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　　Abstract　 In th is paper, based on the analysis of the heating and coo ling m echa2
nism s w ith in an edge2coo led and end2pumped laser rod,w e simp lify the heat transfer e2
quation in an ax isymm etric system in to a one2dim ension one, tak ing in to accoun t on ly

the radial heat flow. A s an app licat ion,w e so lve the simp lified equation to derive the ex2
p ressions of the temperatu re distribu tion in tw o p ractical cases, that is, in laser rods

end2pumped by a Gaussian beam o r a top 2hat beam , respectively. T he resu lts tell that a

pump source w ith in tensity of Gaussian shape causes to a h igher temperatu re rise and a

mo re severe nonunifo rm temperatu re distribu tion w ith in the rod than that caused by a

top2hat source w ith a pump radius the sam e as the fo rm er. T he discussion is cast in to a

nondim ensional fo rm so that the resu lts can be app lied to various m ateria ls.
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1　In troduction

　　T he p rob lem of therm al depo sit ion w ith in a so lid2sta te laser m ateria l under act ive pump2
ing has been a key facto r in lim it ing and degrading the lasering perfo rm ance since the first de2
velopm en t of these lasers and has long been the sub ject of in ten se study. W. Koechner [1 ] dis2
cu ssed the temperatu re p rofile in an infin itely long rod pumped by un ifo rm ly dist ribu ted radi2
at ion and w as sem inal w o rk in th is area. Bu t w ith the in troduct ion of laser d iodes (LD s) as
pump sou rces and a the emp loym en t of the techn ique of end2pump ing, h is w o rk is obviou sly
no longer valid. T he nonun ifo rm heat ing m echan ism in end2pump ing configu ra t ion leads to a
m uch mo re comp lex temperatu re dist ribu t ion w ith in the laser rod and needs to be new ly re2
garded. U. O. Farrukh et a l. [2 ] , tak ing all the facto rs in an end2pumped rod in to accoun t,
stud ied the tran sien t p rocess of therm al depo sit ion and ob ta ined comp lex exp ression s that
bo re lit t le physica l exp lanat ion. A. K. Cou sin s[3 ] and L. Yan et a l. [4 ] lim ited their d iscu ssion
to the laser rod end2pumped by a top 2hat sou rce, w h ich is som ew hat d ifferen t from the ou t2
pu t of a LD that can be w ell modeled by a Gau ssian funct ion.
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　F ig. 1　Side view and end view of an end2pumped

rod w ith length L and radius R . Pump

beam has a w aist w p o r radius a .

　　 In th is paper,w e p resen t ou r analysis of the
temperatu re p rofile in end2pumped laser rods. In
the nex t sect ion, w e study the facto rs affect ing
the therm al conduct ion and simp lify the end2
pump ing ax isymm etric heat t ran sfer equat ion in2
to a one2dim en sion one by neglect ing the ax ia l
heat f low , w h ich is a reasonab le app rox im at ion
of the real situa t ion s. In the sect ion that fo llow s,
w e study the temperatu re dist ribu t ion in laser
rods ax ia lly heated by top 2hat beam and Gau s2
sian beam , respect ively. T he resu lts show that a
pump sou rce w ith Gau ssian p rofile leads to a

mo re seriou s therm al p rogram.

2　Heat Conduction in End-pum ped Rods

　　A typ ical end2pumped laser rod is show n in F ig. 1. A s w e know , each k ind of so lid2sta te
laser m u st d issipate an app reciab le amoun t of heat. In steady sta te, a laser m edium opera t ing
in CW mode disp lays a temperatu re dist ribu t ion governed by the heat t ran sfer equat ion in ax2
isymm etric system [5 ] ,

k õ ý 2T (r, z ) = - q (r, z ) (1)

w here k is the therm al conduct ivity of the laser m ateria l and q (r, z ) rep resen ts the therm al
pow er den sity of the heat rad ia t ion, tha t is, heat genera ted per un it vo lum e per un it t im e. In
all cases, w e can describe the boundary condit ion s at any su rface by the N ew ton’s law of
coo ling,

k (T - T ∞) + h
5T
5n

= 0. (2)

In the above equat ion, h is heat t ran sfer coeff icien t and n is the local no rm al to the boundary.
T ∞ refers to the temperatu re evaluated at the am b ien t condit ion s. T h is condit ion m ean s that

a t any su rface, heat f lux removed by the convect ion shou ld equal the flux p rovided by conduc2
t ion and can be ex tended to the cases of zero o r con stan t boundary temperatu re (h→∞) , in2
su la ted boundaries (h → 0 ) and covect ive heat t ran sfer (f in ite h ).

