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D iscussion on Tanperature Profile in
End-punped L aser Rods
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Abstract In this paper, based on the analysis of the heating and cooling mecha-
nisn sw ithin an edge-cooled and end-pumped laser rod,w e simplify the heat transfer e-
guation in an axisymmetric systan into a one-dimension one, taking into account only
the radial heat flow. A san gpplication,w e lve the smplified equation to derive the ex-
pressions of the temperature distribution in two practical cases, that is, in laser rods
end-pumped by a Gaussian bean or a top-hat beam, repectively. The results tell that a
pump sourcew ith intensity of Gaussian shgpe causes to a higher temperature rise and a
more severe nonuniform temperature distribution within the rod than that caused by a
top-hat ourcew ith apump radius the same as the fomer. The discussion is cast into a
nondmensional form < that the results can be goplied to variousmaterials

Keywords End-pumping, Heat conduction, Nondimensionalize, Top-hat beam,
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1 Introduction

Theproblen of themal depositionw ithin a solid-state laser material under active pump-
ing has been a key factor in Iimiting and degrading the lasering perform ance since the first de-
velopment of these lasers and has long been the subject of intense study. W. Koechner™ dis-
cussed the temperature profile in an infinitely long rod pumped by uniform ly distributed radi-
ation and was saminal work in this area But w ith the introduction of laser diodes(LD s) as
pump sources and a the enployment of the technique of end-pumping, hiswork isobviously
no longer valid The nonuniform heating mechanign in end-pumping configuration leads to a
much more complex tamperature distribution w ithin the laser rod and needs to be new ly re-
garded U. O. Farrukh et al ", taking all the factors in an end-pumped rod into account,
studied the transient process of themal deposition and obtained complex expressions that
bore little physical explanation A. K. Cousins'® and L. Yan et al '* limited their discussion
to the laser rod end-pumped by a top-hat ource,w hich is somew hat different from the out-
put of aLD that can bew ell modeled by a Gaussian function
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In this paper,w e present our analysisof the __ pump beam profile w,ora
temperature profile in end-pumped laser rods In
the next section, we study the factors affecting | - ="— - - = - _ |
the themal conduction and smplify the end- w, (or @)
pumping axisymmetric heat transfer equation in- | - _ _ _ _ - . _ .|
to a one-dimension one by neglecting the axial

nsiol Y NeGIeCting e aXial by 72 1ases rod

heat flow,which is a reasonable approximation N

; ; ; L > heat sink at fixed
of the real situations In the section that follow s,

R . . temperature T,

we study the temperature distribution in laser
rods axially heated by top-hat beam and Gaus- Fig 1 Side viev and end view of an end-pumped
sian beam, regpectively. The results show that a rod with |en9t_h L and raquSR- Pump
punp source with Gaussian profile leads to a beam has aw aistw , or radiusa.
more serious themal program.

2 Heat Conduction in End-punped Rods

A typical end-pumped laser rod is shown in Fig 1 A swe know, each kind of slid-state
laser must dissipate an appreciable anount of heat In steady state, a laser medium operating
in QW mode diglays a temperature distribution governed by the heat transfer equation in ax-
isymmetric systen'®,

ke V2T (r,z) = - q(r,2) (1)
w here k is the themal conductivity of the laser material and q(r,z) represents the themal
pow er density of the heat radiation, that is, heat generated per unit volume per unit time In
all cases,we can describe the boundary conditions at any surface by the New ton’s lav of
cooling,

(- 1)+ hE= o )
In the above equation, h isheat transfer coefficient and n is the local nomal to the boundary.
T~ refersto the teanperature evaluated at the anbient conditions This condition means that
at any surface, heat flux ranoved by the convection should equal the flux provided by conduc-
tion and can be extended to the casesof zero or constant boundary temperature (h - ) , in-
sulated boundaries (h - 0) and covective heat transfer (finiteh ).

To nondimensionalize the question and make it gpplicable to different materials,w e ex-
press the themmal pow er density q(r, z) as the product the total thermal pow er absorbed by
the rod Q and a nomalized scaling function f (r, z) that denotes the longitudinal and radial
distribution of the heat ource Defining an agect ratioA - = L /(2R) and introducing the fol-
low ing variables,

. . . T- Te
r"=rR,z =z, T = Q/(arid ) (3)
w e can raw rite the above heat transfer equation (1) and the boundary condition as,
10, .x°y 1312 _ 20 (v
= a[*(r a*)+4A55‘z*2__ ATER?* f (r',27) (4)
6T+ L= 0 5)
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where andB i is theBiot modulus defined asB i = hL /k that characterizes the relative magni-
tude of themal conduction and convection

