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　　Abstract　T he rate equations fo r a con tinuous four2level laser are so lved in th is

let ter, tak ing in to accoun t the fin ite low er2level lifet im e and the crysta l field sp lit t ing of

the laser levels. It is show n that the ex istence of th is fin ite low er2level lifet im e raises

the th resho ld, non linearizes the in2and2out rela t ionsh ip and acts as an u lt im ate ro le in

lim it ing the ach ievab le ou tpu t pow er fo r a four2level laser, instead of the ideal case of

infin ite ach ievab le pow er w h ile the relaxation from the low er2level is regarded as instan2
taneous.

Key W orkds: L ow er2lew el lifet im e, C rysta l field sp lit t ing, Bo ltzm ann occupation

facto r

In the genera l analyses, the low er2level lifet im e of a fou r2level laser schem e is often re2
garded as zero , i. e. the relaxat ion ra te from th is low er2level is assum ed to be infin itely fast

and thu s the low er2level popu la t ion is simp ly igno red [1- 3 ]. T h is inevitab ly leads to the conclu2
sion that w ith adequate pump pow er p rovided, ou tpu t pow er of such system s can be scaled to

any values. How ever, a f in ite low er2level lifet im e does ex ist in fou r2level schem es. Fo r exam 2
p le, the lifet im e of the low er laser level　4 I11ö2 fo r the 11064 Λm tran sit ion in the w idely u sed

crysta l of N d: YA G has been m easu red to range from 10 n s to 1 Λs[4～ 7 ]. In the case of low

pow er lasers, th is f in ite lifet im e does no t ref lect a sign if ican t influence on the laser perfo r2
m ance. Bu t w hen scaling to h igh pow ers, th is low er2level popu la t ion canno t be neglected and

p lays an impo rtan t ro le in lim it ing the m ax im um ach ievab le pow er. In th is let ter, w e analyze

the effect of a fin ite low er2level lifet im e on the ou tpu t pow er of fou r2level lasers, including

p roper accoun t ing fo r the crysta l f ield sp lit t ing. A nd w e know that resu lt ing from th is f in ite

lifet im e, the ou tpu t pow er canno t be increased infin itely.
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F ig. 1　Energy level schem e of a typ ical four2level laser

crysta l of N d: YA G. T he crysta l field sp lit t ings

w ith in the laser m anifo lds are dep icted.

　　
T he energy level d iagram of a typ ica l

fou r2level laser is show n in F ig. 1. Ow ing

to the crysta l f ield in teract ion, each level is

sp lit in to severa l sub levels, as illu st ra ted in

the figu re. In steady sta te pump ing, the

crysta l f ield sub levels w ith in each m an ifo ld

are in quasi2therm al equ ilib rium at a ll

t im es and thu s their popu la t ion s can be de2
scribed by a Bo ltzm ann dist ribu t ion, as a

resu lt of the fact tha t relaxat ion betw een

these sub levels can be con sidered in stan ta2
neou s[8 ]. T he laser t ran sit ion occu rs be2
tw een tw o crysta l f ield sub levels b and a

w ith popu la t ion den sit ies ofN b andN aw ith2
in m an ifo lds 2 and 1, respect ively. T he ra2
t io s of N b and N a to their respect ive to ta l

m an ifo ld popu la t ion N 2 and N 1 are con2
stan ts f b and f a , determ ined by the Bo ltzm ann theo ry. T ak ing in to accoun t the degeneracies

of the sub levels, the Bo ltzm ann dist ribu t ion facto r f a is g iven by

f a =
g aexp (- E aökT )

∑
i

g iexp (- E iökT )
(1)

w here the sum is over the crysta l f ield sub levels in the low er m an ifo ld w ith the energ ies of E i

and degeneracies of g i . A sim ilar exp ression can be w rit ten fo r f b .