To nondim en sionalize the quest ion and m ake it app licab le to differen t m ateria ls, w e ex2
p ress the therm al pow er den sity q (r, z ) as the p roduct the to ta l therm al pow er ab so rbed by
the rod Q and a no rm alized scaling funct ion f (r, z ) tha t deno tes the longitudinal and radia l
d ist ribu t ion of the heat sou rce. D efin ing an aspect ra t io A r = L ö(2R ) and in troducing the fo l2
low ing variab les,

r3 = röR , z 3 = z öL , T 3 =
T - T ∞

Q ö(4ΠkL )
(3)

w e can rew rite the above heat t ran sfer equat ion (1) and the boundary condit ion as,

1
r3

5
5r3 (r3 5T 3

5r3 ) +
1

4A 2
r

52T 3 2

52z 3 2 = - 4ΠL R 2 õ f (r3 , z 3 ) (4)

(B i) T 3 +
5T 3

5n
= 0 (5)
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w here and B i is the B io t modu lu s defined asB i = hL ök tha t characterizes the rela t ive m agn i2
tude of therm al conduct ion and convect ion.

T ake a clo se look at Eq. (4) and w e m ay no t ice that th ree facto rs st rongly influence the

heat f low p rofile w ith in a rod, the aspect ra t io A r , the ab so rp t ion length ΑL (w here Α is the
ab so rp t ion coeff icien t of the laser m ateria l a t the pump w avelength) , and the sou rce pat tern
f (r3 , z 3 ) . W hen a discu ssion on the m agn itude of o rder is perfo rm ed, w e find that bo th r3

and z 3 are of o rder un ity, so that the radia l conduct ion term w ill be of o rder T 3 and the ax ia l

conduct ion term of o rder T 3 öA r . T hu s, fo r large aspect ra t io rods, ax ia l conduct ion w ill be
neglig ib le and the therm al t ran sferring reduces to a one2dim en sional p rob lem. How ever, th is
does no t imp ly that no ax ia l gradien t ex ists, as the sou rce pat tern f (r3 , z 3 ) show s a depen2
dence on the ax ia l po sit ion. T he neglect ing of ax ia l f lux m erely m ean s an emphasis on the fact
tha t the temperatu re field is m ain ly determ ined by the sou rce dist ribu t ion and the radia l con2
duct ion.

N ow , let u s tu rn ou r a t ten t ion to the boundary condit ion Eq. (5). O ften, the therm al con2
duct ivity of the heat sink is m uch greater than that of the laser crysta l. Fo r examp le, the typ i2
cal rod ho st m ateria l yt t rium alum inum garnet (YA G) has a therm al conduct ivity of a facto r
of 30 sm aller than that of the m eta l Cu, a common m ateria l fo r heat sink. A s a resu lt, a con2
stan t tempera tu re boundary condit ion m ay be u sed as an excellen t app rox im at ion on the
coo led su rface, in co rrespondence to an infin ite B io t num ber here.

F rom the fo rm er discu ssion,w e can get a conclu sion that the heat t ran sferring in an end2
pumped rod can be simp lif ied to a one2dim en sion p rob lem w ith a fixed temperatu re a t the
cylindrica l periphery. T hat is, the to ta l p rob lem can be simp lif ied as

1
r3

5
5r3 (r3 5T

5r3 ) = - 4ΠL R 2 õ f (r3 , z 3 ) (6)

T 3 = 0,　　r3 = 1 (7)

w here in Eq. (7) , T ∞ is now T b .

3　Tem perature Prof ile in Top-hat or Gauss ian Beam Pum p ing

　　U sually the common ly emp loyed pump radia t ion in the end2pump ing schem e can be w ell
modeled as top 2hat (as the ou tpu t of a fiber coup ler)o r circu lar Gau ssian (as from a LD o r a
dye laser). W e can easily app ly Eq. (6) to these cases th rough rep lacing f (r3 , z 3 ) w ith the
app rop ria te funct ion s.

1. top 2hat pump ing
In such case, pump pow er is un ifo rm ly dist ribu ted over the pumped region ( say, tha t

w ith in a circle of rad iu s a) a t the inpu t p lane of z = 0. Con sidering that the pump beam de2
cays exponen t ia lly a long the longitudinal d irect ion due to the ab so rp t ion by the laser m edium
and igno ring the change of pump 2beam from the effects of therm al len sing, w e can exp ress
the sou rce funct ion as

f (r3 , z 3 ) = Αe- ΑL z 3
ö[Πa3 2R 2 (1 - e- ΑL ) ],　　　　r3 ≤ a3

0,　　　　　　　a3 < r≤ 1　　　　　　　　　　　　　　　 (8)

w here a3 = aöR is the nondim en sional rad iu s of the pump beam.

