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Abstract. The process of two-photon absorption from two beams of light is treated theoreti-
cally. Expressions are derived for the time dependences of the joint photon probability
distribution of the beams, their photon-number factorial moments and the photon-number
correlation between the beams. These expressions are illustrated by numerical results for
special cases and their significance is discussed in physical terms. Simpler approximate
expressions are also derived for the case where one beam is much more intense than the other.

1. Introduction

We consider in this paper the process of two-photon absorption by atoms in which the
photons are taken one each from two different beams of light. In a previous paper
(Simaan and Loudon 1975) we have treated the analogous process in which both photons
are removed from the same beam of light, and have determined the time dependence of
the photon probability distribution, its factorial moments and the degree of second-
order coherence. The double-beam process also causes time-dependent changes in
these properties but there is the additional feature in this case of correlations—or more
accurately anticorrelations—between the two beams which develop as the absorption
proceeds.

The equations which describe the double-beam two-photon absorption are in-
troduced in § 2 and the initial short-time behaviours of the statistical properties are
derived. Itisassumed throughout the paper that the parts of the joint photon probability
distribution which refer to the individual beams can be factorized at time ¢ = 0 before
any absorption takes place. Apart from this condition the initial distributions are
allowed to have quite general forms. Factorization of the joint distribution for t > 0
is prevented by the formation of correlations between the beams, as is discussed in later
sections.

Section 3 is devoted to an approximate soiution which is valid when the initial mean
number of photons in one of the beams is much larger than the initial mean photon
number in the other beam. This corresponds to a common experimental arrangement
in two-photon spectroscopy where one beam is obtained from a laser and the other from
a conventional source.

The general solution of the photon rate equations is given in §4. A generating
function method is used similar to that employed by McNeil and Walls (1974) in their
calculation of the first two factorial moments for two-photon absorption in which both
beams initially have definite numbers of photons. Expressions are derived for the time
dependences of the joint probability distribution, the photon-number correlation
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Quantum statistics of double-beam two-photon absorption 1141

function and the factorial moments of the two beams. Attention is also given to the
degree of second-order coherence.

One of the aims of the paper is to provide physical insight into the mechanisms by
which two-photon absorption changes the correlation and fluctuation properties of the
beams. The general results are accordingly evaluated for various simple kinds of initial
light beams.

2. Photon rate equations and short-time solutions

2.1. Derivation of the rate equations

Consider two modes of the radiation field whose frequencies are such that pairs of
photons, one from each mode, can be simultaneously absorbed by a gas of N atoms.
It is assumed that the atoms have no transition frequencies to cause single-photon
absorption or absorption of two photons from the same mode. Suppose that N, atoms
are in the ground state while a smaller number N, are in the excited state of the tran-
sition, with

N{+N,=N. (1

The numbers of atoms in the two states are assumed to be maintained constant by
some external influence.

The numbers n and m of photons in the two beams are statistical quantities governed
by a joint probability distribution P, , which changes with time owing to the two-
photon absorption. The probability per unit time that the beum photon numbers n
and m are reduced to n— 1 and m—1 can be written (Loudon 1973) as

N,Jnm 2

where J is shorthand for an expression which contains atomic dipole matrix elements
and energy eigenvalues. The corresponding probability per unit time of a two-photon
emission, leading to an increase in the photon numbers fromnand mton+1and m+1,
is

N,J(n+1)(m+1). (3)
These two processes reduce P, ,, at a combined rate
—NJnmP, . — N, J(n+ 1)(m+1)P, . (4)

There are also two positive contributions to the rate of change of P, ,,. If n—1 and
m—1 photons are present, with probability P,_, ,_,, emission of two photons in-
creases P, , at a rate given by (3) with n and m replaced by n—1and m—1,

NanmPn—l,m—l' (5)

Similarly if n+ 1 and m+ 1 photons are present in the two beams, two-photon absorption
increases P, ,, at a rate determined by (2) with n and m replaced by n+1 and m+1,

NJn+1)m+1DP,sy ey (6)
The total rate of change of P, ,, from (4), (5) and (6) is
dP,,/dt = —N JnmP, ,— N,J(n+1}(m+ )P, .+ N,JnmP,_, ..,
+NJm+1)m+ 1P,y meq- 7
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The four contributions to the rate of change are entered on the photon energy level
diagram in figure I. For N, = 0,(7) reduces to an equation derived by McNeil and Walls
(1974) using density operator techniques. The numbers of photons must of course be
positive and the first and third terms in (7) should be removed if either n = O or m = 0
when the corresponding processes cannot occur.

