PHYSICAL REVIEW A

VOLUME 36, NUMBER 8

OCTOBER 15, 1987

Quantum theory of a two-photon laser

Shi-Yao Zhu
Department of Applied Physics, Shanghai Jiao Tong University, Shanghai 200030, People’s Republic of China

Xiao-Shen Li
Department of Physics, Nanjing University, Nanjing, People’s Republic of China
(Received 12 January 1987)

A quantum theory of a two-photon laser in a three-level atomic system of the cascade type is
presented starting from an original microscopic Hamiltonian. The master equation of the laser
operation is derived by using the method of Scully and Lamb [Phys. Rev. A 159, 208 (1967)] for a
single-mode laser containing a two-level medium. The photon-number distribution of the laser is
studied in detail. The curve of the distribution may have a two-peak structure. One of the peaks
located at the origin comes from the single-photon process and reflects the thermal property of the
laser, while another comes from the two-photon process and reflects the coherent property of the
laser. We cannot find an exact criterion for the threshold of the two-photon laser. The two-
photon laser can approximately be considered as a coherent state for certain values of 4 /C, which
can even be much smaller than the threshold for the nonresonant single-mode laser in a two-level
system, but it is much larger than the threshold for the resonant one.

I. INTRODUCTION

The two-photon laser has been studied for two
decades,! =7 and has received increasing attention in re-
cent years.®~ !> The first two-photon laser experiment
was reported,’> which was followed by Gao’s in 1984.'
Theoretical work has been done both semiclassically®—8
and quantum mechanically.>*!°~!* Most of the quan-
tum studies use an interaction Hamiltonian of the type
a1a20T+H.c. where a; is the field annihilation operator
and o' is the two-level creation operator. Wang and
Haken'” recently reached the same interaction Hamil-
tonian, the effective Hamiltonian, from the exact micro-
scopic Hamiltonian. The effective one is equivalent to
the exact one in the sense that the second-perturbation
transition probabilities derived from the latter are equal
to the first-perturbation transition probabilities derived
from the former. But they failed to point out whether
they are equivalent to each other for the photon statis-
tics. Singh and Zubairy® have developed a quantum
theory for the two-mode laser in a A-type atomic system
starting from the exact microscopic Hamiltonian, but
they treated only the situation of single-photon reso-
nance, so that the interesting effects of detunings were
not given in their paper.

In this paper we study the two-photon laser starting
from the exact microscopic Hamiltonian using the
method developed by Scully and Lamb!®!® for a single-
mode laser and we obtain the analytical results though
they are very complicated. In Sec. II we give the exact
Hamiltonian governing the two-photon laser in a cas-
cade three-level atomic system. In Sec. III we derive the
master equation for the light field. In Sec. IV we show
the photon-number statistical distribution, and Sec. V is
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devoted to the case of two-photon resonance. In Sec. VI
we state our conclusions.

II. HAMILTONIAN

The gain medium, placed in a cavity, is a three-level
atomic system of the cascade type as shown in Fig. 1.
The atoms have three levels, the upper level |a ), the in-
termediate level |[b), and the lower level |c). The
transition between |a ) and |b), and between |b) and
| ¢ ) are mediated by a light field (cavity mode) with fre-
quency Q. The transition between |a) and |c) is for-
bidden. The Hamiltonian for the atom-field system is

H=Hy+V, (1)

Ho= 3 fiw,dyd,+#Qa‘a+1), 2)
a=a,bc,

V=tigad] A, +#g,ad] 4, +H.c. , 3)

where a'(a) is the creation (annihilation) operator for
the light field; Al(Aa) is the creation (annihilation)
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FIG. 1. Three-level atomic system.
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operator for the ath level and #w, is the corresponding
energy; g, and g, are atom-field coupling constants, and
the rotating-wave approximation has been used.