W e start from the fou r2level laser ra te equat ion s fo r a resonato r of length L in w h ich an

act ive m ateria l of length l and refract ive index n is in serted,
dN 2

d t
= W pN g - cΡΥ(f bN 2 - f a

g b

g a
N 1) -

N 2

Σ2
(2a)

dN 1

d t
= cΡΥ(f bN 2 - f a

g b

g a
N 1) +

N 2

Σ2
-

N 1

Σ1
(2b)

N g + N 1 + N 2 = N t (2c)

d Υ
d t

= Υ[cΡ(f bN 2 - f a
g b

g a
N 1) l

L 3 -
∆
tr

] (2d )

w here L 3 = L + (n - 1) l , is the op t ica l length of the resonato r. W p is pump rate, Ρ the st im 2
u la ted em ission cro ss sect ion. Σ1 and Σ2 are the lifet im es of the low er and upper laser m an ifo ld,

tr (= 2L 3 öc) is the cavity round2t rip t im e, ∆ is the fract ional cavity lo ss per round2t rip. In the

above equat ion s,w e have assum ed that no popu la t ion ex ists in the pump band becau se of fast

decay. T he varian tsN 1,N 2,N g are the popu la t ion den sit ies of the low er, upper m an ifo lds, and

the ground level. N t is the to ta l dop ing concen tra t ion of the crysta l. Υ refers to the pho ton

den sity w ith in the cavity. T he term löL 3 in Eq. (2d) reflects the fact tha t even the ligh t is

amp lif ied w ith in the act ive m edium of length l , the accret ion of the pho ton den sity is som e

8 Op tics and P recision Engineering V o l. 5



　N o. 3 Influence of F in ite Low er2level L ifetim e on the Perfo rm ance on the Perfo rm ance in CW Four2level L aser 　

　

löL 3 t im es low er.

L et d Υöd t = 0, w e can have the exp ression fo r the popu la t ion inversion at steady sta te

from Eq. (2d) ,

∃N = f bN 2 - (f ag bög a)N 1 = ∆ö2Ρl = ∃N th (3)

w h ich tells tha t though som e sm all popu la t ion lies in the low er laser m an ifo ld, the opera2
t ional popu la t ion inversion is st ill clamped on its value at th resho ld ∃N th . T h is again verif ies

the w idely2know n fact tha t even above th resho ld, the enhancem en t in pump pow er leads to an

increase in pho ton den sity ra ther than in the sto rage energy (popu la t ion inversion).

Sub st itu t ing Eq. (3) in to Eq. (2a) and (2b) , u t ilizing Eq. (2c) , defin ing a rela t ive low er2
level occupat ion facto r f as f = (f aög a) ö(f bög b) ,w e can ob ta in the crit ica l pump rate

W p , th = [
N t

∃N th
f b (Σ2 - f Σ1) - (Σ1 + Σ2) ]- 1 (4)

w here w e m ay no t ice the effect of f in ite low er m an ifo ld lifet im e Σ1 on the crit ica l pump rate

W p , th. T he longer th is lifet im e is, the h igher the crit ica l pump rate w ill be.

L et Β be the amoun t by w h ich th resho ld is exceeded, i. e. Β = W p öW p , th , w e can rela te

the in trocavity pho ton den sity Υw ith Βand the p ropert ies of the laser rod,

Υ=
Β - 1

cΡΣ2f b [ (1 + f )W p , thΣ1Β + 1 ]
(5)

　　 In so lid2sta te lasers, the cavity round2t rip lo ss ∆can be w rit ten as the sum of tw o term s,

∆ = D + lnR - 1

= 2Αl + ln (R′0
i
T 2

i ) - 1 + lnR - 1 (6)

w here R is the ou tpu t m irro r ref lect ivity and D the dissipat ive op t ica l lo ss w ith in the cavity

describ ing the lo sses from R′(ref lect ivity of the rear m irro r) , T i ( the one w ay op t ica l t ran s2
m ission of the ith in ternal elem en t) , and Α ( to ta l lo ss coeff icien t in the laser rod).

If w e w rite A e as the equ ivalen t cro ss sect ional area of the laser m edium occup ied by the

o scilla t ing mode (s) (clearly,w hen Ξ0 is the spo t size at the cen ter of the resonato r,w e haveA e

≈ ΠΞ2
0ö4 if the laser is opera t ing in T EM 00 mode) [9 ]. N o t ice that the last term in Eq. (2d)

rep resen ts the lo ss of the pho ton den sity w ith in one round2t rip t im e tr and a po rt ion of lnR - 1

w ith in the to ta l lo ss ∆ is con tribu ted as the u sefu l ou tpu t, so , from Eq. (5) and (6) , w e have

the ou tpu t pow er as
P ou t = hΜV ΥlnR - 1ötr

=
A e I s lnR - 1

2f b
õ Β - 1

(1 + f )W p , thΣ1Β + 1
(7)

w here hΜis the pho ton energy of the laser t ran sit ion and w e have defined a gain sa tu ra t ion in2
ten sity I s as I s = hΜöΡΣ2 .