'Cf’,+1,m+1 ; ) 7 n+4,m+1
N T{n+m+i N, T +1m+1) R
! XPratmti| »
//:{m ‘ n,m
Nz Jnm/?,_1,m_1 M Jnmew
%-1,/»—1 " ".”(‘1

Figure 1. Energy level diagram for the photons. The level separation is equal to the sum
of the photon energies of the two beams and the transition rates indicated are the contri-
butions to dP, ,/dt.

The probability distribution is assumed to be normalized,
X Pm=1 (8)

and it is seen by summation of (7) that a normalized distribution remains normalized
as the two-photon absorption and emission proceed. The rth factorial moments of the
two beams are defined by

m? = Zm(m—l)(m—Z)(m—r+I)Pn,m (9)

n.m

=Y nn—1)(n=2)...(n—r+1)P,,. (10)

n.m

The mean numbers of photons in the two beams are thus denoted by m* and n'*) while
their degrees of second-order coherence are defined to be

g = m¥/m)y? (1)

g2 = n¥ynV)2, (12)
The photon-number correlation function of the two beams is

nm =Y nmP,,. (13)

Equations for the rates of change of the factorial moments and the correlation func-
tion are obtained by differentiation of (9), (10) and (13) and by insertion of the rate of
change of P, , from (7). For example

dmV/dt = —(N, — Ny)nm+ N,Jm® +nM + 1) (14)

dmPydt = = 2N, = N)J ¥ nm?P, ,+ 2N, + Ny)Jnm+ 2N, J(m® + 2mY). (15)

n,m
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2.2. Initial condition and short-time solutions

Statistical independence of the two beams at the commencement of the two-photon
absorption and emission implies that the initial probability distribution P, ,,(0) can be
written as a product of distributions for the individual modes

P, .(0) = Q,(O)R,,(0). (16)

In illustrating the general results the same types of initial beams will be used as in our
previous paper (Simaan and Loudon 1975); the main properties of the simpler photon
distributions are summarized in § 3 of this reference.

The derivation of the general time dependence of the photon statistical properties,
given in § 4, is somewhat complicated. However, it is not difficult to evaluate the changes
in these properties to first order in t. Consider the factorial moments. It is seen from
(14) and (15) that, similar to the single-beam case, the rate of change of each moment
depends on a moment or correlation of the next higher order and it is not possible to
solve the equations straightforwardly. The time dependence correct to order ¢ can
however be obtained by substitution of the initial values of the various averages on the
right-hand sides of (14) and (15), whence

m® = m() — JH{N nmP — N ,(n{" + 1) (m") + 1)) a7
m? = m@ —2Jt[N n"mE — N ,(nid + 1) (m + 2m{)] (18)

where the zero subscripts denote the values of the moments at ¢t = 0.
Substitution of (17) and (18) into (11) gives

g2 = g+ 2N, /mi) (n+1)(2—gZ). (19)

The corresponding results for the other beam are obtained by a simple interchange of
n and m, the basic equation (7) being symmetrical in these quantities.
The initial time dependence of the correlation function obtained in a similar way is

m = nPmid) — SN, (1P md + nm + nOmid)
= N, [nPm + 1)+ (n§” + mP + 5nmED + 3nl + 3miD + 17}, (20)

The initial values of the moments for the simpler photon distributions are summarized
by Simaan and Loudon (1975).

These results show that the two-photon absorption associated with the N, ground
state atoms causes a decrease in the factorial moments and the correlation function,
while the emission associated with the N, excited atoms causes these quantities to
increase. The degree of second-order coherence is not affected to order ¢ by the two-
photon absorptions; indeed it is not affected by the two-photon emissions either for a
beam of mmally chaotic statistics where g2 is equal to two. The time dependence is
discussed in greater detail in subsequent sections when more complete solutions have
been obtained.

3. Approximate solution

In this section we treat approximately the special case where one beam is initially much
more intense than the other beam,

ng > mih, @1
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It is clear that the ratio n'’/m{) increases as the two-photon absorption proceeds. This
case is an important one since it corresponds to the much used experimental arrange-
ment in which one beam of fixed frequency is obtained from a laser while the other weaker
beam is obtained by selection of a variable frequency from a conventional broad-band
source (see for example Worlock 1972). The results could be obtained as special cases
of the general solutions given in § 4. However, it is instructive to see the simple and direct
way in which the strong-beam case can be treated.

It is assumed throughout the section that a negligible number of atoms is excited
and we set N, = 0 and N, = N. We give greater attention to the weak beam since its
properties are the more strikingly changed by the two-photon absorption.