In the interaction picture the interaction Hamiltonian
becomes

Vietigad] A,e” A‘t+ﬁgZaA;AceiA2' , 4
where

A=0—w,=0—(0, —w) , (5)

A= —Q=(0y —0.)—Q , (6)

A, and A, are single-photon detunings, and A=A,—A,
|

is the two-photon detuning. The Wigner-Weisskopf
theorem is assumed valid and y is the decay constant.
For simplicity, the same decay constant y for all three
levels and only a pumping to the upper level |a) with
pumping rate R, are assumed.

III. MASTER EQUATION

The state vector of the atom-field system at time ¢q
can be expressed as

| Phf(t0)) =3 Fy(to) | n) |a) . (7)

At time ¢, it develops into

| W)= | Plpto+1)) =3 [a,(to+7) [a,n) +b, (tg+7) [byn+1)+c, o(to+7) [ e,n +2)] . (8)

The development of the state vector obeys the following
Schrodinger equation:

%w’,,f(t)):——V'w,(t ) . 9)
Substituting Eq. (8) into Eq. (9), we obtain

i%an(t)le I (10)

i%bmm Vie™a, (4 Vye e, S0y, (D

i%c,,+2(t)=V§e-iA2tb,,+,(t) : (12)
where

Vi=g:Vn+1, V,=g,Vn+2.

Let the solution of Eqgs. (10)—(12) be expressed as

=S a,(w)e ",
w
b, 1(t Zle Je ~Her, (13)

2= ¢, pol@)e 1.
w

Substituting Eq. (13) in Egs. (10)-(12), we obtain
a,(@)=V b, (0—A),
b, ((w)=Via,(o+A))+V e, N 0+4,), (14)
)=V3b, . (w—A4,) .

From Egq. (14) we find

wc, o

| Vil2+ Va2,

(15)

(o+A o+ A)o=(w+A4,) (w+A4y)

that is to say, the possible w’s are determined by the fol-
lowing cubic equation:

@+ (A +A))0> + (A A, — |V 2= |V, | Do
—A4 | V2|2—A2|V1 |2=0- (16)

-
Let the three roots of this equation be w,, w,, and ws.

Thus the solution of Egs. (10)-(12) can be written as

a,(t)=a'Ve —ilo;+4, "_'_a'gz)e—i(wz%-Al)t amn
+a(3)e —ilwg+At ,
by (=b" e T b2 e T (18)
by e
€, p( D)=l T o) TR (19)
+cr('3+)ze—i(w3+A2)t ,

where a\", b,‘,”H, and c,(,’lz are determined by Eq. (14)

with w =w; and have the relations

(0; +Aa'=V b\ (i=1,2,3), (20)

(@;+A8y)c )\, =V3blh, (i=1,2,3). (21)

According to the initial condition, Eq. (7), we have

a\V+al¥+al¥=F,(ty) , (22)
byl +b2 1 +b,%1=0, (23)
4l 4l =0 (24)

Using Egs. (20)-(2
can be expressed as

4), the coefficients a,”, b\, |, and ¢\’ ,

| Vi | H@y+8y)F, (1))
(h_ _ n = ADF (1),
an ((1)1+A1)(601~Cl)2)((03—0)1) " "( 0)

Vil Ay)F,(tg)
JC LA s O APF,(ty), (25
((O2+A )wl—wz)(wz—(d3)
Vi | M3+ 8y)F,(1o)
a,(,3)=— | 1! w3+ A2y)F, (L, :A,(,3)Fn(lo) ,

(a)3+A| )(G)Z—CL);)(wg—w])
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by, = YT th) o B E ) ; ,
LT (o — @ wy—wy) MO Aot B\", |, and C}\",, are all functions of n.
- A Let p, and p represent the density matrices of the

P C p— 1 (wy+4,) F,(tg)=B2) F\(ty) , (26) light field and the atom-field system; p,, and po,n;gm
(01— v )(w;—w3) are their elements, respectively.

