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Gain without population inversion in two-level atoms
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(Received 29 April 1977)

For the case in which laser radiation interacts with two levels of an atom, it is shown that there can be
gain, even when there is no population inversion, because of recoil effects. The effect of recoil on certain
precision measurements is also shown.

For the case of a system in which laser radiation g(z, =8z, t)gx
interacts with just two levels of an atom, as well
as for more complicated systems, it is generally = E(2) cos(vt=kz + )i,
thought that the population of the upper level must
be greater than that of the lower level in order for - 1 QK_ (1)
gain to exist, i.e., in order for amplification of c at’

the radiation to occur. The purpose of this paper
is to show that, because of the effects of recoil,.

"gain can be achieved with more atoms in the lower Hybp' =E 1 b
level than in the upper level. The effect is small,

The eigenfunctions of H, satisfy the equation

c e . where
though significant for some precision measure-
ments, for visible laser light impinging on ordin- Prn? = Pp Uy
ary atoms, but it can be large for light atoms and
short-wavelength radiation, such as x rays. The Eppr =TE/2M + Wy
effect is related to that underlying the free-elec- Here
tron laser.! ’
The problem under consideration is that of a (n2/2M)e, = mz/2M)¢,,
wave of circular frequency v traveling in the z di-
rection and polarized in the x direction, impinging - = =
upon an atom with two states, @ (upper) and b (low- ¢n=(L/VT) expli, - R/B).
er). For simplicity we assume the atom to be hy- Also,

drogen-like. Then the Hamiltonian describing the

system of atom plus radiation is (B2/2 1 +eV)uyr =W,tty;

H=H,+H', u, is an atomic wave function. The kinetic-energy
wave functions are normalized to a box of volume
where V. Eventually, V-,
P We expand the wave function for the complete
H = Wi +?1I+6V system in terms of the eigenfunctions of H,:
and

= ()P eXD(=i et /)

The time-dependent Schrddinger equation,

Here, R and 7 are the position and momentum of o

the center of mass, respectively, and ¥ and p are ih 7 =(Hy +H)Y
the relative position and momentum. M is the total
mass, and 4 is the reduced mass. A(R) is the vec-
tor potential of the radiation field at the center of
mass. [Exactly, A should be taken at the positions

results in the equation for the amplitudes,

of each particle separately; using A(R) is equiva- i, =mzm, Umm' Hyn'smm' €XP[E( Eppt = E )t /T ]
lent to the dipole approximation. |
The laser beam is described by an electric field Here,
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<t

, _e CE
Huprimm' = ¢ 55,

Xf exp(—i iﬁ"—_lz—l,ﬁ)—E)u;'s
X {exp[i( vt = KZ + ¢)]

—exp[-i(vt-KZ + <P)]} %’-um/dﬁ dt.

: (2)
The integration over dR is
——fexpl: (= nm;mk)-R]dﬁ
=6(, - N, BKE).

Here, 0 is the Kronecker delta, and the plus and
minus signs go with the first and second terms in
Eq. (2), respectively. The integration over d¥ is

f u,,:(%)um:d?‘:iw,,;m: (Dt m? -

If
G’n'm’ =e(x>n’1x' ’
then
@, rE Ut
H’:" mm = "; "Vm

x {06 7, + HKE)
—etVROSE T _hKE)} . (3)
Now suppose there are two atomic levels, @ and
b, and that W,> W,. a, is the amplitude of the state
for which theatomisinlevel aand has momentum 7 ,;

b,, is the amplitude of the state for whichtheatom is
inlevel b and has momentum 7,,. Then

a,= _zzb H., . pe et exp[ (M> t] )
na ; mb /4 2M .

In the rotating-wave approximation, the first term
on the right-hand side of Eq. (3) canbeneglectedas
nonresonant. Then Eq. (4) and a similar equation
for 13m give

a, =ivb,exp[—i(v —uy,)t] exp[iv(B,. ~ €/2)t]

x5(f, -, - NKB), (5)

P=f Y*exypdT

—2Re{z m‘m ( ﬁ’i—:ﬁﬁ—“)—ﬁ—-> exp (-z(

5 (2, +ivap)[1 + 805 /(% +7v5)

_ ZRe{Z G’Ibv(la,,/'}’al—/-- )\bm/'be)exp[ ~i(vt - kz)]

b =iv¥a, exp[i(v - upy)t] expl~i v Bs + €/2)1]

X5, - 1,+ EKE), (8)
where
_____‘p“”E Wy e~
2 v ’

Baz =(ﬁnz/Mc ’
e=hv/Mc?.