3.1. First moments

The rate of change of m'? given by (7) and (9) is
dmM/dt = —NJ Z nmP, .. (22)

nm

The summation generates the correlation function (13) whose value at a general time is
as yet unknown. However, the value at t = 0 is very easily found because the photon
distribution factorizes as in (16),

dmV/de)y = — NIm§ni. (23)

The higher time derivatives of m!? can be found by successive differentiation of (22)
and repeated use of (7). Thus

d?mVfde* = (NJ)? 3 nmin+m—1)P, ,. 24

The assumption that one beam is much more intense than the other is now used. In the
parentheses of (24) the values of n and m — 1 which make significant contributions to the
summation are such that the latter can be neglected to a very good approximation,
giving

(d*mM/de?), = (NJ)? ‘”anQ (25)

where (16) has been used. The approximation of retaining only the term of order n”
in the rth derivative leads to

@m/dt")e = (= NJYm§' 3, n"Q,(0). (26)

Summation of the Taylor expansion of m'!) about t = 0 now gives

m®P = mH + Z (A'mV/deN)ot/rt = m? Y exp(—n1)Q,(0) (27)

r=1 n=0
where
T = NJt. (28)

The time dependence of the first moment n'') of the stronger beam is easily found. The
time derivatives of n'") and m!) are indeed all equal and it follows that

2D —mD = pl) — md, (29)
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This equation is of the Manley—-Rowe type; it expresses the equal rates of removal of
photons from the two beams.

The above form of time dependence of m'*’ shows that in the approximation used
here the rate of absorption of the weaker beam depends on the statistical properties of
the stronger beam but not on its own statistical properties. The summation in (27)
can be performed without difficulty for the initial photon distributions given by Simaan
and Loudon (1975) and we find

exp(—ng'r) (number) (30)
) = exp{ny [exp(—1)—1]} (coherent) (31
{1+n§—ng" exp(—1)} ! (chaotic) (32)
1—f+ f exp{(n§/ /) [exp(—1)— 11} (pulsed) (33)

where (12), (15), (19) and (23) of this last reference have been used for the initial types of
beam listed on the right.

Figure 2 shows graphs of these forms of time dependence of m'*). Note that the rather
large steady-state values of m*) for the pulsed stronger beams are a result of the absence
of any absorption from those parts of the weaker beam which coincide with the dark
sections of the pulsed beams.

tof
Pulsed 7= 0.I
fg" Pulsed #+0.5
':E
B Chaotic
1
0 o8|

Figure 2. Time dependence of the mean photon numbers m® in the weaker beam for the
initial types of stronger beam indicated. All the stronger beams have initial mean photon
numbers n{) = 100. The pulsed beam result is shown for two different duty factors f.

Conventional treatments of two-photon absorption for the situation where one beam
is much more intense than the other commonly solve (22) with the assumption that n
can be set equal to n§ and taken outside the summation. The resulting time dependence
of m¥ is then identical to (30). However, the above analysis shows that this procedure is
not generally valid; it holds when the stronger beam is a number state, and it is a good
approximation for the coherent state, but it is a poor approximation for a chaotic
stronger beam and it is completely wrong for the pulsed beam. The conventional treat-
ment is in general only accurate to the term linear in ¢ or  where (17) shows that only the
first moments of the beams are involved.
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3.2. Second moment and second-order coherence

The second factorial moment of the weaker beam obtained from (7) and (9) by a similar
approximation is

m? = m@ Z exp(— 2nt)Q,(0). (34)
n=0

It is seen that the summation in (34) is identical to that in the expression (27) for m'*
except that t is replaced by 27. A corresponding replacement in the examples (30)
to (33) for mV converts them into expressions for the time dependence of m® induced

by various types of stronger beam.
The degree of second-order coherence of the weaker beam obtained from (11),

(27) and (34) is given by .
gP/gd = Z exp(— 2"1)Qn(0)(zexp( nr)Q,.(O)) : (35)

In the limit of short times it is seen from (19) that g2’ has no term linear in the time for
N, = 0 and this is verified by an expansion of (35) in powers of ¢, where the first few
terms give

g2 ‘2’—1+122(n n6)?Q,(0) - 3Z(n ng Q0+ . ... (36)

The initial rate of increase of the degree of second-order coherence of the weaker beam
is more rapid for strong beams whose mean square deviations in photon number are
larger.

The summations in the numerator and denominator of (35) can be taken from (30)
to (33) for the various kinds of initial strong beam and the resulting time dependences of
g'? are plotted in figure 3. For the strong number-state beam (35) gives

g2/ =1 37

but in general the degree of second-order coherence increases with time.

