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How Large Photon Recoil Can Make Cold Atoms Lase
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We calculate the weak probe field absorption spectrum for ultracold three-level atoms in a Raman
gain configuration in the limit of the recoil shift exceeding the natural linewidth and the Doppler
broadening. Our results show that even in the limit of very large recoil gain persists with its maximum
shifted toward the red of the atomic line by the recoil energy, as is the spontaneous emission line.
Some preliminary calculations suggest the possibility of a cw deep uv laser, based on cooled metastable

helium atoms.

PACS numbers: 42.50.Vk, 42.55.Vc

Our standard models for describing laser action in the
infrared and visible frequency domain were established
in the 1960s by Haken [1], Lax [2], and Lamb [3]. Al-
beit being based on several important simplifying assump-
tions, they have proved very successful in describing most
of the lasing phenomena on the classical as well as the
quantum level.

One particularly important assumption is to ignore the
recoil imparted to an atom by emission or absorption
of a laser photon, hence decoupling the internal and
external degrees of freedom for the atomic time evolution.
Although it has already been shown by Einstein [4] that a
consistent thermodynamic description of atoms coupled
to light requires the inclusion of photon momentum,
this normally constitutes a fairly good approximation if
the recoil-related changes in energy of the absorbed or
emitted photons are much less than the natural linewidth
of the lasing transition. This is the case for a typical
optical transition. Hence the translational degrees of
freedom enter the model only as external parameters in
the form of Doppler shifts, i.e., they are manifested by
an inhomogeneous broadening of the atomic lines. On
the other hand, dramatic effects of mechanical light forces
have recently been demonstrated in numerous theoretical
and experimental works on laser cooling and trapping,
optical gratings, etc. It was noted by Marcuse [5] as early
as 1963 that inversionless maser action should be possible
if the recoil shift exceeds the linewidth due to Doppler
broadening because the emitted photons are redshifted and
less likely to be absorbed by neighboring atoms.

Extending the theory of lasing into the uv and xuv
domain, one has to think even more carefully about recoil-
related effects. For shorter wavelengths the recoil energy
is vastly increased according to the power law Ep =
(hk)?/2m, with m being the atom’s mass and k = 27 /A
the wave vector. Because of higher mode densities in this
frequency range also the spontaneous emission rates (ck?)
will be increased correspondingly, and thus we should in
principle be allowed to use the same models.

However, in the ultraviolet domain incoherent optical
pumping to achieve a steady state inversion is not efficient
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due to the presence of fast spontaneous decay. We realize
that a viable gain scheme for uv radiation will need to
provide a transition whose excited state does not decay
rapidly. Consequently, the recoil shift is now likely to
exceed the natural linewidth of the transition and will
need to be accounted for. Hence the atomic absorption
and emission line for an atom initially at rest will differ
in frequency and a spontaneously emitted photon cannot
be absorbed by a second atom also at rest. But can there
be stimulated emission at this frequency? And what may
we expect in general for the frequency dependence of the
stimulated emission probability?

Despite some earlier work [5—7] only very recently
experimental interest in the effects of photon recoil
in spectroscopy [8,9] has been renewed. We propose
utilizing a Raman gain scheme which allows the use
of a metastable state to create atomic inversion with
sufficiently large stimulated transition probability. In
order to further benefit from the recoil-mediated reduction
of reabsorption we will use cold atoms in a metastable
state.

Let us now consider an ensemble of cold independent
atoms interacting with two laser fields in a Raman
configuration. By an external cooling mechanism (e.g.,
laser cooling) the velocity distribution of the atoms is
narrowed. In a very simplified model of such a cooling
process, we assume that level |1) is populated at a rate
v; (owing to the number of fluctuations in the interaction
region) with a narrow Gaussian momentum distribution.
Loss from all levels is assumed to occur at the same rate
irrespective of the momentum state of the atom.

A coherent optical light field with Rabi frequency
Q, and detuning A, = w2 — w, drives the transition
between levels |1) and |2) and acts as a pump inducing
Raman-—anti-Stokes processes toward the ground state |0),
as shown in Fig. 1. Obviously, the corresponding anti-
Stokes photons are redshifted by the recoil energy as
required by conservation of energy. Spontaneous decay
takes place on this transition at a rate 2I',. The uv
transition [0)-|2) is probed by a weak coherent field with
Rabi frequency (); and detuning A; = wpx — w;. We
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FIG. 1. Model of a three-level system interacting with a pump

field ), and a weak probe field ;. The atoms enter the
interaction region in state |1) with momentum distribution A(p).

assume the transition to be sufficiently weak so that the
rate of spontaneous decay 2I'; may be assumed to be very
small. The rates satisfy I} < ', < wg = hk?*/2m. A
prototype for such a system is formed by the states 23S,
23P;, and 1S, of He 1 [10].