Thus states a, and b,, such that 7, =%, - ZKE (or
Bmx=Bnxs Bmy=Bnys Bnz=Bnz— €) are connected only
to each other.

In order to account for spontaneous emission, we
add phenomenological decay terms —(v,/2)a, and
~(7»/2)b,, to Eqs. (5) and (6), respectively, where
7. and ¥, are reciprocal lifetimes.? To include ex-
citation to levels @ and & we use the density matrix
method and add A,, and X,,, to 577 and A", respec-
tively.® Here A, and A, are the number excited
per second to states a, and b,, respectively; also,
P =aak, pry=b,b% and p"=a,bk. The result-
ing equations, derived from Egs. (5) and (6) with
the aforesaid additions, are

VE

paa = Aan - 'Vapaa - 2Re(iv*em"‘p gl’:n) ’
i =Xom= V5P 5y" +2Re(iv*e' M i)

Bar ==vaPay —ive ' (pln — p7m) |
where ‘
R =V = Uy — U(Bys ~ €/2)
and

ab =(Ya +75)/2.
These equations can be solved by assuming
pPaz—Pry =const.
The result is

m _ (Aan/'}’a - Abm//‘yb)a(gm - En + e;)

Pa=P3 1+8avh/(Q5 +7a) ’
prmo ve—m,,t()«?,,/ya - Abm/y,,)b(é; - B, +eh)
(920 +2vap)[1 +8 ey /(2 +75)] ’
where
= [vF/2va7s .

The polarization is given by

(B = Emb)t)}

8(Bn—B,+ eié)} .
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Here, XAs,/7. V is the number of atoms per cm?® in state @ with §,,, and X,,/7,V is the number per cm? in b
with B,,=B,.— €. Since states an and m are not connected to states other than each other, we may say
that one state an (with 8,,= 8,) and one state bm (with B,. =8, - €) are populated and integrate over B,. We
write A,,/y,V ~n,(V)d¥V, where n,(¥)dV is the number of atoms per cm?® in state a with velocity V—~v+d¥.
Then

| @0 °E [7(¥) = (T = ceB)dT |
P=2Re { 2”% exp[—z(vt-Kz + )] GEEAIE +8bay§,,/(92 ] (
=Re{(C+i9) exp[—i(yt—Kz +)]}. _ )

Here, Q=v(1- B, +€/2) =y, .

If relativistic effects are important, they can be included by solving the problem in the rest frame of an
atom in state a traveling with velocity ¢8. Then, after P is transformed back into the laboratory frame,
Eq. (7) becomes

EN i) -l = cebied
P—2Re{—7b;-l:— - exp|~ Z(Vt—K“‘P)]f (9'+zy,,,,)[1 +08127ab/(9'2+7ab)]

r

where . where I is the intensity of the traveling wave.
Q' =v(1+e/2) -y, From Eq. (7) we see that
o AL ) 5o Ioml [ L2 = n,,(v cehay
=g A
€' =hv'/Mc?. where
In order to calculate the gain from the polariza- 7= Yap(1+80)*/2.

tion, we use Maxwell’s equations to get the wave
equation,? along with Eqgs. (1) and (7), to find the
gain

For a Maxwellian velocity distribution,

zgz) ch'

G =(=v/€,c)(S/E). (V) = exp( — .
G is defined so that

where N, is the total number of atoms per cm?® in

I=1,e%, state @, and u is the most probable speed, so that
_ v eyl wab N, ¢ exp[- (cB,/u)*1dB, -N, ¢ exp{-[c(B; = €) /u]*}dB
G | ab 2, —2 " f =
eoc Tr Vi u [v(1 =B, +€/2) ~w, F+7% Vo u [V(1=B+€2)=wpF+72 ) °

In general, the expression for G must be integrated numerically. However, in the Doppler limit, ¥/Ku
< 1, we have