ye A) As the upper level is being pumped and there exists
b3, = —Vilost+a, )Fn(to)zBfﬂan(’o) cavity loss, we can write
" (602—603)((1)3—&)1 ’

We must mention that w; is a function of n, so that 4\”,

—VIV3F,(1y)
C'(ll+)‘2= ! 2 0 ’—_C,(llian(to) N . _-(a)+-(]) (28)
(a)l—wz)(a)3—co1) Pr=Pr pr >
—VIV3F,(ty)
= o =CilaFalto) @7
— —
! 2R where (f” stands for the change caused by the pumping
3 —VIV3F,(ty) 3 and pf’ caused by the cavity loss. Following the pro-
2 o @y — ) =CpZaFy(to) cedure of Sargent et al,'®!° they can be determined as
1

. (a)

P (tg)=R, fo‘” drye 77 [zp;fl,;g'm(to—i—ﬂ—p,,,m(to) : (29)
B

P anto+m)=Ca,n | P (to+ )P yp(to+7) | a,n ) =ay(2)a, (1)
=F*(t)F,(to)(2 A" AP { cos[(w;—wy)7]—1}+2A41 43 { cos[(w; —w3)T]— 1]
424V 43 cos[(wy—w3)r] =1} +1) , (30)
Pnibnto+T)=py _1.n—1(80)(2B," B, > { cos[ (0} —w))T]—1]
+2B{VB?{ cos[(w}—w})T]—1} +2B VB P { cos[(w,—w3)]—1}) , (31)
P (o +T) =Py _2n _2(1N2CCH [ cos[ (@) —wy )T] -1} +2¢VCPcos [(0) —0y)T]—1}
+2CPCPf cos[(wy —wy)]r—1}) , (32)

where o;(w;') is also_the root of Eq. (16) with ¥, and V, replaced by V) =g ,Vn(V{=g,Vn—1) and V}
=g,V'n +1(Vy=g,V'n),and p, ,(ty)=F, ,(t,)Fy, ().
Substituting Eqs. (30)-(32) into Eq. (29) and finishing the integral, we obtain for the diagonal matrix element

(@) rk Fk
Pn,n(to)z_—zRa 3 (n +1)F1(n)pn,n(t0)_2RaT(n +1)F2(n)Pn,n(t0)
lg |2 |81 | :
2R, B (n —1)p, 0 _i(t0) + 2R, ——5—(n — DF3(n —2)p, 2.0 alt0) , (33)
Y
where
Fi(n) (H]+82)(#2+62) 4 (,le+82)(,u3+82) 4 (#2+62)(M3+82)
1 o I’
(2 — )y — ) (=2 P11 (g =)y —po) [ (py —p3)* +1] (o —p) (s —p)[(py—p3)*+1]
(34)
V,|? v, |2 V.12
Fyn)= |V, | . N | V| . " |V, | . ’
(Ha—p) (e —p )y =P +11 (=) (s —p) [y —p3)* + 11 (e —p ) (s —p ) [ (py—p3)"+1]
(35)
‘lL[:CL)“/'y, 8,:A1/Y . (36)

Thus the master equation of the two-photon laser is obtained as

pn)=—A(n +1)F(n)p(n)— A(n +1)F,(n)p(n)+ AnF{(n —1)p(n —1)
+A(n —1)Fy(n —2)p(n —=2)—Cnp(n)+C(n +1)p(n 4-1), (37
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where

2
8 ) =punite) s
Y

A=2R,

and the cavity loss has been included through!'®!®

pfz,n =—Cnp(n)+C(n+1)p(n +1).

On the right-hand side of the master equation there
are six terms, and they can be interpreted as probability
flows which can be expressed by arrows in a probability
flow diagram, as shown in Fig. 2. This diagram can be
extended to infinity. The number attached to each ar-
row indicates which term in Eq. (37) it represents. The
physical meaning of each term in Eq. (37) (or arrow in
Fig. 2) is very clear. The first and third terms stand for
the single-photon gain and the second and fourth terms
for the two-photon gain, while the fifth and sixth for the
loss.

