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Recently, double-photon excitation of fluores-
cence, induced by a ruby laser, has been ob-
served in anthracene crystals. ' ' The fluores-
cent light, whose intensity has been established
to vary as the square of the laser beam inten-
sity, has been interpreted as due to two-photon
absorption. Nevertheless, a quantitative inter-
pretation of the experimental results based on
the present theories of two-photon absorption is
not satisfactory. According to these theories,
transitions via virtual states can take place only
when (a) the initial and final levels have the
same parity; (b) the separation of the energy lev-
els is equal to the sum of quantum energy of ab-
sorbed photons. In an effort to interpret their
experimental results, Singh and Stoicheff' as-
sume that a 'B3& band of anthracene exists with
the right energy to fulfill the condition (b), al-
though no excited states of species g have yet
been identified. With this hypothesis, their cal-
culation gives an order-of-magnitude agreement
with the experimental results. In this note we
wish to suggest a different interpretation of
these experiments.

The nonr elativistic interaction Hamiltonian of
a charged particle with an electromagnetic field
is

3'. = -ey + (e/m c)A p+ (e'/2m c')A',

where the symbols have the usual meaning. We
shall use perturbation theory in order to calcu-
late the transition probability due to the last
term in (l) (this term has been neglected in the
theories of two-photon absorption4). Let us con-
sider an atom or a molecule, initially in the
ground state 1, which interacts with a wave pack-
et propagating in the x direction. If we consider
only the term (e'/2mc')A' in (1), then the prob-
ability amplitude of the atom being in the final
state f (whose energy is Sufi above the initial
state), after the wave packet interacts with the

system, is'

a(u .) = (ir -/28)Q I exp(ixe ./c)l g, )0 1 i
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where A(&u) is the Fourier transform of A, and
xo is the classical radius of electron. If the lev-
el f belongs to a continuous band, e the total tran-
sition probability to any level of the band is, of
course

2 ((d0 + 4 (d )
P = la((u .)I'd(u . ,
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where ~0 is the angular frequency, and &co is the
spectral half-width of the incident radiation. By
neglecting all terms except the linear term in
the expansion of the exponential in (2), we have

a((u .) = (g Ixl g.) A((u) A((u .-ru)d(u. (2')

We stress the fact that in (2') no virtual states
appear, and that (2') is different from zero only
when the initial and final levels have different
parity, as one can see by looking at the matrix
element x(vfi) =

(nfl xI li). The numerical value
of I is very small when conventional light
sources are used, but it can become fairly large
when lasers are used. '

We shall now apply the formulas to practical
cases. When coherence exists within the wave
packet,

f 0
~A((o).A(2(u, -(u )d(u =

0 2(d 0

results, where I is the total energy of the wave
packet per unit area.

The above relation can be derived from I =2g
2x ~ A~(&u) A(&u)d&u for a quasimonochromatic

wave packet by assuming A(ro, + Ru) = A(+, -6+)
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and both real. Moreover, if the spectral width

of the bands involved in the transition is much
broader than the spectral width 26~ of the laser,
one obtains

2(~, + &cu)
I a((u .) I2d(s . = 21a(2u), ) I'4~. (5)

2((s, -A(u)

From (2'), (3), (4), and (5), we have

0 2P = ' I2I x(&u .) I'2h&u.
2(d 0A 1

For comparison, we also write the formula of
the total transition probability P' valid for one-
photon absorption at &off with the same hypotheses
as in formula (6):

P' = (we'/kc)I I x(( .) I'.

We can apply formulas (4) and (5) to interpret
the experimental results obtained using anthra-
cene, because coherence exists within every
single laser spike and because anthracene has
a band '82& whose parity is opposite to the par-
ity of the ground band 'A& and whose energy lev-
els are such to permit a double photon absorp-
tion of laser light. Moreover, the spectral widths
of the anthracene bands are of course much
broader than the spectral width of the laser. We
have not found in the papers by Peticolas, Golds-
borough, and Rieckhoff, ' and Singh and Stoicheff, '&'

all the experimental data we need to make a rig-
orous calculation on the actual experiments with
a ruby laser. Therefore, we shall make the cal-
culation for the simpler case when a Q-switched
laser is used. The results we obtain in this way,
(6') and (7'), are only approximate but, as they are
in quite reasonable agreement with the experi-
mental results, they seem to indicate that a more
rigorous calculation would lead to a good agree-
ment. By assuming a fluorescent quantum effi-
ciency of one, the number of fluorescent pho-
tons from a sample whose volume is V is

n=NPV,

where N is the number of molecules per cm .
If we assume the following reasonable values

for a focused Q-switched laser,

I = 10" erg/cm', u, , = 2.7X10" rad sec

b, v =1/4f = 5X10' radsec ', V=10 ' cm',

Ix(e .)I'=2&&10 "cm'sec

(deduced from data on cross section'), we ob-
tain

P = 5&&10-',

pg = 2X10xo

(6')

In their experiments, Peticolas, Goldsborough,
and Rieckhoff, and Singh and Stoicheff, find the
number of fluorescent photons to be 10 and 10"
(within a factor of 10), respectively.

Finally, we wish to suggest that the theory pro-
posed in this note in relation to anthracene might
also be applied to the interpretation of other ex-
perimental results on two-photon transitions in
solids.

The authors thank Dr. G. W. Series for his in-
terest in this work and for his valuable advice.
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