5 r Chaotic
%L
'305

B Pulsed 7=0.5
1 Pulsed /=01
Number
i 1 L Il 1 i ]
0 01
T

Figure 3. Time dependence of the degree of second-order coherence g2’ of the weaker beam
for the same stronger beams as used in figure 2.
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3.3. Correlation function

The Taylor expansion method can be applied finally to the correlation function nm
defined in (13). The leading term in the rth derivative of nm with respect to time is of
order n"*! and the result obtained from these terms is

nm = mgd i n exp(—n7)Q,(0). (38)
n=0

It is not difficult to evaluate the summation for the various kinds of initial distribution
in the intense beam, and the results are

exp(—nj’7) (number) (39)
o | exp{ng Texp(=7) )—1]~1} (coherent)  (40)
e = exp(— 1) {1+n{’—nt’exp(—-1)} 72 (chaotic) 1)
exp{(n§"/ ) [exp(—1)— 1] -1} (pulsed). 42)

Figure 4 shows graphs of the time dependence of nm/n‘'m(?) for these initial photon
distributions, where the small changes in n‘!) from the initial value have been ignored.

Number

1.0

Al

Figure 4. Time dependence of the normalized correlation function nm/nm? for the same
stronger beams as used in figures 2 and 3.

In all cases illustrated nm falls from its value n{’m{"’ at 7 = 0, and at later times the in-
equality

nm < nOmH) (43)

is satisfied, except for the number-state strong beam where the two quantities remain
equal. There is thus a tendency for anticorrelations between the beams to develop as
the two-photon absorption proceeds.

This aspect of the two-photon absorption can be understood by considering the
simpler case of a classical description in which the strong beam is pulsed and the weak
beam initially has constant intensity. The photon numbers n and m are replaced by



1148 H D Simaan and R Loudon

classical beam intensities in this description. Figure 5 shows the time or space depen-
dences of the intensities of short sections of the two beams before any absorption takes
place and after a long period of absorption. Two-photon absorption can occur only
during the pulses of the stronger beam and the absorption ceases when those sections
of the weaker beam coincident with the pulses have been exhausted, leaving a fraction
1 —f of the initial intensity of the weaker beam unabsorbed. The anticorrelation effect
is clearly shown in figure 5; at the cessation of the two-photon absorption both beams
have nonzero mean intensities but the intensity correlation function of the two beams
is zero. At intermediate times the intensity correlation function satisfies an inequality
analogous to (43). It is seen that the strong beam imposes a negative image of its intensity
fluctuations on the weak beam in this classical analogue.

Intensity
Intensity

‘[JLJJ ld

(b)

(@)

Figure 5. Beam intensities (a) before absorption and (b) after the cessation of absorption
for a classical model in which the strong beam is pulsed with duty factor f = 0-1 and the
weak beam initially has constant intensity. The upper part of each diagram shows the
strong beam and the lower part shows the weak beam. The horizontal axes can represent
position for a view of the beams at a single time, or vice versa.

The differing behaviours of nm predicted by the quantum-mechanical calculations
and illustrated in figure 4 arise for the same qualitative reasons. Thus the pulsed beams
produce a rapid decrease in nm/n'"m'V because of the decay to zero of nm with only a
modest decrease in m("). A fast decrease in the correlation function also occurs for the
chaotic strong beam while the much smaller photon-number fluctuations in the coherent
beam lead to a slow development of anticorrelations in this case. The absence of fluc-
tuations in the number-state beam prevents the formation of anticorrelations altogether.

The absorption rate (22) is proportional to the correlation function nm, and the
development of photon-number troughs in the weak beam coincident with the photon-
number peaks in the strong beam inhibits the two-photon absorption. This effect can
be seen by comparison of figure 4 with figure 2 where it is seen that the strong beams
for which nm/n'¥'m¥ decreases more rapidly are those for which m‘" decreases more
slowly after the initial common rate of decay. Conventional treatments of double-
beam two-photon absorption (see for example chapter 12 of Loudon 1973) omit beam
correlation effects which begin to influence m'" in order 72.

The time dependence of the degree of second-order coherence shown in figure 3
is also consistent with this description of the imposition on the weak beam of a negative
image of the fluctuations in the strong beam. This is apparent in the 72 term in the short-
time behaviour given by (36) and in the longer-time behaviours shown in the figure for
the different types of strong beam. Thus the lack of fluctuations in the number-state
strong beam leads to absorption of the weaker beam without any increase in its degree
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of second-order coherence. At the other extreme the large fluctuations in the strong
chaotic and pulsed beams produce rapid initial increases in g2, which are followed for
the pulsed beams by saturation at a value close to g2)/(1 — f). This is again in agreement
with the behaviour shown in figure 5 where the initially coherent classical weak beam
having gt = 1 is converted into a pulsed beam of duty factor 1 — f and hence a degree
of second-order coherence of 1/(1 —f) at large times (see equation (5.109) of Loudon
1973).

