Ro(0)HD+ Sy(1)H, 2.96x10 So(1)H,+U(0)HD 6.14x 10"
Ro(0)HD+ S;(1)H, 6.47x 1016 So(1)H,+U,(0)HD 6.60x 10718
Ro(0)HD+ S,(1)H, 1.74% 10*1; S1(1)H,+Uy(0)HD 4.35X 10*1:
R1(0)HD+ Sy(1)H, 1.64x10° So(1)H,+ Vo(0)HD 1.46x 1071
R,(0)HD+S;(1)H, 3.58x10° Y/ So(0)HD+Uy(1)H, 2.57x 107
R,(0)HD+S,(1)H, 9.65x 1019 So(0)HD+U(1)H, 2.64x10°18
R,(0)HD+ Sy(1)H, 1.05x10° 18 S1(0)HD+Uy(1)H, 1.80x 1018
Ro(0)HD+ Uy(1)H, 2.40x10° Y7 S;(0)HD+U(1)H, 1.85x10°1°
Ro(0)HD+ U, (1)H, 2.46x10 18 To(0)HD+Uy(1)H, 7.97x10°1°
R;(0)HD+ Uy(1)H, 1.33x 1018 T1(0)HD+Uy(1)H, 1.02x10°%°
R;(0)HD+U,(1)H, 1.36x10°1° To(0)HD+ Sy(1)H, 7.48< 10716
So(0)HD+ Sy(1)H, 6.34x10 To(0)HD+S;(1)H, 4.86x10° Y7
So(0)HD+S;(1)H, 3.65x10 1° T1(0)HD+ Sy(1)H, 6.83x 10/
Sy(0)HD+S,(1)H, 2.97x10° Y T,(0)HD+S;(1)H, 2.73x10718
S;(0)HD+ Sy(1)H, 3.51x10°1° Q1(1)H,+To(0)HD 1.17x10 ¥
S;(0)HD+S;(1)H, 1.02x10° 16 Q4(1)H,+T,(0)HD 6.71x10° Y7
S;(0)HD+S,(1)H, 2.33x10° 18 Q,(1)H,+ To(0)HD 1.08x10° Y7
S,(0)HD+ Sy(1)H, 2.18<10° Y7 Q1(1)H,+ Ro(0)HD 6.53< 10716
S,(0)HD+S;(1)H, 1.91x 1018 Q1(1)H,+ R4 (0)HD 3.61x 107
Q,(1)Hy+Ro(0)HD 1.06x 107 Q,(1)H,+ R, (0)HD 5.89x 107 1°

3experimental value 6.5x 10”1 cn® s~ ! from Ref. 7.
bExperimental value 2.2x 10~ cm® s * from Ref. 7.
°Experimental value 2.3x 10" *6 cm® s™* from Ref. 7.

D, molecules in solid hydrogens can beJs0 andJ=1 las and other available paramet&fd:2"-2830-32The experi-

states. mental values of the absorption coefficientn cm®/s of the
The intensity formulas for mixed isotopomer transitionstransitions given in the footnote to Table Il are obtained

involving para-H or ortho-D, (with J=0) given in Table |  from the integrated intensity in cm™~? given by Le€’ using

summarize the results mentioned in Ref. 22. In that paper wehe relatiod!

predicted the intensities of many such transitions. Using the

expressions given in Table Il of this paper and the required

multipole moments and polarizability matrix elements and

other parameters from Refs. 22, 27, 28 and 30—32, we giveyherev, is the center of the absorption liri cm ). The

in Table I, theoretical values of integrated absorption coef-theoretical intensities for the transitionsQ;(0)HD

ficients for the various zero-phonon mixed isotopomer tran-+Sy(1)H,, Q1(1)H,+ Sp(0)HD, and Q;(0)HD

sitions in a HD crystal. Here, only mixed isotopomer transi-+Qq(1)H, are larger than the experimental values by ap-

tions involving ortho-H in solid HD are considered because, proximately factors of 6, 3, and 4, respectively. Differences

so far, the intensity of only three such transitions has beem experimental and theoretical intensities by factors of 3—6

experimentally measurédOne can calculate the intensities can be due tdi) the phonon renormalization factéiis taken

of any kind of mixed isotopomer transitions in the crystal ofto be unity while calculating the theoretical intensiti€is)

any particular solid hydrogen, by making use of these formuuncertainty in the number of absorbing molecules pet i

