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Microvrave Induced Time Dependent Effects in 

Triplet Phosphorescence 

C. B. Harris 

UCRL-19693 

Department of Chemistry, University of 'California, Berkeley 
and the Inorganic Materials Research Division 

of the La'vrence Radiation Laboratory, 
Berkeley, California 94720 

Abstract 

The changes in the polarization and intensity of phosphorescent 

emission from triplet states induced by a resonant time dependent 

m.1.Cro\<Tave field coupling magnetic sublevels is described in the 

absence of spin lattice relaxation. Specifically, the microwave 

field can be used to amplitude modulate the polarization and infen~i ty 

of phosphorescence from organic molecules or to rotate the polarization 

vector of phosphorescence. In addition, "optical phase precession," 

a phenomena closely resembling quantum beats, is predicted. Finally 

the use of adiabatic inversion of the magnetic sublevel populations 

to directly measure intersystem crossing is demonstrated . 

. ,:': 
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IntrO'ductiO'n 

The O'ptical detectiO'n O'f a radiO' frequency resO'nance in atO'ms and 

mO'lecules is an area O'f cO'nsiderable impO'rtance. FrO'm the first 

experiments O'f Fermi and Rasetti,l and Breit and Ellett
2 

whO' O'bserved 

changes in the pO'larizatiO'n O'f mercury vapO'r fluO'rescence Q~der the 

influence O'f an applied alternating magnetic field to' the first successful 
, 4 

O'ptical pumping experiments by BrO'ssel and Bitter,3 and Kastler, 

the methO'd cO'ntinued to' prO'vide experimental results O'n a wide variety 

O'f prO'blems. With the develO'pment O'f micrO'wave and radiO' frequency 

spectroscO'py, methO'ds fO'r determining electrO'nic structure parameters 

such as the g-factO'r,nuclear-electrO'n hyperfine, nuclearquadrupO'le 

interactiO'n, etc., O'f mO'leculesin the grO'und state became cO'mmO'n 

place. HutchinsO'n,5 in a fundamental experiment, suc~essfully detected 

the electrO'n spin resO'nance (ESR) in an excitec triplet state O'f an 

O'rganic mO'lecule; thus, 'prO'vided chemists with a methO'dfO'r determing 

excited state prO'perties O'f an impO'rtant class O'f cO'mpO'unds. Later, 

GesChwini in a series O'f experiments O'ptically detected the ESR 

O'f excited state species in the sO'lid state. 

Recently,·the O'ptical detectiO'n O'f magnetic resO'nance (ODMR) 

and its accO'mpanying ENDOR in zeeman fields anj in zerO' field O'f 

O'rganic mO'lecules in excited triplet states has been successfully 

O'bserved by SharnO'ff,7 . 8 
KWJ.ram, van del' Waals, et al., 9 and 

, 10 
Harris, et a1. It is generally recO'gnized asa pow'erful methO'd 

fO'r O'btaining zero-field splittings, nuclear-electrO'n hyperfine, 

and nuclear quadrupole interactiO'ns O'f phO'sphO'rescel1t triplet states. 
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ODMR may appear, at first sight, to be more sensitive/than conventional 

8 
ESR since the .det.ection of photons requires only rv 10 mole,cules 

while the detection of magnetization requires rv 1013 molecules. 

However, in principle, this need not be the case. It will be shovm 

that certain intrinsic properties of phosphorescence may severely 

restrict the sensitivity of ODMR, even to the extent that the effect 

vanishes. Specifically, the differences in ODMR and EPR arise because 

different components of the excited triplet state are being detected 

in each method. EPR measures the magnetization of the electrons 

magnetic dipole moment precessing at the Larmor frequency while 

ODMR measures changes in the polarization and/or intensity of 

phosphorescence induced by the time dependent radio frequency magnetic 

field. Since changes in phosphorescence are being detected in the 

ODMR, proper consideration of the phenomenon must address itself 

to the electric dipole transition moment betvleen the excited triplet 

state and the ground singlet state or a vibration in the ground 

state singlet manifold. 

