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Abstract The rate equations for a continuous four-level laser are lved in this
letter, taking into account the finite low er-level lifetime and the crystal field glitting of
the laser levels It is shown that the existence of this finite low er-level lifetime raises
the threshold, nonlinearizes the in-and-out relationship and acts as an ultimate role in
Imiting the achievable output pow er for a four-level laser, instead of the ideal case of
infinite achievable pow erw hile the relaxation from the low er-level is regarded as instan-

taneous
Key Workds Lower-level lifetine, Crystal field glitting, Boltamann occupation

factor

In the general analyses, the low er-level lifetime of a four-level laser schane isoften re-
garded as zero, i e the relaxation rate from this low er-level is assumed to be infinitely fast
and thus the low er-level population is smply ignored“' % This inevitably leads to the conclu-
sion that w ith adequate pump pow er provided, output pow er of such systen s can be scaled to
any values How ever, a finite low er-level lifetime does exist in four-level schenes For exam-
ple, the lifetime of the lower laser level “lu for the 1. 064 ym transition in thew idely used
crystal of Nd: YA G has been measured to range from 10 nsto 1 us* ", In the case of low
pow er lasers, this finite lifetine does not reflect a significant influence on the laser perfor-
mance Butw hen scaling to high pow ers, this low er-level population cannot be neglected and
plays an mportant role in Iimiting the maximum achievable pow er. In this letter,w e analyze
the effect of a finite low er-level lifetime on the output pow er of four-level lasers, including
proper acoounting for the crystal field litting Andwe know that resulting from this finite
lifetime, the output pow er cannot be increased infinitely.
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The energy level diagram of a typical L il | pump band
four-level laser is shown in Fig 1 Owing A \\\ fost decay
to the crystal field interaction, each level is AN
Plit into several sublevels, as illustrated in . N

the figure In steady state pumping, the upper laser renifold

crystal field sublevelsw ithin each manifold  pump
are in quasi-themal equilibrium at all
times and thus their populations can be de- B B

laser transition

scribed by a Boltanann distribution, as a — — lower laser manifold
result of the fact that relaxation betw een —
these sublevels can be considered instanta- L7
18] . , ~ Trelaxation
neous . The laser transition occurs be- A

ground level
ween two crystal field sublevels b and a

w ith population densitiesof N sandN aw ith-
in manifolds 2 and 1, repectively. The ra-
tios of N» and N a to their regpective total
manifold population N2 and N 1 are con-
stantsfrandfa, detemined by theBoltznann theory. T aking into account the degeneracies
of the sublevels, theBoltzmann distribution factor f a is given by

_ —Qaexp (- _Ea/T) (1)

Z giexp (- Ei/kT)

w here the sum isover the crystal field sublevels in the low er manifoldw ith the energies of E:
and degeneraciesof gi. A smilar expression can bew ritten for f ».

W e start from the four-level laser rate equations for a resonator of lengthL inw hich an
active m aterial o(fj length | and refractive index n is inserted,

Fig 1 Energy level schemeof a typical four-level laser
crystal of Nd: YA G The crystal field glittings
w ithin the laser manifolds are depicted

fa

dN > _ i i ol N

dr = Wl coHf N 2 fagaNl) - (2a)
dN 3 [oI No Na

i = cORf N 2 - fagaN1)+ - (20)
Ng+ N1+ N2= N, (2c)
o oot .- 18y - 2 (2d)

whereL “=L + (n- 1)1, istheopticalalength of the resonator. W ispump rate, othe stim-
ulated emission cross section Tiand Tzare the lifetimesof the low er and upper laser manifold,
t.(= 2 " /o) is the cavity round-trip time, dis the fractional cavity lossper round-trip. In the
above equations,w e have assumed that no population exists in the punp band because of fast
decay. The variantsN 1,N 2,N g are the population densitiesof the low er, upper manifolds, and
the ground level N :is the total doping concentration of the crystal Prefers to the photon
density w ithin the cavity. The tem 1A~ in Eq (2d) reflects the fact that even the light is
anplified w ithin the activemedium of length I, the accretion of the photon density is some
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IA " times lower

Let d®dt= 0,we can have the expression for the population inversion at steady state
from Eq (2d),

AN = fN2- (fagb/ga)N 1= 8/20 = MN (3)

w hich tells that though some snall population lies in the lower laser manifold, the opera-
tional population inversion is still clanped on its value at threshold AN w. This again verifies
thew idely-know n fact that even above threshold, the enhancement in pump pow er leads to an
increase in photon density rather than in the storage energy (population inversion).