IV. STEADY-STATE EQUATION OF MOTION

In steady-state operation, p(n) is independent of time,
p(n)=0. From Eq. (37) the following equation can be
derived as

Cn+1)p(n+1)=A(n +1)F(n)p(n)
+ A(n +1)Fy(n)p(n)

+ AnF,(n —1)p(n —1), (38)
or
n+b —‘F—_—-—
n+3
n+2 1
3 n+1
5
-1 B
5 e
n-2
n-3
n-4—

FIG. 2. Diagram of probability flow for the two-photon
laser.

pin +l)=—%[F1(n)+F2(n)]p(n)
A n
Cn+1F2(n—1)p(n—1). (38a)

If g,=0, then F,(n)=0, Egs. (37) and (38) are deduced
to the corresponding equations for the usual single-
photon laser.

From Eq. (38) and the normalization condition

ip(rﬂ:l, (39)
n=0

all p(n) can be obtained, that is to say, the photon sta-
tistical distribution is known.

Because of the complicated form of F (n) and F,(n),
it is difficult to discern the character of the photon
statistics by inspection of Eqs. (38a), (34), and (35). With
the aid of a computer we obtain the curves of the
photon-number statistical distribution, as shown in Fig.
3. It can be seen that some of the curves have two
peaks, one of which is at the origin, peak 1, and
represents the single-photon process below threshold,
while the other, peak 2, reflects the two-photon process.
In fact, there always exist two peaks when 26> 4 /C
> 11 for §;,=56,=5, but when 4 /C > 12, peak 2, caused
by the two-photon process, is much higher than peak 1,
caused by the single-photon process below threshold
[p(7)/p(0)>>1], so that only peak 2 shows its ex-
istence. As A /C increases, peak 2 becomes higher and
its position shifts towards the direction of increasing n,
while peak 1 at the origin lowers its height.

Figure 4 shows the effect of the detuning between the
lower and the intermediate levels, 6,. The change of &,
brings about the variations of single-photon detuning
and two-photon detuning. When the detuning 8, in-
creases from two-photon resonance (8,=8,), both
single-photon gain and two-photon gain decrease, so that
peak 2 declines and shifts to the origin while peak 1
arises, as shown by the curve with §,=5.1 and 5.2 in
Fig. 4. When §, decreases from the two-photon reso-
nance, the single-photon gain increases while the two-
photon gain decreases because of the departure from the
two-photon resonance, so that the net effect is the result
of the competition between the two opposite influences.
For small departure from the two-photon resonance the
influence of the increase of the single-photon gain is
larger, while for large departure from the two-photon
resonance the influence of the decrease of the two-
photon gain becomes larger. Therefore when &, de-
creases from 5, i.e., from the two-photon resonance,
peak 2 first arises and shifts towards the direction of in-
creasing n, and then declines and shifts to the origin as
shown by the curves of §,=4.5 to 4.9 in Fig. 4.

V. THE CASE OF TWO-PHOTON
RESONANCE 6=6,=§,

In the two-photon can be

simplified and reads

resonance, Eq. (37)
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FIG. 3. Photon-number distributions for different 4 /C with §, =8,=5and |g,/y |’=|g,/v |*=10"2
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FIG. 4. Photon-number distributions for different &, with 4 /C=11.7 and §,=5.
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—A(n+1)p(n)