Two questions immediately arise. (1) To what extent is the 

polarization and/or intensity of phosphorescence modulated when the 

magnetic sublevels of the triplet state are subject to a time 

dependent oscillating magnetic field? (2) Is the polarization 

and/or intensity of phosphorescence modulated at the Larmor 

frequency? The following discussion will be restricted to ODMR 

in zero field. It· is the purpose of the paper to shovl in a simple way 

.what explicit . features of the phosphorescence are changed by a time 

dependent r-.f field and under what conditions interference effects 

are manifested in the phosphorescence. 

\0: • 

f , 

I 
I 
.! 
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Discussion. 

In general, the effects of first and second order mixing of the 

singlet and triplet states of.a molecule via spin-orbit and vibronic-

spin-orbit coupling are specific for the individual magnetic sublevels 

of th~ triplet states _ . Thus, each of three magnetic sublevels can be 

represented by a vTavefunction, 125. , composed of linear combinations of 
1 

a triplet, T, and singlet states, SJ. By defii1ing the polarization, J, 

of a singlet state as the polarization of the transition moment 

between an excited singlet state and the ground state singlet, SO' 

or a vibration of the Singlet manifold, (Le-, < SJ I Ile -R(J) f SO> f 0 

11 ·R(J) is the eiectric dipole operator), the magnetic sublevels 
e 

of the triplet can be represented simply as: 

¢ ::: T. + 
i 1 L: 

J=x~ y, z 

(i ::: x, y,z) (1) 

J where Ci is the mixing coefficient of singlet states of J polarization 

in the ith magnetic sublevel. The coefficients are in general the sum 

of the coefficients of different singlet states of the same polarization-

Because of spin-orbit and electron dipole-~ipole interactions, 

the 125, 's will have different energies, E., in zero field. It is 
1 1 . 

assumed that the molecules are "isolated" and tran::;lationallyequivalent.. 

Naturally translational nonequivalence and solid state effects will 

mix the 125.' s_ 
1 

With these preliminaries the energies and wavefunctions 

in the lowest excited triplet state and the population, N., under 
. 1 

steady state conditions in the individual niagnetic sublevels are, 
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E ¢x T + C
X SX + Cy sy + C

Z SZ : N (2) 
x x x x x ,x 

T + C
X SX + Cy sy + C

Z z 
N (3) E ¢y = S 

Y Y Y Y Y Y 

+ C
X SX + C

y sy + z SZ (4) E ¢z T C N 
Z Z Z Z Z Z 

It should be noted that the processes of intersystem crossing, 

internal conversion and particularly phosphorescence depend upon the 

C
J , 
. s. , ttl tt ' t . 11 Thus, they de ermine, in he absence of spin- a- ice relaxa ~on, 
~ 

the alignment of the lowest triplet state, (i. e., the number of molecules, 

N
i

, in each of ,the" magnetic sublevels). Although the phosphorescent 

'polarization and ~adiative ,.+ifetime of the individual magnetic sublevels 

are determined by the cf's, the intensity of phosphorescence depends 

, additionally upon proper consideration of spin-lattice 

relaxation and radiationless processes. It wiJ.l be assumed that the 

phosphorescence lifetimes from the, individual sublevels, T~ , where l/ ... ! '" 
L (C~)~ are much shorter than the spin-lattice relaxation time, T

I
, 

J . 
and that radiatiohlesstransitions are absent. The condition ... ~ < TI can, 

in most molecular crystals, be satisfied by low temperatures, i.e. < 4.2 K. 

Considering only tvlO levels, say ~ and ~ , the time independent 
""x ""y 

phosphorescence with J polarization and intensity I(J), is simply 

related to the electric dipole transition matrix element between 

the states ¢y and ¢y and the ground state singlet, 

< ¢ 
y 

~ ·R( J) 
e 

The total phosphorencence intensity from ¢x and ¢y is simply IT, where 

, ') • 

'" 

, 

i 
,I ~ 
" q I 

! 