The appreciable size of the recoil and the low tempera-
ture of the atomic ensemble command accounting for the
atoms’ translational degrees of freedom in the direction
of propagation of the weak probe field. Because of the
vastly different size of the decay rates on the transitions
and of the k vectors associated with the two applied fields
we assume the pumped transition to be unaffected by the
atoms’ motion, i.e., we neglect Doppler shifts and recoil
effects on the 1-2 transition. A mathematical description
of our system, as depicted in Fig. 1, is effected by a mas-
ter equation for the atomic density operator p(z). Con-
sidering the operator p;(¢) in lieu of p(r), we switch to a
rotating frame (Schrodinger interaction picture) relative to
H,, where

Hy = wgp® + wion + (0, — wp)o; . )]
While the dimensionless momentum operator p (scaled
in units of Ak) is time independent, the position operator
X becomes explicitly time dependent in this rotating
frame. Introducing y’ = 1", + I'; and the distribution
of spontaneous emission (normalized on {plp € [—1,1]})
into the propagation direction of the probe field [11]
N(p) = %(1 + p?), we find

pr = —i[H,p/l — y{on, pi}+ + 2T ,012p102
hk dq ¢
+ —
2T . N(q/hk) P S, (£)prSy(2)
= vdpr — o A(p)], (2)

where S,(r) = exp[—ig%(t)]Joo. and H, describes the
interaction of the atoms with the two applied fields,

Hy = (A — Ap)oy + Ao
- i[Qp(TIZ + Q;Sk(t) - HC] (3)

For the momentum distribution of the cooled atoms we
assume

(PP = 8(p — pexp(—p?*/20,)/y2mo,, 4

where o, =~ kgT/Er < 1 and p is given in units of
k. Note that Eq. (4) implies a uniform distribution
in position space. Denoting the density of the atomic
medium by » we may establish the relation

pij(x,1) = nf dpdp'
X pij(p, p', 1)eP= PR =pPart vyl

which we will use farther down in our calculation of the
gain coefficient. Note that »;; follows from H.

A convenient way to treat a master equation is to for-
mulate the problem in terms of momentum families of
density matrix elements [11]. In the absence of sponta-
neous emission with recoil the family of states F(p) =
{11, p), 12, ), 10, p — 1)} is closed, cf. Fig. 2. It thus suf-
fices to consider the matrix elements of a family density
operator

2
pT(p) = 3 pil(Plisp = 80)Gop — Sjol. (5
ij=0
We will refrain here from presenting the full set of
equations for the matrix elements of p7(z,p) as their
derivation is straightforward from combining Egs. (2)
and (5).

12,p-2>
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Illustration of the way in which a continuum band
of momentum families can couple to a family F(p) due to
spontaneous decay on the 0-2 transition.

FIG. 2.

679



VOLUME 74, NUMBER 5

PHYSICAL REVIEW LETTERS

30 JANUARY 1995

As a next step we now calculate the weak field
absorption spectrum [12] on the uv transition which
provides a measure of the gain to be expected:

W) = kol [ e (s,0" s:0bdr. (©)

Note that the brackets designate an average over all mo-
mentum families. To first approximation the effect of the
weak probe field on the atomic system may be neglected
which implies that there are only five nonzero matrix ele-
ments in any unperturbed family F(p). These quite nat-
urally separate into two sets. One set of equations com-
prises only the matrix elements {pi,pzf, ,p%,pﬂr }, thus
describing the driving of the atoms by an external pump
field. The remaining nonzero element pgg of the fam-
ily F(p) couples to the excited state matrix elements of
a whole cluster of families F(p — p’) (cf. Fig. 2) with
p' € [0,2] as required by the angular distribution of spon-
taneous emission N(p’) [Eq. (2)]. Dropping the super-

script F we find the steady state relation
1

poo(p) = Tlf_ldPN(P')Pzz(P +p' -,
2r
dall B (7)
vt

Using straightforward algebra we find the following

steady state expressions of the unperturbed system (lowest
order in {;]):

with n =

A
pu(p) = =% p2(p), p2(p) = ﬁRR((—;lﬁ
(8a)
_ ULS 311 _
puolp) = T Ty sall - 0 ]

<o) - en(252)]
+vmp~mum—pup*mk (8b)

For the sake of compactness of notation we have set
y =7+ v R =vyIQ,/(¥* + A}),and 2T = ' + v
in Eqs. (8). In Fig. 3 we depict the stationary momentum
distribution A(p) = pxn(p) + pu(p) + poolp + 1) for
three different ratios wg/I",. Note that A(p) approaches
A(p) in the limit of negligible recoil.