yn) =
o 1+52+~B—1(n +1)+—B—2(n +2)
Al A2

DY T WSS PP POUIR Tt TR Sic WYY Y
4 4, 30744, 44, P
+ )
1+62+—B—1(n +1)+-B—2(n +2) 1+lﬁ(n +1)+L£—2-(n +2)| +8°
A, A, 4 4, 4 B,
3 B, 1 1 By 1 B,
~An—1)—=n|1+=8+——m —1)+——"n|p(n =2)
Anp(n —1) 4 4, 3 4 4, 4 4,
-+ + 3
1+82+in+§i(n +1) 1+52+i(n—1)+£in 1+i~B—l<n—1)+l&" +8’
A, A4, A, 4, 4 4, 4 4,
—Cnp(n)+C(n+1)p(n+1), (40)
where B, /A,=4|g,/y|* B,/ A,=4|g,/y | * and Eq. (38) becomes
Cp(n+1)= - Ap(n) B
2 1 2
_ 1)+—— 2
1+8+A1(n+)+A2(n+)
3 B 1 1 B, 1 B,
4= 1+ =824 —— 1)+ ——— 2
4AA2(n+2) +3 +4A1(n+)+4A2(n+)p(n)
+ 2
1+82+-B—1(n +1)+—B—2—*(n +2) 1+ii(n +1)+l—liz—(n +2) | +8&°
A, A, 4 4, 4 4,
3 B 1., 1B 1 B,
A 14+ -8+——n+4——— 1 -1
4AA2n +35+4A1n+4A2(n+)p(n )
+ 5 (41)
1+82+£n +ﬂ"(n +1) 1+i£‘~n+l£2—(n +1) | +8°
4, 4, 4 4, 4 4,

If B, =0, Egs. (40) and (41) become the maser equations for a single-mode laser in a two-level system.
The peak (or the valley) positions of the curve of the photon-number distribution can be found by setting

pn —1)=p(n)=p(n+1).

Then we obtain the following equation under the approximation of |n | >>1,

2 2
B, B, 1 | B B, A 1 | B B,
1+ 82 —+— 1+— |—+— 8% 1= 1+— — 82
+o%+ A1+A2n[ e la, T Mt cl|'Tala, T, "7
3 4 b2 1 1 | By B,
=L =84 = | —+— 42
o e, | TR A, T, T “2)
I

This is a cubic algebraic equation. Its constant term is It is difficult to define a criterion for the threshold of
(1+82)(14+8%2—A4/C). If 1+6>— A4/C >0, the solution  the two-photon laser operation even for the simple case
(three roots) of Eq. (42) may have the following situa- of two-photon resonance, because there may exist two

tions: (i) one negative root, (ii) three negative roots, and peaks. We cannot define the appearance of the second
(iii) one negative and two positive roots. In the first two peak as the threshold, because the second peak may be
cases there is no peak in the curve except the one at the  very small such as the curve with 4 /C=11.5 in Fig. 3
origin, and in the third case there is one peak (and one (in fact, it is so small that it cannot be seen in the curves
valley) besides that at the origin, as shown in Fig. 3. of the photon-number distribution when 4 /C <11.5).
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the two-photon resonance where peak 2 dominates

(181/7|?=182/7|*=107%): (a) =5, A/C=11.9,(b) §=10, 4 /C =24.7, (c) 8=15, 4 /C=38.1, (d) §=20, A /C=51.5.

We also cannot define the disappearance of the first peak
at the origin as the threshold, because it may be so small
that the second peak dominates, such as the curves with
A/C=11.8 and 11.9 in Fig. 3.

It can be defined as an approximate threshold when
the light field of the two-photon laser may be approxi-
mately be considered a coherent state. Figure 5 shows
the photon-number distributions in different single-
photon detunings at the two-photon resonance, where
the coherence dominates. Though we cannot give a
value of A4 /C for this threshold, it can be seen in Fig. S
that the following inequalities are valid at this threshold,

(43)

1+82>>%>>1 .

P(n)

0.02

0.0l

That is to say, this threshold is much higher than that
for the resonant single-photon laser and much lower
than that for the nonresonant one.