"I ~ 
r 

f 
r 
1 
) 

I , 
, 
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II L: I( LT) (6) 

J=X, y, z 

J in all cases represents the polarization of the transition moments. 

.The effect of a time-dependent oscillating magnetic field, 

of-{ (t) := 2yi1H;Sz cos (j)ot, where ~z is the electron dipole tr,ansition moment operator. 

at a frequency two = E - E can be easily solved in the absence 
. . x Y 

'of spin-lattice relaxation. The result is to produce time dependent 

functions ¢x (t) and ¢y, (t); 

¢ (t) = ¢ . cos . Ht i/h F'J{t + i ¢y sin y HI t ei/t Eyt 
x x Y I e 

¢ (t) 0- ¢ cos YH t ei/h Eyt + i ¢x sin Y HI t 
i/hExt e . y y 1 

(8) 

where Y Hl is a power factor (y is magnetogyric ratio of an electron,' 

HI is the magnitude of the rotating rf field) and t is time. 

l2 Generally speakingEPR treats the magnetic component, Ti , of 

only one time dependent function, say ¢x (t), and measures the 

magnetization along the x-axis in the laboratory frame. ODMR, on the 

other hand, must consider the singlet character of ¢. (t). 
:L 

When 

emission from ¢ and x cannot be optically resolved, both components 

¢x (t) and ¢y (t), must be considered together. The time dependent 

phosphorescent intensity of J polarization is ~imply 

~' " 

I~ I~ 
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and the total time dependent phosphoresG'ence intensity .IT(t) is simply: 

net) = I(J J t)_ (10) 

J=x, y, z 

Thus, the effect of a time dependent oscillating Ihagnetic field is to 
. . 

produce a change in the phosphorescence polarization, 6. I(J, t.), 

and total intensity, 6. net), given by 

6. r(S , t) = r(J , t) - I(J ) (llb) 

6.TI(t) net) - n (lIb) 

The phosphorescent intensity must be thought of in terms of its 

polarized components to properly consider the "phase" factor introduced 

by t.w = E.. - E • o x y In terms of the singlet mixing coefficients, 

and populations, Ni , equation (lla) can be written as: 

6.. r(J ,t) { Nx 
(CJ )2 + N (CJ )2 } (cos 2 

Y Hlt- 1) = + x y y 

{Nx 
(CJ )2 + (CJ )2 } sin

2 
Y HIt) + N y. Y x 

{Nx - Ny } CJ CJ sin 2y HIt sinwot x y 

J 
C. , 

l. 

(12) 

It has been assumed that the spin-spin relaxation time, T2, betvTeen 

the electron spin states and is long compared to th'c pm'ler 

factor YHI t (i.e., high microwave power and short times). One can, 

under pulsed HI fields, properly consider "T2 relaxation phenomenon 13 

and incorporate them into equation (12). 

. t 

". \.;1 ,. 

v 

1 . , . 

!" ., 

i. 
{-. 

-): 
I \ ; 

\!, •. 
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Results 

Many features of the effect of the 1/c t) field upon the phosphorescence 

can be seen from this' simplified 14 approach to 6, I(J , t). 

(1) No change can occur in the phosphorescent emission if 

N = N (i.e., fast Tl processes or 110 selective intersystem crossing). 'x y 

Naturally, Nand N can, at worst, be Boltzmann in ordinary x y 

circumstances. 

At this point it is instructive to consider qualitatively the effects 

of spin-lattice relaxation in ODMR. If the spin lattice relaxation 

time, .' T1 , between sublevels becomes competitive with the phosphorescent 

lifetime, i 
T , and p . radiationless transition from the triplet are 

small, one expects the change in population dN /dt x and dN/dt in 

¢xand . ¢y from depletion processes to be 

(13) 

(14) 

i From equation (13) and (14) when Tl > Tp spin alignment is maintained 

and the time averaged (i.~., < col' Y HI t > = < sin
2 

Y HI t > =1/2" 

< sin ill t >= 0) change in intensity < 6, IT > is large, 0, 

(15) 

1'1'1 
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On the other hand, "'hen the populations become controlled 

b T . T < i Y 1. v~a 1 ~p' a Boltzmann distribution between 

is rapidly established. In this limit, if the sublevels are 

saturated by the application of the microwave field, < 6 IT > is only: 

<6TI> 1 ) 
-r;y 
P 

It is clear that very low temperatures are needed to achieve any 

appreciable change in the phosphorescence. 