It should be mentioned finally that the approximations made in the present section
are such that the results agree with the short-time behaviours considered in § 2 in the
case N, = 0, but only approximate to the exact steady-state results derived in § 4.

4. General solution

4.1. Separation of rate equations

The system of rate equations of which (7) is a representative only couples together series
of elements of the joint probability distribution for which the difference between the
two subscripts of P is constant. We define a new variable

v=n—m 44)

whose value ranges from — o0 to + o0 in integer steps. Then the rate equations can be
divided into subsets, each of which involves only those P, ,, with the same value of v.
This division is illustrated schematically for small values of n and m by the oblique lines
in figure 6.

m

Figure 6. Schematic representation of the separation of the photon rate equations into sub-
sets. Each blob represents a pair of values of n and m. Only those blobs connected by one
of the oblique lines have P, ,, which are coupled by the rate equations. The numbers attached
to these lines are the values of v = n—m. The probability flows downwards towards the
axes for increasing time when N, < N,.
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It is convenient in deriving the general solution to alter the notation by replacing
one of the beam photon numbers as follows:

Pvom forv=0
Pom= (45)
P, forv < 0.
The notation now shows explicitly the dependence on v, and (7) takes the forms
de+v,m/dt = _NIJ(m+v)um+vm NZJ(m+v+1)(m+ 1) m+v,m
+N2‘](m+v)mpm+v— 1m-1 +N1J(m+v+ 1)(m+ 1)I)m-%-v+ 1,m+1 (46)
dP,,./dt = =N Jn(n—v)P, ,_,—NJin+1)(n—v+1)P, ,_,
+N2Jn(n—v)Pn—l,n—v—1+N1J(n+1)(n_v+I)Pn+l,n—v+1' (47)

It is clear that for each value of v the set of rate equations has only a single variable, n
or m, instead of the pair of variables, n and m, which are apparently coupled in the original
form (7). In the two-photon absorption of two beams both initially represented by num-
ber states, as treated by McNeil and Walls (1974), only those elements of the joint
probability distribution lying on a single line in figure 6 need be considered.

The sums of those elements of the probability distribution which have the same v
are seen from (46) and (47) to be constants of the motion. Thus denoting these zeroth
moments m®(v) and n®(v), we have

(0) V) z Pm+vm - Z m+\m = 2 Qm+v(0)Rm(0) (V > 0) (48)

n(v) = Z nn—y = i P,,-(0) = Z Q.(0)R,,(0) (v<0) (49)

where (16) has been used. It follows that the average over the photon distribution of any
function of v is a constant of the motion which maintains its initial value. Application
of this principle to the average of v itself generates the Manley—Rowe relation (29)
which is a general result, not limited to the case where one beam is much more intense
than the other. Similarly the average of v? generates a relation between the second
moments and the correlation function,

n®—2nm+m?® = n@ —2nPmid + mP. (50)

4.2. Steady-state limit

After a sufficiently long period of time has elapsed, the photon system arrives at a steady

state in which the rates of change (46) and (47) are zero. Solution of the resulting chains

of simultaneous equations for the steady-state probabilities, denoted by P, ., .(cc) or
P, ,_(o0), gives

Pysym(x) = (N3/N)"P, o(c0) (v=0 (51)
P, - A20) = (Ny/N )Py, - (0) (v < 0). (52)

Hence

Z mavm( ) = [1=(N/N)]7'P, o(00) = m'O(v) (33)
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-9}

Y P y(0) = [1=(Ny/N )] Py _ (o0) = nOy). (54)
n=0
Thus with the help of (48) and (49) the last four equations enable the steady-state photon
distribution to be determined for any initial distributions Q,(0) and R,,(0).

It is seen from (51) and (52) that the subset of probability elements corresponding
to an oblique line in figure 6 has a chaotic type of distribution in the steady state (com-
pare equation (10.17) of Loudon 1973). However, the distribution as a whole is not in
general chaotic since the zeroth moments m®(v) and n®(v) for different v are not ap-
propriately related.

The results simplify when almost all the atoms are in their ground states and N,
is negligibly small. In this case (51) and (52) give

Pyiom(0)=0 for m

> 0) (55)
P,,_(0)=0 forn>1 (v<0

) (56)
and only those elements of the probability distribution which lie on the two axes of

figure 6 can be nonzero. The steady-state values of the first two factorial moments of the
two beams are then seen by inspection of figure 6 to be given by

N Vv

-1

== T VB ) 7
= 3 P, of0) (58)
R R T e (59)
M= 3 o= DRol0) (60)

The correlation function must vanish in the steady state for N, = 0,

nm,, =0, (61)

since by (55) and (56) the only nonzero elements of the distribution are those for which
there are no photons in one of the beams.