Substituting Eq (3) into Eq (2a) and (2b), utilizing Eq (2c), defining a relative low er-
level occupation factor f asf = (f a/ga) /(f 5/gv) ,w e can obtain the critical pump rate

W p, 0 = [A’\,iltmfb(TZ' fn)- (u+ »]° (4)

w herewemay notice the effect of finite low er manifold lifetime T on the critical pump rate
W, The longer this lifetime is, the higher the critical pump ratew ill be
L et B be the anount by which threshold is exceeded, i e B= WAV ».n,we can relate
the introcavity photon density Pw ith Band the properties of the laser rod,
= A (5)
coGf o[ (1+ f)WpaTif+ 1]
In olid-state lasers, the cavity round-trip loss d can bew ritten as the sum of wo tems,
=D + InR"*

= 2ol + In(R’HT?)’1+ InR™* (6)
whereR is the output mirror reflectivity andD the dissipative optical lossw ithin the cavity
describing the losses from R’ (reflectivity of the rear mirror), T: (the onew ay optical trans

mission of theith internal elenent), and & (total loss coefficient in the laser rod).

If wew riteA e as the equivalent cross sectional area of the laser medium occupied by the
oscillating mode(s) (clearly,w hen w» is the spot size at the center of the resonator,w e haveA .
=~ Tud/4 if the laser is operating in TEM oomode) ®. Notice that the last tem in Eq (2d)
represents the lossof the photon density w ithin one round-trip timet- and a portion of InR™*
w ithin the total loss 0 is contributed as the useful output, 90, from Eq (5) and (6),we have
the output pow er as

Pout= hw ¥R/t

_ AcldnR™Y, B- 1

) 2f b (1+ f)rW pth i+ 1 . . . (7)
w here hvis the photon energy of the laser transition andw e have defined a gain saturation in-

tensity Isasls= hv/0G.

From Eq (4), (5), (7),we can find that the existence of a finite low er manifold lifetme
does raise the critical pump rate and reduce the steady-state introcavity photon density and
output pow er. A larger relative occupation factorf causesa greater influence to the lasing op-
eration A swe have mentioned, Eq (7) show s that the output power of a given four-level
systen cannot be scaled to infinite, even w ith adequate pump. In fact,w hen the pump pow er
goes to infinite, i e , B—~ o, the output infinitely tends to its Imit,
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AcldnR™*
2fo(1+ fIW 0T ®)
Obviously,when i - 0,P« — o ,which coincides the results of tradition treatments quite
well Tomake a comparison,wemay findwhenwe set i= Oandfs= 1 (which is the case of
the usual discussion), Eq (4), (5), (7) go back to the familiar expressions in the text-
book [ 121091

From Reference [9] and from the characteristic of N ¢= Nt in four-level lasers,we can
relate pump rateW pw ith the input pump power P as,

Pin= W VN hv/T} (9)
w here 1} is the overall pump efficiency andV the laser rod volume Substituting Eq (4) into
Eg (9),we can get the threshold pump power Puw. A sfBisal the ratio of pump power to its
critical value, B= Pu/Pu,we can obtain the mportant parameter of slope efficiency 'l as
N= dPo/dPi =
SN [+ W, T+ 1] (10)
w hich show s that for a given Igser configuration, the slope efficiency is no longer a constant
as in the ideal four-level systanswhen Ti= 0. Instead, it behaves as amonotonously decreas
ing function of 8. The highest efficiency occurs at the thresholdwhen Pin = Pu.

A s a conclusion ,w e have 0lved the rate equations for CW four-level lasers, taking the
crystal field glittings and degeneracies of laser levels into consideration W hen w e acoount
for the low er-level lifetime,we find that a nonlinear relationship appears betw een the input
and output powers T he existence of this low er-level lifetime not only raises the threshold,
but also causes an ultimately achievable Iimit for theoutput pow er,w hich isapoint thatmust
be allow ed for whenw e scale the four-level lasers to high pow ers From the above-derived e
guations,w e may notice that the influence on the laser performance becomesmore ranark-
able if materialsw ith longer low er-level lifetines are anployed

Pout » Po =
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