It might appear from equation (16) that a ,small population 

difference determined by Boltzmann conditions would always prevail 

when i Tl < ~p and therefore, provided ~x 'were different from 
p 

either in polarization or magnitude, the ODMR effect wciu.ld alvrays 

(16) 

be observable although comparatively weak. Indeed this is true provided 

the Tl process is associated with a thermaliz8.tion of n< and >"x 

by phonon interac'tions sud~_ as Raman, 15 Orbach 16 processes or 

even spontaneous emission 17 between and ¢ . y 
HOvlever, if a fast 

effective Tl occurs via a nonthermalization process such as exiton 

hopping in molecular exitonbands one can conceive of anequal population 
'; 

distribution. Consider the case of phosphorescence from an triplet 

exiton band where the phonon contributions to Tl were long compared 

to i 
l' 
P 

It: the exiton exchange were associated with the translationally 

equivalent molecules in the crystal,spin alignment would be maintained 

in the exiton band since the exchange interaction, (l/r .. ), is totally 
~J 

symmetric. If however,exiton exchange were associated with the 

translationallynonequivalent molecules in the crystal, the spin state 

of molecule i would be redistributed to other spin states of molecule j 

depending upon the relative orientation of i and j when triplet 

exiton exchange occu_rs between the two molecules. Consequently, on the 

U' 

, 
\./ 
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time scale of an rf or microwave frequency the popuJ_ation N 
x 

and N 
Y 

-1 
rvlera. could appear equal even with exchange interaction as small as 

Under these conditions neither OD~ffi nor ESR would be detectable and it 

would be necessary to raise th~temperature (> 2 - ~.2 K) to ensure 

15 16 . 
that the Orbach or Raman relaxation processes were faster than the 

,i,s. 
p 

Fina11~ it is interesting to note that even in doped molecular 

crystals or in trapping sites of "pure" molecular crystals N may 
x 

approach N if energy is transferred from the host to the guest via 
y 

.. 18 
host exi ton bands. Naturally, exactly equal populatiol1S reCluires rather 

specific orientations between molecules in the exiton band. In this 

case the alignment ratio N IN would be concentration dependent. 
x y 

Specifically N IN would approach unity as the guest concentration 
x y 

is decreased. Whether ESR or ODMR would be more sensitive in 

detecting exit on interactions would then depend upon the 

Differences in the magnitude and polarization between the 

,i,s. 
P 
,i,s 

p 

short phosphorescent lifetimes "rould faVor ODMR "rhile equal 

arid long lifetimes would favor ESR. 

and 

(2) No change in the total phosphorescence, 6 net), is predicted 

:E (CJ )2 :; 
JX 

if Another way of expressing this is to 

say: when the rate constants for phosphorescence from and 

are equal, no change in the total phosphorescent intensity is expected 

under 1i(t). The vanishing time averaged intensity, < 6 n > is 

given in equation (15). 