4.3. Generating function method

McNeil and Walls (1974) have pointed out that the rate equations for the photon
probability distributions can be solved by a generating function method in the special
case N, = 0. We follow the same general method as these authors but obtain a more
complete solution to the problem.

Consider the rate equation (46) for the elements P, , which have n > m, that is
v 2 0. We define a generating function

Fv(y1 t) - Zo yum+v,m(r) (62)

which involves only those elements corresponding to a single oblique line in figure 6.
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On setting N, = 0, multiplying both sides of (46) by y™ and summing over m, we obtain
OF, 0*F, OF,
— = Wl=y)5z+0+nl-y)—. (63)
dy 0y

ot
The solution obtained by separation of the variables in the manner of McNeil and Walls
is

Fly, 1) = i A (v, L+ v, y) exp[ — k(k+ v)1] (64)
k=0

where the Jacobi polynomial J, defined for v = O is equal to the hypergeometric function
Fi(—=k, k+v;1+v;y) (Morse and Feshbach 1953).

The photon distribution at t = 0 is assumed known and the initial condition given
by (62) and (64) is

Fv(y7 0) = Z ymoPm0+v,m0(0) = Z Aka(V, 1 + v, J’) (65)
mo=0 k=0

where the running index for the initial distribution has been changed to m, to avoid

confusion with m in later equations. The coefficients 4, can be determined by multi-

plication of the second and third parts of this relation by

yv(l _y)_l‘]k’(v’ l+va Y)

followed by integration with respect to y over the range 0 to 1. Then with the help of an
orthogonality relation satisfied by the Jacobi polynomials and a standard integral (see
for example p 1755 of Morse and Feshbach 1953, p 398 of Erdélyi et al 1954, p 849 of
Gradshteyn'and Ryzhik 1965)

(= DRkEVRkEV=D! E mg(my+v)!
Ak - k'v' mozzk(mo_k)!(mo_+_k+v)!Pmo+v,mo(0)' (66)

It is seen from (62) that the probability distribution is obtained from the generating
function according to

Priym(®) = (m)THO"F(y, 1)/0y")y=0- (67)

Similarly the rth factorial moment of the distribution defined as in (9), but with the sum-
mation extending only over those elements which have the same value of v, similar to the
definition of the zeroth moment in (48), is given by

m"(v) = (O"F,(y, 7)/0Y)y=1- (68)

The Jacobi polynomials have the properties

(= DkMk+1+v=1)v!
i
B e e fort <k

dy
0 forl >k

and

Jeo (v+2,1+v+10) =1 (70)

Joo 420 1+v+ L 1) = (= D k= DI+ = Dk +v)! (=1 (71)
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It therefore follows from (64), (66), (67), (69) and (70) that

(=) & (= DkH)kEmtv=1)!
P"'*“'"'(T)_m!(m-i-V)!k;m (k—m)!
my!(my +v)!

g Z—k (mg—k)!(mo+k+v)! mo+v.mg

mg=

exp[ —k(k +v)t]

(©) (72)

and from (64), (66), (68), (69)-and (71) that for r > 1
1 Z(2k+v)(k+r+v—1)'(k !
r—-nt2, (k—r)i(k+v)!

N had mg (mg +v)!
mo=l¢(m0'—k)!(m0+ k+V)' Mot v.mo

m(r)(v) =

exp[ — k(k +v)t]

(0) (v=0). (73)

All the above analysis has been concerned with the rate equation (46). The corres-
ponding equation (47) for the elements of the probability distribution which have
n < mcan be solved by the same technique and the results are

(=1 & (=D (k+n—v=1)!

Bop- @) = n’(n—v)’kzn 7T xp[ — k(k —v)c]

x f o f,‘;)!f;',jojr”,l' iProra 0 (14)
) = (r—1 0! é,ﬂk_v}(fktrr; s:k_—lz)!(zk_  expl —klk =]

Xék(no _”;;)'ﬁf,;’oj,l' B0  (0<0) (75)

The latter quantity is the rth factorial moment (valid for r > 1) defined as in (10) but with
the sum restricted to elements which have the same negative value of v.