It is very clear from Eq. (41), by putting B, =0, that
1+8%— 4 /C >0 means we are below the single-photon
threshold. So the second peak is caused by two-photon
gain [the second and fourth terms on the right-hand side
in Eq. (40)]. Therefore it can be viewed that the first
peak at the origin is the result of single-photon process-
es, while the second is the result of two-photon process-
es. The property of the light field can be approximately
considered as a mixture of a thermal light (laser below
threshold) and a laser light above threshold. Figure 6 is
a comparison of the photon-number distributions for
three cases: (i) the Poisson distribution, (ii) single-mode

o 100 200 300

400 500 beo n

FIG. 6. A comparison of the photon-number distributions with the same peak position for the (i) Poisson distribution (dotted
curve), (ii) single-photon laser (dashed curve), and (iii) two-photon laser (solid curve).
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laser at resonance with a two-level system, and (iii) two-
photon laser, with the same peak position at n =390. It
is very obvious that the coherence of a two-photon laser
is less than that of a single-mode laser at resonance.

VI. CONCLUSION

We have studied the two-photon laser problems start-
ing from the original Hamiltonian, not from the effective
Hamiltonian. The master equation is derived, where the
two-photon and single-photon processes can be clearly
seen. The photon-number distribution is presented,
which may have two peaks, one of which comes mainly
from the single-photon process and stands for the
thermal property of the two-photon laser, and the other
mainly from the two-photon process and for the

SHI-YAO ZHU AND XIAO-SHEN LI 36

coherent property of the two-photon laser. For a certain
value of 4 /C, which is much larger than the threshold
for a resonant single-mode laser and is much smaller
than that for a nonresonant one, the output light of the
two-photon laser may approximately be considered a
coherent state.

The property of the two-photon laser derived from the
exact Hamiltonian may be quite different from that ob-
tained from the effective one.* The photon statistics are
not equivalent between the results of the exact Hamil-
tonian and the effective one.

ACKNOWLEDGMENT

This work was supported by the National Natural Sci-
ence Foundation of China.

1P. Lambropoulos, C. Kikuchi, and R. K. Osborn, Phys. Rev.
144, 1081 (1966).

2Y. R. Shen, Phys. Rev. 155, 921 (1967).

3D. F. Walls, J. Phys. A 4, 813 (1971).

4K. J. McNeil and D. F. Walls, J. Phys. A 7, 617 (1974); 8, 104
(1975); 8, 111 (1975).

5S. Singh and M. S. Zubairy, Phys. Rev. A 21, 281 (1980).

6D. Grischkowsky, M. M. T. Loy, and P. F. Liao, Phys. Rev.
A 12, 2514 (1975).

7L. M. Narducci, W. W. Eidson, P. Furcinitti, and D. C.
Eteson, Phys. Rev. A 16, 1665 (1977).

8A. R. Bulsara and W. C. Schieve, Phys. Rev. A 19, 2046
(1979).

9H. Schlemmer, D. Frolich, and H. Welling, Opt. Commun. 32,

141 (1980).

10M. Reid, K. J. McNeil, and D. F. Walls, Phys. Rev. A 24,
2029 (1981).

1IM. D. Reid and D. F. Walls, Phys. Rev. A 28, 332 (1983).

121 Sczaniecki, Opt. Acta 27, 251 (1980); 29, 69 (1982).

13M. S. Zubairy, Phys. Lett. 87A, 162 (1982).

14U, Herzog, Opt. Acta 30, 639 (1983).

15B. Nikolaus, D. Z. Zhang, and P. E. Toschek, Phys. Rev.
Lett. 47, 171 (1981).

16J. Y. Gao, W. W. Eidson, M. Squicciarini, and L. M. Nar-
ducci, J. Opt. Soc. Am. B 1, 606 (1984).

177. C. Wang and H. Haken, Z. Phys. B 55, 361 (1984); 56, 77
(1984); 56, 83 (1984).

18M. O. Scully and W. E. Lamb, Phys. Rev. 159, 208 (1967).

19M. Sargent, M. O. Scully, and W. E. Lamb, Laser Physics
(Addison-Wesley, Reading, Mass., 1974).