Although there may be no change in the tot~.! emission, it. is still 

possible to see changes in the polarized components if the polarization 

of ¢x is different from ¢y' Indeed, in many cases, greater sensitivity 

in ODMR can be expected if changes in the polarized components of the 

phosphorescences ai'e detected from an oriented singlet crystal. 
1111: 
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N >N, three y x 

interesting phenomenon are predicted. (a) In the approximation that 

CJ equals zero for all polarizations (i.e., no phosphorescence from 
x 

the ¢xsubl.evel), the phosphorescence from ¢y would be amplitude 

modulated as cos2 
Y HI t.19 If in addition the light "Tere J polarized 

from then plane polarized phosphorescence would be amplitude 

2 
modulated by· cos Y HI t • It should be noted that the pOl'ler factor 

. Y HI is an experimentally adjustable field; thus, the frequency 

of modulation cou14be varied. (b) and 

J" J" Cx == Cy == 0 (;i' f. J, J f)(i. e ~, phosphorescence from has 

polarization respectively and the J and Jf 'C 's 
P 

and 

¢ are equal), then the plane of polarization in phosphorescence is 
y 

rotated at a frequencyy HI' (c) Intermediate cases between (a) 

and (b) result in ellipitical components of light rotating at Y Hl • 

(4) No modulation effect at the Larmor frequency, (1)0' is 

predicted unless singlet states of the same polarization are mixed 

into both magnetiC sublevels ¢x and ¢y . If singlet states of the 

same polarization are mixed into both ¢x and ~y and N f. N' x y' 

.an "optical phase precession" occurs. Under pulsed Hl fields 

and "optical phase free induction decay" and an "optical phase echo" . 

are predicted at a frequency (1)0' Both of these phenomena have 

analogies in other areas. 20 In magnetic resonance free induction decay 

and spin echo f s 21 are well known to result from a dephasing and rephasing 

of the magnetization. In optical spectroscopy 0. "photon echo" has been 

observed and explained 22 in terms of the oscillating electric dipole f s 

phase coherence associated ''lith optical exitations. The phenomt!ion 

"optical phase precession" is different in so far 9.S it result f.; ,:'j:'om 

the constructive and destructive interference of the admixed siri ·i:·s 

i 

I 
"; 
r 
t. 



Ii 

v 

. 'i 

-11- UCRL-19693 

polarization at a frequency (E - E )/li. In this respect it is x y 
23 analogous to quantum beat experiments in fluorescence and the 

, 24 
fluorescent modulation induced in the Hg atomic emission by 

-~ri (t) fields ~ 
(5) No change i,n the time averaged. intensity of a polarized 

component J occurs if cJ ~ CJ 
• 

x Y 
This is the case where singlet 

states of the same polarization are admixed equally into and ¢ . y 

Under these conditions equal phosphorescent rate constants of the same 

polari.~ation from these le~els would result, and only the "optical 

phase precession" would be detectable. 

(6) Adiabatic inversion of the population N and N betw'een x y 

levels ¢x and ¢y is predicted if the power factor Y Hl and the 

time duration of the applied field, t , are adjusted such that 

2 Y Hl t = n. 'In magnetic resonance this is commonly referred to as 

adiabatic inversion with a 1800 pUlse.25 In a zeeman spin system 

when a short intense rf pulse is applied, a necessary condition for 

inversion is that Hl greatly exceeds the local dipolar field. 

This insures that all spin in the ensemble are prepared identically 

in the time duration of the pulse. In zero magnetic field, an 

. t .' t h t· 1 t t t . ". h·" 26 1n eger sp1n sys em suc as r1p e s a es exper1ence sp1n-quenc 1ng • 

In other words the f!l8.gnetic dipole-dipole coupling of foreign spins 

with the ensemble of zero field triplet states is reduced in much the 

same way as electron orbital angular moment~ is quenched in 

t .. 2 rr paramagne 1C lons. The result is thb.tGhe triplet state molecules 

see a greatly reduced local dipole field, the li.ne ",idth i.n the zero 

field EPRtransitions are ,relatively narrow; consequently, adiabatic 

inversion of the zero field level$ can be accomplished "lith smaller Hl 

fieldS. An additional and less restrictive wB:Y of producing adiabatic 

, th 25, 28,,2t 9 . kn th t th inversion is the raJ!id fast passage me od. 1 1S OVll1 a e zero 
II' 
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field Hamiltonian can be transformed to effective zeeman Hamiltonian 

in a frame of reference termed the "interaction representation. ,,30 

In this representation a magnetization is definable and it corresponds 

to the alignment of the spin state in the laboratory frame. Inversion 

of the magnetization in the interaction representation is analogous 

to population inversion in the laboratory frame. The condition for 

inversion is that the time derivative of the effective magnetic field 

2 be less than (y HI ) and that y HI be sufficiently large that 

inversion occurs fast~r than spin lattice relaxationf5 i.e., 

(18) 