Sub st itu t ing Eq. (8) in to Eq. (6) , w e have the so lu t ion to the p rob lem as
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T 3 =

(ΑL ) exp (- ΑL z 3 )
1 - exp (- ΑL )

(1 -
r3 2

a3 2 - 2lna3 )　　　　　r3 ≤ a3

-
2 (ΑL ) exp (- ΑL z 3 )

1 - exp (- ΑL ) ln r3 　　　　　a < r3 ≤ 1
(9)

　　C learly, fo r f in ite values of a3 , the tempera tu re field is characterized by a parabo lic p ro2
f ile w ith in the pumped region and a logarithm ic ta il in side the su rrounding ring area.

2. Gau ssian beam pump ing
In the case of a laser rod end2pumped by ano ther laser w ith a w aist of w p , the heat

sou rce can be rep resen ted by a Gau ssian funct ion. T hu s, the no rm alized sou rce p rofile is

f (r3 , z 3 ) =
2Α

Πw 3 2
p R 2 [ 1 - exp (- ΑL ) ]

exp (-
2r3 2

w 3 2
p

- ΑL z 3 ) (10)

acco rd ingly, w 3
p = w P öR is the nondim en sional w aist.

Com b in ing Eq. (10) and Eq. (6) , w e can exp ress the nondim en sional tempera tu re field
w ith in the rod in the fo rm of pow er series,

T 3 (r3 , z 3 ) =
(ΑL ) exp (- ΑL z 3 )

1 - exp (- ΑL ) ∑
∞

m = 1

(- 1) m

m õm . ( 2
w 3 2

p
) m (r3 2m - 1) (11)

　F ig. 2　T he rela t ionsh ip betw een the nondim ensional temperatu re T 3 ( in un its of aL exp (- ΑL z 3 ) ö[1 -

exp (- ΑL ) ] ) and the no rm alized radius r3 . (a) is fo r a top 2hat pump source and (b) is fo r a Gaus2
sian source.

　　T he resu lts of Eq. (9) and Eq. (11) are bo th demon stra ted in F ig. 2 (a) and (b) in w h ich
w e have accoun ted fo r the fact tha t fo r an infin itesim al pump size, bo th cases shou ld co incide
w ith each o ther.

4　D iscuss ion and Conclus ion

　　O n the w ho le, in th is paper,w e have studied the therm al conduct ion p rob lem in an end2
pumped laser rod and simp lif ied it to a one2dim en sion p rob lem. A s an examp le of ou r theo ry,
w e compu ted the temperatu re dist ribu t ion w ith in the rod end2pumped by a top 2hat beam and
a Gau ssian beam , respect ively. F rom the analysis in the fo rm er sect ion s and from F ig. 2, w e
can draw the fo llow ing conclu sion s:

1. A n increase in pump pow er inevitab ly resu lts in a large incret ion in the temperatu re
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rise w ith in the pumped rod. T h is is an obviou s resu lt w hen w e rem em ber that the to ta l ther2
m al pow er depo sited w ith in the rod Q is p ropo rt ional to the inciden t pump pow er P in and e2
quals Γp P in (1 - e- ΑL ) , w here Γp is the heat conversion coeff icien t including bo th fluo rescen t ef2
f iciency and quan tum defect.

2. A sm all pump beam size leads to mo re in ten se temperatu re rise in the cases of bo th
pump sou rces,w h ich is easily seen from F ig. 2.

3. Fo r the situ ta t ion of the sam e pump size ( that is , w 3
p = a3 ) , the rod pumped by a

Gau ssian beam disp lays a mo re seriou s and mo re uneven temperatu re rise. A s a m atter of
fact, w hen w e exam ine Eq. (8) and Eq. (10) , w e m ay find that a t the ax ia l po sit ion of r3 = 0
, the sou rce funct ion in Gau ssian pump ing case is as large as tw o t im es that in the top 2hat
case, and so th is resu lt seem s mo re readily understandab le.
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端面泵浦固体激光棒内温度分布的研究

余　锦
(中国科学院长春光学精密机械研究所,长春130022)

摘要　在分析了端面泵浦、周边冷却的固体激光棒内生热及致冷机制的基

础上,将轴对称系统内的热传导问题简化为仅考虑径向热流的一维方程,并

推导出“大礼帽”型光束泵浦及高斯光束泵浦两种情况下激光棒内温度分布

的表达式。结果表明,在同样的光束尺寸下,利用高斯光束泵浦将导致棒内

更加剧烈和更加不均匀的温度变化。文中对讨论进行了无因次处理,以使所

获得的结论能够适用于不同的激光材料。

关键词: 端面泵浦;热传导;无因次化;“大礼帽”光束;高斯光束
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