Equations (72) and (74) enable computation of the complete joint probability
distribution for arbitrary time t and arbitrary initial distribution. Figure 7 shows some
results for a simple example in which both beams are initially number states with ten
photons in each so that only the v = 0 elements can have values different from zero.
The progressively slower decay of elements corresponding to smaller photon numbers is
apparent, as is the approach at the right-hand side of the figure to the steady-state con-
dition in which all the initial photons have been absorbed.

In the steady-state limit where 7 tends to infinity all the terms on the right-hand sides
of (72) and (74) are zero except those with k = 0. The only nonzero probability elements
are therefore

P, o(0) = Z Py s vmo0) = mO(v) (76)
mo= 0
PO —v(w Z no,no— v(o = n(O)(v) (77)
ng= 0

in agreement with (53) to (56).
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Figure 7. Time dependence of selected elements of the photon probability distribution.
The initial distribution is Py4 ;0(0) = 1 and only diagonal elements of the distribution have
nonzero values at subsequent times. The numbers attached to the curves indicate the
common values of n and m.

4.4. First moments

The moments of the distribution are often of more immediate physical interest than the
distribution itself, and these can be obtained from the general results (73) and (75) for the
factorial moments taken over the part of the distribution having a given value of v.
The summation in the definition (9) of the first moment m‘’ can be rearranged with the
help of (44) and (45) to give

K w© -1 ®
m) = z mPn,m = Z z um+v,m + Z z (n—V)Pn,n—-v

n,m v=0m=0 v=—o n=0

mY(v)+ ;V_j (n'V(v)—yn'OYvY) (78)

0 v=—m

Il
™M

v

where (49) has been used. The rearrangement of the summation can readily be visualized
by reference to figure 6. A similar result can be derived for the first moment n‘" of the
other beam but the Manley—Rowe relation (29) makes independent numerical calcula-
tions of n'") unnecessary. We note that the expression for m¥(v) obtained from (73)
for the case of an initial number-state distribution agrees with (5.23) of McNeil and Walls
(1974).

Figure 8 shows the results of some calculations of the time dependence of the first
moments for initial states in which beam n is a number state while beam m has various
kinds of distribution. Both beams have initial first moments equal to ten, and m®
and n'!? therefore remain equal as the two-photon absorption proceeds. Their steady-
state values are zero for the case where both beams are initially number states and only
v = 0 probability elements occur, but the steady-state values differ from zero for the
other cases and they can be obtained by numerical evaluation of (57) and (58).
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Figure 8. Time dependence of the mean photon numbers m!" and n'") for initial distributions
in which beam n is a number state with ten photons and beam m has the character indicated
on the curves. The initial mean photon number m{’ is equal to ten for all four types of beam
and the duty factor in the pulsed case is 0-5.

4.5. Correlation function

The correlation function defined in (13) can be obtained from (73) and (75) by a rearrange-
ment of the summation similar to that used in (78), and we find

8

nm = [mP () +(1 +vimP )]+ -Zl [HPW) +(1 = v)n(w)). (79)
0

Yy

y=-—-w

Figure 9 shows the results of calculations of the time dependence of the correlation
function for the same initial distributions as used in figure 8.

The qualitative aspects of figures 8 and 9 can be accounted for by explanations very
similar to those given in § 3.3 for the behaviour of the weaker beam in the presence
of another beam which is much more intense. Thus the anticorrelations between the
beams occur for the same reasons as before and lead to a zero correlation function in
the steady state even though the mean numbers of photons in the two beams do not van-
ish, in accordance with (57), (58) and (61). This behaviour is shown by three of the
examples plotted in figure 9. The fourth example, that of two initial number-state beams
with equal numbers of photons, is an exception in that n", m") and nm all tend to zero
at long times with exp(—1) time dependences, leading to an exponential divergence
of the normalized correlation function.

The behaviours of n'), m'! and nm are closely related for all types of initial beams,
the rates of change of the first two quantities being proportional to the third as in (22).
Thus, similar to the intense beam case, the curves for the four examples appear in reverse
order in figures 8 and 9 since a larger value of nm corresponds to a more rapid decrease
of n'*) and m*),

4.6. Second moments

The second factorial moments of the two beams and their correlation function are
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Figure 9. Time dependence of the normalized correlation function nm/n"'m‘? for the same
initial distributions as figure 8.

related by (50), so that in addition to (79) it is only necessary to make numerical cal-
culations of one of the factorial moments. A rearrangement of the summation in (9)
for r = 2 similar to that made in (78) gives

X

m? =% mPv)+ _Zl M2y = 2vn D)+ v(v + D). (80)

v=0

The degrees of second-order coherence of the two beams, given in terms of the first
two factorial moments by (11) and (12), are plotted in figures 10 and 11 for the same
examples of initial beams as used in the two previous figures.