F rom Eq. (4) , (5) , (7) , w e can find that the ex istence of a fin ite low er m an ifo ld lifet im e

does ra ise the crit ica l pump rate and reduce the steady2sta te in trocavity pho ton den sity and

ou tpu t pow er. A larger rela t ive occupat ion facto r f cau ses a greater influence to the lasing op2
era t ion. A s w e have m en t ioned, Eq. (7) show s that the ou tpu t pow er of a given fou r2level

system canno t be scaled to infin ite, even w ith adequate pump. In fact,w hen the pump pow er

goes to infin ite, i. e. , Β→∞, the ou tpu t infin itely tends to its lim it,
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P ou t→ P ∞ =
A e I s lnR - 1

2f b (1 + f )W p , thΣ1
(8)

O bviou sly, w hen Σ1 → 0, P ∞ →∞ , w h ich co incides the resu lts of t rad it ion trea tm en ts qu ite

w ell. To m ake a comparison,w e m ay find w hen w e set Σ1 = 0 and f b = 1 (w h ich is the case of

the u sual d iscu ssion ) , Eq. ( 4) , ( 5) , ( 7) go back to the fam iliar exp ression s in the tex t2
book [1 ] [2 ] [9 ].

F rom R eference [ 9 ] and from the characterist ic of N g≈ N t in fou r2level lasers, w e can

rela te pump rateW p w ith the inpu t pump pow er P in as,

P in = W pV N thΜöΓp (9)

w here Γp is the overa ll pump efficiency and V the laser rod vo lum e. Sub st itu t ing Eq. (4) in to

Eq. (9) , w e can get the th resho ld pump pow er P th . A s Β is a lso the ra t io of pump pow er to its

crit ica l value, Β = P inöP th ,w e can ob ta in the impo rtan t param eter of slope eff iciency Γs as
Γs = d P ou töd P in =

A e

2P th
I s ln ( 1

R
) [ (1 + f )W p , thΣ1Β + 1 ]- 1 (10)

w h ich show s that fo r a given laser configu ra t ion, the slope eff iciency is no longer a con stan t

as in the ideal fou r2level system s w hen Σ1 = 0. In stead, it behaves as a mono tonou sly decreas2
ing funct ion of Β. T he h ighest eff iciency occu rs a t the th resho ld w hen P in = P th .

A s a conclu sion ,w e have so lved the ra te equat ion s fo r CW fou r2level lasers, tak ing the

crysta l f ield sp lit t ings and degeneracies of laser levels in to con sidera t ion. W hen w e accoun t

fo r the low er2level lifet im e, w e find that a non linear rela t ion sh ip appears betw een the inpu t

and ou tpu t pow ers. T he ex istence of th is low er2level lifet im e no t on ly ra ises the th resho ld,

bu t a lso cau ses an u lt im ately ach ievab le lim it fo r the ou tpu t pow er,w h ich is a po in t tha t m u st

be allow ed fo r w hen w e scale the fou r2level lasers to h igh pow ers. F rom the above2derived e2
quat ion s, w e m ay no t ice that the influence on the laser perfo rm ance becom es mo re rem ark2
ab le if m ateria ls w ith longer low er2level lifet im es are emp loyed.
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有限的下能级寿命对四能级激光器工作特性的影响

余　锦　　孟红祥　　荆　宇
(中国科学院长春光学精密机械研究所,长春130022)

　　摘要　在考虑了有限的下能级寿命和激光能级与晶格场的相互作用的基础上,对四能级

激光的速率方程组进行了求解。结果表明由于这个有限寿命的存在,激光阈值升高,输出与输

入之间出现了非线性。与下能级瞬时跃迁的理想情况不同,泵浦功率增大时,四能级激光器的

输出趋向于一个极限值,并且,下能级寿命越长,激光器所能获得的最大输出越小。

关键词:下能级寿命;晶格场分裂; Bo ltzm ann 分布因子
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