Ez:(C/Nvo)a, (8
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(Lee has mentioned 3%, Hmpurities in the solid HD crystal unlike for hydrogen molecules for which solid state interac-
and ortho-H will be 75% in normal H unless the solid tions are negligiblé® Hinde et al*® has observed that the
sample is left for many days(iii) the relation betweem:  rotational constanB for N, in solid para-H crystal is 10%
and@ given by Eq.(8) is valid for sharp features, arf@) lower than theB value in the gas phase due to crystal flelo_l
experimental error. The mixed isotopomer transitionsEff€cts. The formulas given in the present work are appli-
Q4(0)HD+ Sy(1)H, and Q;(1)H,+ Sp(0)HD arealso ob- cable to double transitions in which the dopant molecules are
served by Lo but absolute intensities of the transitions is Ntially in the J=0 or 1 state. Dopant molecules having
not reported. Similarly, Chan and Oehave observed the SMall B values can have significant populations Jo-1
Q1(0)HD+ Sp(1)D, transition in solid B crystal, but the ~States. The present formalism, although the calculations may
absolute intensity of the transition is not measured. The the]?e qwteb!nvqlved, can be used ;]c.’ gerrllvedlntensny f?rmullas
oretical intensity of this transition in solidDerystal, accord- 107 combination transitions in which the dopant molecules

ing to our calculation, is 4.2910 4 cm?/s. are initially in aJ>1 state.
Finally, one can make use of intensity formulas given in
Tables | and Il to calculate the intensity of para-tbpant or IV. CONCLUSION

ortho-D,-dopant combination transitions where the dopant ¢josed form expressions are derived for the intensities of

can be an ortho-pj or para-B, or any other molecule o ple transitions involving a homonuclear-heteronuclear
(which does not possess a permanent dipole mOM@Nt i of hydrogen molecules in condensed phase. These for-
bedded in the crystal. In the intensity formulas, HD can b&yjas can be applied to many combination transitions where
replaced by a dopant homonuclééor which X=0) or het- 5 gopant moleculéwith J=0 or 1) embedded in solid hy-
eronuclear molecule initially in thg=0 state, but H can  gyogens together with a hydrogen molecule simultaneously
only be replaced by a homonuclear molecule which is iniare part in the absorption process. The same method, in
tially in the same] state as B molecule 0=0 or 1. Thus,  principle, can be applied to predict the intensities of combi-
seven of the formulas given in Table Il of this paper reduceyaion transitions in which the dopant molecules are initially
to the intensity formulas for double transitions involving the i, 4 3> 1 state. With the results presented in this paper, the-
para-h-ortho-H, pair derived earlier in Ref. 20. In order 10 getjcal intensities of all kinds of possible double transitions
make use of these formulas, it is necessary that the dopafy the solid hydrogens can be calculated. New and accurate
molecule in solid para-pi (or ortho-D) retain good rota-  measurements of the infrared spectra of solid hydrogen of all
tional quantum numbers. Recently, such combination transisgtopic variants are desirable. The results of the present pa-

tions have been observed by HineIEaI.ZG.in the solid para-  per would be useful to understand the dynamics of dopants
H, crystal doped with a low concentration 0, NNo abso-  smbedded in solid hydrogen matrices.

lute intensity measurement is reported. Intensity measure-
ments of para-ktdopant transitions will provide useful in-
formation about the changes in the propertigsich as
multipole moments of dopants due to crystal field effects.  One of the authorgA.P.M.) acknowledges the American
One cannot use the gas phase matrix elements of multipolehemical Society-Petroleum Research Fu(@rant No.
moments and of polarizability of dopants in the solid phase36565-AC6 for providing financial support.
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