Take aclose look at Eq (4) andwemay notice that three factors strongly influence the
heat flow profilew ithin a rod, the agpect ratioA ., the absorption length oL (where « is the
aborption coefficient of the laser material at the pump w avelength) , and the source pattern
f (r',z").W hen adiscussion on the magnitude of order is performed,we find that both r’
and z” areof order unity, 20 that the radial conduction tem w ill be of order T~ and the axial
conduction term of order T /A .. Thus, for large agect ratio rods, axial conduction wiill be
negligible and the themal transferring reduces to a one-dimensional problem. How ever, this
does not imply that no axial gradient exists, as the source patternf (r',z") show s a depen-
dence on the axial position T he neglecting of axial flux merely meansan enphasison the fact
that the temperature field ismainly detem ined by the source distribution and the radial con-
duction

Now, let us turnour attention to the boundary condition Eq (5). Often, the themal con-
ductivity of the heat sink ismuch greater than that of the laser crystal For example, the typi-
cal rod host material yttrium aluminum garnet (YA G) has a themal conductivity of a factor
of 30 snaller than that of themetal Cu, a common material for heat sink. A sa result, a con-
stant temperature boundary condition may be used as an excellent approximation on the
cooled surface, in corregpondence to an infinite Biot number here

From the former discussion,w e can get a conclusion that the heat transferring in an end-
pumped rod can be smplified to a one-dimension problen with a fixed tamperature at the
cylindrical periphery. That is, the total problen can be simplified as

1 a@ (' gﬁ):- AERZ*f(r.2°) 6)

T =0, rr=1 (7
where in Eq (7), T isnow To.

3 Teanperature Profile in Top-hat or Gaussian Beam Pumping

U sually the commonly enployed pump radiation in the end-pumping scheme can bew ell
modeled as top-hat (as the output of a fiber coupler)or circular Gaussian (as from aLD or a
dye laser). W e can easily apply Eq (6) to these cases through replacing f (r’,z ) with the
appropriate functions

1 top-hat pumping

In such case, punp power is uniformly distributed over the pumped region (say, that
w ithin a circle of radius a) at the input plane of z = 0. Considering that the pump bean de-
cays exponentially along the longitudinal direction due to the absorption by the laser medium
and ignoring the change of pump-bean from the effects of themal lensing, we can express
the ource function as
O(e’“k/[ﬂa*sz(l- e )], r'< a
0, a’<r< 1 (8)
wherea” = a/R is the nondimensional radius of the pump beam.

Substituting Eq (8) into Eq (6),w e have the slution to the problem as

f(r,z)=
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*2

- (1- - 2Ina’) r'< a’
. 1- - oL
T = exp ( ) L@ (9
1- exp(c o) Inr a<r <1

Clearly, for finite valuesof a” , the temperature field is characterized by a parabolic pro-
filew ithin the pumped region and a logarithmic tail inside the surrounding ring area

2 Gaussian bean pumping

In the case of a laser rod end-pumped by another laser with awaist of wy , the heat
ource can be represented by a Gaussian function T hus, the normalized source profile is

*2
F(,2) = m;ZRZ[l-Zoéxp(- 7P ﬁ owLz) (10)
acoordingly, w, = we/R is the nondimensional w aist

Combining Eq (10) and Eq (6),we can express the nondimensional tenperature field
w ithin the rod in the form of pow er series,

T2y = (Peet ey CNTRane Ty (11
: a’=0 .E ‘\
5 - a’=0.2 r
o

O] ®)

Fig 2 The relationship betw een the nondimensional temperature T~ (in unitsof aLexp (- ot z")/[1-

exp (- oL )])and the nomalized radiusr”. (a) isfor a top-hat pump source and (b) isfor a Gaus-
sian source

The resultsof Eq (9) and Eq (11) are both demonstrated in Fig 2(a) and (b) inw hich

w e have accounted for the fact that for an infinitesmal pump size, both cases should coincide
w ith each other.

4 D iscussion and Conclusion

On thewhole, in thispaper,w e have studied the themal conduction problan in an end-
punped laser rod and simplified it to aone-dimension problem. A san exanple of our theory,
w e computed the temperature distribution w ithin the rod end-pumped by a top-hat beam and
a Gaussian bean, repectively. From the analysis in the former sections and from Fig 2,we
can drav the follow ing conclusions

1 An increase in pump pow er inevitably results in a large incretion in the tenperature
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rissw ithin the pumped rod This is an obvious resultwhenw e renanber that the total ther-
mal pow er deposited w ithin the rodQ is proportional to the incident pump power Pin and e-
quals TP (1- € *), wherel is the heat conversion coefficient including both fluorescent ef-
ficiency and quantum defect

2 A snall pump bean size leads to more intense tanperature rise in the cases of both
pump sources,w hich is easily seen from Fig 2

3 For the situtation of the same pump size (that is, w, = a’) , the rod pumped by a
Gaussian bean digplays amore serious and more uneven tenperature rise A s a matter of
fact,whenwe exanine Eq (8) and Eq (10),wemay find that at the axial positionof r’ = 0
, the source function in Gaussian pumping case is as large as wo times that in the top-hat
case, and 0 this result sean smore readily understandable
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