2
o= |2ul tare (W exp (/)= iy + e/ D)} = Ny expiel (¢/a) (v = 1t = ve/2)FD

€t Y
= I(Pablz Wap 2 2
- eoh' (1+8a)172 uy {N exp (x+a) ]"'Nb exp[_(x_a) ]}, (8)
where Fig. 1 would be centered on x=0; the maximum of

the gain due to the atoms in state a and the loss
due to the atoms in state b would both occur at v
and =w,,. For finite mass, the curves are displaced
from x=0. The N, exp[—(x - a)?] curve is displaced

x= (v =wy,)/Ku

a=ve/2Ku. . :
to the right because the atom gains a small amount
Figure 1 shows the individual terms in the paren- of kinetic energy at the absorption. This energy
theses of Eq. (8) for N,=N, and a=0.1. There is must be supplied by the incoming photon whose fre-
positive gain for all x< 0. quency is thus higher than w,,. The N, exp[—(x +a)]

For an atom of infinite mass, the two curves of curve is displaced to the left because the energy
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FIG. 1. N,exp[- (x+a)?] and N,exp[—- (x —a)¥ in arbi-
trary units fora=0.1, N, =N,. G(x) is positive over
the shaded region.

of the stimulated photon plus the extra kinetic en-
ergy of the atom must add up to the transition en-
ergy, so that v is less than u,.

Equation (8) can be written

|(Pab|2 Wap .____‘/i—_._
€7l uv (1+8a)'/?

G= Ng(x,a,7),

where

g(x,a,7) = exp[—(x +a)’] -7 exp[ -(x - a)’],
v = N,/N,.

If » =21, there is no population inversion.

Figure 2 shows g(x, a,7) as a function of x for a
=0.1 and r=0.9, 1.0, and 1.1. Only the curve for
7 =1.0 is antisymmetric about both axes. As 7
grows above 1.0 (as N,/N, grows), the portion of
the curve below the x axis, the portion for which
absorption occurs, increases while the positive
gain portion decreases. For < 1(N,> N,), the
positive gain portion of the curve is greater than
the absorption part. Here, for a=0.1 and »=0.9,
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FIG. 2. g(x,a,7r) fora=0.1, »=0.9, 1.0, and 1.1, The
curves are asymmetrical unless »=1. The region of
positive g decreases as ¥ increases (as the inversion
decreases).
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g9(x,a,r)

FIG. 3. g(,a,r) fora=0.01, »=0.9, 1.0, and 1.1.
For 7 near 1, there is still substantial positive gain
even for a=0.01, The curves are »=0.9 and 1.1 ap-
proaching the usual emission and absorption shapes,
although their maxima are displaced from x=0. The
positive gain part of the »=1.1 curve is much smaller
than in Fig. 2, but is still present in the wing of the ab-
sorption curve.

the gain part of the curve is quite shifted from
x=0.

Figure 3 shows g(x, a, 7) for a=0.01, »=0.9, 1.0,
and 1.1. Here, for a smaller value of a, the
curves are approaching the usual emission and ab-
sorption curves except for » near 1.0. However,
the curves are not exactly symmetrical about the
ordinate and their maxima are shifted from x=0.
For »=1.1, the positive gain portion of g is small.
However, it is possible that the other factors in G
could be made large enough for G to be substantial
even for 7 as large as 1.1 and a=0.01.

The curves for » =1 for all @ exhibit as much
area above the x axis, of positive gain, as below.
If a is smaller than about 0.1, the exponentials in
g(%x,a,7) can be expanded, and one finds that

g(x, a,r)~ -daxe ™
Setting dg/dx equal to zero, we find the maximum
for r=1is always atx,=1/V2andthat g(x,,,a,r=1)
=1.716a. Thus, the size of the effect is direct-
ly proportional to a for »=1.

Another effect of recoil, one which is of impor-
tance to precision measurements, is the fact that
the central resonance is shifted away from x=0(v
=uy,) for » #1. The shift can be found by taking the
derivative of g(x, a,7); for »< 1, the maximum oc-
curs at

1—-7=[(1=7)2+8a*(1 +7)*]'/2

Fm = 2a(1+7)

l-r>a,
Xp>=a(l+7)/(1-7).

For a 6000 A transition in H at room temperature,
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a is about 2x 107, so that for » =0.9, x,,=3.8

x 1073%; for Ku/2w=3500 MHz, v-—uj,=1.3 MHz.
For 7 —=0 (N,/N, =), %,~2x107%, and v —uwu,, 700
KHz.
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I have shown that there can be gain with zero or
negative inversion density due to recoil effects and
that recoil can affect precision frequency measure-
ments in the specified way.
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