We omit the rather uninspiring details of a recasting of
the definition given in Eq. (6) in terms of the steady state
solutions above and hence proceed with the result. For
the spectrum we obtain

* 1
Wi w;) = fiw|Q 22Re[ dp ———————
(@) (14| 4P Yoivo: + 1,12

r|Q,? ( ))
R’)’l*z PPl )
®)

where we have used the abbreviations vyo = 7y, +
i(6; — Ap), yu=1vy +iA,, yoo =7y + id;, and §, =

X (701[922(P) — poo(p)] +
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FIG. 3. Stationary momentum distribution of the atomic

ensemble for a given initial distribution and wg/I", = 15.571
[curve (a)], wg/T, =4 [curve (b)], and wg/T, =1
[curve (¢)]. Curve (d) depicts the initial momentum distribution
A(p). The other parameters were chosen to be Q,/T", = 0.5,
T,/T, =239, kyT/AT, = 0.228, and v,/T, = 1.7 X 1073

A} — wg(1 — 2p). It is clear that in the general case
the integral in Eq. (9) has to be evaluated numerically.
The impact recoil has on the line shape of absorption
can be visualized by considering the hypothetical case
in which we may alter the wavelength of the probed
transition while leaving all other parameters the same.
Mathematically, this is achieved by altering the value of
wg (in units of I',) and o,. Figure 3 illustrates the effect
this has on the stationary momentum distribution. For
smaller recoil and thus larger o, the distribution grows
wider on the scale given by the photon momentum #%k.
But the broadening due to spontaneous emission remains
the same and is therefore no longer well resolved.

Figure 4 illustrates the dependence of W/(A,) on the ra-
tio wg/I',. The characteristic feature of a larger recoil
shift is a more pronounced asymmetry in the absorption
profile. Absorption takes on a maximum for laser detun-
ings w; = wy, — wg, wo + 3wg. The qualitative behav-
ior can be understood from simple energy and momentum
conservation considerations. An atom that has emitted a
photon into the direction of the probe light and is traveling
with a momentum p = —#k is likely to reabsorb a photon
with frequency wg; — wg. Emission into the opposite di-
rection speeds up the atom. Hence absorption is likely
to occur at blueshifted frequencies w; = wg; + 3wg.
Stimulated emission can be observed for w; = wg — wg.
The exact quantitative behavior is determined by averag-
ing over the momentum distribution.

The above arguments hold if the width of the momen-
tum distribution of the atoms is less than #k as is the case
in curve (a). In this recoil-dominated limit the asymme-
try is well resolved. Decreasing the size of the recoil shift
wg while leaving the width of the momentum distribution
the same results in a deformation of the line shape into
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FIG. 4. W'(w;)/hw;|Q,|* as a function of w, — wg. The
parameters for curves (a) and (b) are as for the corresponding
curves in Fig. 3. In (¢) we chose wg/I', = 0.1, a-;’ = 0.44.
Note that for » = 1 there can be inversionless amplification.

something more symmetrical [curve (b)]. In the Doppler-
shift dominated limit [curve (c¢)] we obtain a V-shaped
curve exhibiting absorption for frequencies close to res-
onance with the Autler-Townes doublet and a narrow
central gain region which is due to Raman-—anti-Stokes
processes.

The gain from a device consisting of an ensemble of
cold atoms (forming a cloud or well collimated beam)
inside a single-mode traveling wave ring resonator can
be estimated by relating it to the absorption spectrum
in Eq. (9). We find for the intensity gain per round-
trip length [13] G(w;) = n(lin/L)2TA*£ /87 g(w,), where
line denotes the length of the atomic sample and L is the
round-trip length. Note that g(w;)™! = W(w,)/hw|Q,]?,
and & = 3[(0|x[|2)|2/ >; |0(|x;|2)|? is of the order of unity.

3
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2 3P1 :
3
2P, 1083nm T
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FIG. 5. Energy level scheme of He I.

As already indicated in the introduction, the states 25,
23P, and 1'Sy of cold He 1 atoms form a real-life sys-
tem that closely resembles our model. In Fig. 5 we de-
pict the corresponding level scheme and specify the rel-
evant spectroscopic data. The transition 23P-1'S, is
an intercombination transition (dipole-allowed but spin-
forbidden) [14] with a small transition matrix element.
The recoil shift on the 60 nm transition exceeds I',
by a factor of 15.571. Assuming a temperature of 10
uK we find o,! =~ 68. It is somewhat difficult to give
a realistic estimate of the rate 7y, as this will depend
strongly on the experimental configuration. For sim-
plicity we set y, = 27(1.6 X 103Hz). Eventually, we
find for the gain G(wysp,-115, — @Wg) = (nlin/cL)5.56 X
1077 cm3s™!. Laser threshold is reached for gain exceed-
ing the round-trip loss k = — Inr/L with r the reflectivity
of the in-out port. Assuming I, /L = 0.01 and cxk = 1
MHz densities in excess of 10'® cm ™3 are required.
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FIG. 2. lustration of the way in which a continuum band
of momentum families can couple to a family F(p) due to
spontaneous decay on the 0-2 transition.