Thus, an upper and lower time on the time required for inversion are 

established. For a rf field HI = 1 gauss. The time through 

resonance must be longer than about 10-7 sec and Tl must be longer 

'-8 than 10 sec. Both of these conditions are, easily obtainable at 

liquid He temperature. 

• Adiabatic inversion via rapid fast passage can be used to measure 

directly the process of intersystem crossing. Consider, for instance, 

v 

the situationvlhere intersystem crossing beca'lse of selective spin'" 

. orbit coupling occurs predominantly toone magnetic sublevel, say ¢y 

andthe (0, 0) and (0, Vibration) phosphorescellce have their origin 

from ¢x and ¢y respectively. This is basically the prevailing 

conditions. found in 2,3 dj.chloroquinoxalinedoped in durene31 or 

tetrachlorobenzeneat 1.6 K and is represented in Fi5ure (1) where 

the (0, vibration) is (0, -260 cm-l ). If at time, t = t l , the exciting light is 
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turned off and the pop~lations between are inve:cted via 

rapid fast passage in the forward direction (i.e" dHeff/dt "'positiye) 

the phosphorescent intensity in the (0, 0) band will go from N /-rx 
x p 

to NI1'; while the (0, v) emission ",D.l go from Nl -c~ to Nj -c;. 
At a later time t

2
, where (t

2 - t ) 1 « x -r 
p and ~, the direction p 

of the microwave S1veep is reversed (Le., dHeff/dt = riegative) the 

powlations will be inverted again and consequently, the (0, 0) and 

(0, v) emission will return to their values at to' If incomplete 

inversion occurs at t = tl and' t = t2 the emission at t2 will not 

return to the t = ° value but rath~r to the values: 

[1(0, 0)] -. [ Nx 1 (1 f)2 + f2! + Ny 12f (1 f)1] /-rx 
(19) 

t2 
p 

[1(0' V)] = [ Ny 1 (1 C f) 2 + II + N l2f(1 - f)l] /-cy 
(20) 

t2 
x P 

where f is the fraction of inversion. It should be noted that 

saturation of the levels (f = 1/2) results in hO change in emission, 

at t = t 
2 

since the levels are equalized at 

If the same,sequence of events is repeated in the presence of 

exciting light and inversion is complete at tl and -t
2

, the 

phosphorescent intensity at t2 is expected to be different from the 

¢. • y 
steady state value at to because of intersystem cl'ossing into 

First, the initial inversion at tl produc(.s a population 

distribution different than that at steady state (to) ; thus, the 

system will respond to achieve a new steady state condition. 

Specifically, an additional population will build r.p in ¢y via 

intersystem crossing, (isc), at a rate proportional to the intersy['tem 

crossing rate constant ['~sJ -1. Consequently, in the time durat: ",1 (t2 - t l ) 

isc ( ) , ' ;y (' " a population, Nv t~;.. t, , dependent upon .: ~_ and t" - t~) :', "lds 
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up in ¢ 0 

y 
When the system is subjected to inversion a.t 

phosphorescent intensity in the (0, 0) and (0, v) bands will then be 

[~ (0, 0) (t2 - t)] 0 [~ + rl sc 
(t2 - tl~ IT; (21) 

1 t y 
2 

[I(9' v) (t - t)] " N j-r:Y 
2 1 Y P 

t 2 

i. 

From such experiments 31 one can ascertain the selectivity of 

intersystem crossing and the relative rates or intersystem crossing 

ratios i I j T.T. 
loSC lose 

where i and j are the dii'ferent spin sublevels 

and ¢.o 
J 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to' the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, anv information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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