The time dependences shown in figures 10 and 11 also have some similarities with
those found in the intense beam case. Thus the initial number state shown in figure 11
acquires fluctuations as a result of its absorption, which occurs preferentially at the peaks
of the other beam, and the order of the curves in figure 11 is the same as that at the short-
time end of figure 3. The case where both beams are initially number states is again
exceptional in that the first two factorial moments of both beams tend to zero in the
steady state; a more careful inspection shows that the numerators of (11) and (12) fall
off more rapidly than the denominators to give an exp(— 2t) dependence of the degree of
second-order coherence at large 7. The degrees of second-order coherence increase with
time in all the other examples shown and their steady-state limits can be determined
by evaluation of (57) to (60). Thus for example, the beam which initially has a chaotic
distribution arrives at the steady state with a second-order coherence close to 5-2, and
the initially pulsed beam remains pulsed with a degree of second-order coherence in
the steady state a little larger than two while that of its partner increases to become a
little smaller than two.
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Figure 10. Time dependence of the degree of second-  Figure 11. Time dependence of the degree of second-
order coherence g2 for the same initial distributions  order coherence g’ for the same initial distributions
as figure 8. as figure 8.

4.7. Intense beam limit

We conclude the section by relating the general solutions to the approximate solutions
found in § 3 for the case where beam n is much more intense than beam m. In this limit
only those terms in the photon probability distribution with v » 1 have significant
magnitude. The exponential factors in (72) and (73) then fall off extremely rapidly with
increasing 7 and it is a permissible approximation to retain only that term in the sum-
mation which falls off least rapidly. The approximate form of the probability distribution
(72) obtained by retaining only the k = m term on the right-hand side is

2m+v)! o mol(mo+v)!
P, R -
m+ v,m(r) m '(m + V) ‘ exP[ m(m + V)T} moz=m (mo _ m) '(mo + m + V)' mo+ v,mo(())
= (m!) ™ exp(=mvt) Y [mol/(mo—m)!1Prysy mo0). (81)
mo=m
The moments can be approximated in a similar way. Thus from (73)
m(l)(v) x> exp( - VT) Z mOPmo+v,mo(o) (82)

mo= 1
where only the k = 1 term has been retained in the first summation on the right of (73).
Only the first term on the right of (78) contributes for v >» 1, and the approximate ex-
pression for the first moment of the complete beam is accordingly

o

mb > Y exp(=v1) Y MoQug s ORpo(0) = m)
v=0

mo=1 v=

exp(—v7)@,(0) (83)
0

where (16) has been used, and the second step is valid only for the large-v terms in the
summation. We have thus arrived by a more difficult and less direct route at the same
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expression (27) as previously derived for the intense beam case. The other approximate
results of § 3 can be rederived in a similar manner by making use of large-v approxima-
tions to (79) and (80).

5. Discussion

The various statistical properties of the double-beam two-photon absorption process
derived in the paper have been extensively illustrated and discussed in the earlier sec-
tions, and it remains only to summarize the main conclusions.

The rate of two-photon absorption of each beam depends upon the statistical proper-
ties of the other beam via the correlation function nm. The correlation function is equal
to the product of the mean photon numbers n*)m®) of the individual beams when the
beams are statistically independent, as assumed at the beginning of the two-photon
absorption. However, the absorption process itself generates anticorrelations between
the beams as the enhanced absorption associated with peaks in the photon-number
fluctuations of one beam cuts out troughs in the time-dependent fluctuations of the other
beam. The result is a reduction of nm below the value of n"'m(" and a fall-off in the rate
of absorption, the effect being more marked for beams with larger fluctuations in photon
number. Another aspect of the interaction between the beams is the transfer of fluc-
tuations from one beam to the other, leading to a tendency for their degrees of second-
order coherence to increase with time. This contrasts with the opposite tendency in
single-beam two-photon absorption (Simaan and Loudon 1975) where the beam
fluctuations are smoothed by the absorption process. It should also be noted that there
are exceptions to the generality of the above remarks, as in the case of two initial number-
state beams, discussed in detail in § 4.

The conventional theory of double-beam two-photon absorption (see for example
chapter 12 of Loudon 1973) ignores the development of anticorrelations between the
beams and thus gives results which are generally correct only as far as the terms linear
in the time. It is necessary to use the exact results given here if the terms of higher order
in the time are required. The examples treated in the paper have used rather simple
special cases of initial photon distributions in the two beams in order to illustrate the
physical processes which control the rate of absorption. However, the results presented
in § 4 enable the time-dependent statistical properties of the light to be evaluated for any
initial photon probability distributions in the two beams.
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