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1. - INTRODUCTION,
Aim of the present paper is to give a summary of the problems involving the propagation of
laser beams, the dimensioning of laser cavities and optical transport systems.

In the Ladon project an optical system 17.5 m long leads the beam from the laser to the in-
teraction point with the electrons in the middle of the Adone straight section(ls2

Since the laser beam dimension has to be known with great accuracy in the overlapping re-
gion, the exit beam profile has to be carefully measured and its evolution through the whole opti-
cal transport system exactly computed.

Two methods for the beam profile measurerments are described in Sec, 3 after a summary bf
the beam propagation formulae is reviewed in Sec, 1. The knowledge of the computations methods
on the cavity dimensioning (Sec. 4) is the base line for any future development of the Ladon facility.

2. - PROPAGATION OF GAUSSIAN BEAMS,

The intensity distribution of a laser beam as a function of the distance r from the beam cen
tre, is a gaussian curve, usually written as:

r) = 1, exp(-2r2/w?) . (1)

We define as "beam radius" the distance r=w at which I({w) = I 1/e2, The points of mini~
mum radius and with a plane wavefront are called "waists".

2. 1. - Propagation formulae,

The beam radius w and the wavefront curvature radius R characterize the beam in any point
and are univocally determined by the beam waist wy and the distance z from it:

wiz) = wy V1+ (2/ag)? (2)

R(z) = (22 +a2)/z , (3)
where :

2
a, = nwo/x (A = optical wavelength) . (4)



The beam angular divergence #(z), defined as w(z)/R{z) is :

A 1

= J'U«WO vrl + (ao/';;z.

P {z)

The formulae (2); (3) and (5) are plotted in Fig. 1 and Fig. 2.
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FIG. 1 - Radius (w) and curvature radius (R) evolutions for & gaussian beam of waist w,
as a function of the normalized distance z/a, (ag = aw2/1) from w,.. R is normalized
to its minimum value 2a, and w to W
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FiG, 2 - Behaviour of the angular divergence ¢ versus the normalized distance from the
waist wg.
As it can be seen, the angular divergence tends asimptotically at the value:
000 = }u/nwo . (6)

For z=ag, the curvature radius assumes its minimum value Rag) = Ronin © 284.

The point z = a, has dnother patticularity : the value of w that produces at a given distan

ce z' the minimum value w{z'), is just such that z'~= Bge

2.2. - Inverse formulae,

Sometimes one has to determine the waist dimension and position knowing the beam geome
try in one or more points. By inverting formulae {2) and (3), the waist w, and its distance =z
from P can be expressed in function of the beam radius w and its curvature radius R in P 3.

Wo = (7)
W 2
e
R
2w s (®)
14 (22
MA

If one knows the beam radii wy and Wo in two points separated by a distance d, w, and z
{distance between w, and wq) are:

Wo —— s (9



W ——
_+ o V 2 2 .
z - 3 wimwy o, (10)
where :
B T 4, 2 2.2 29T 2
A= g wy - w )T ()

2.3, -~ Lenses,

The beam wavefront transformation due to a spherical lens with focal length F is given by(4):'

1 1 1
RS R F (11)
where R, and R_ are the wavefront curvature radii after and before the lens, In our conventiong

the sign of R,, R_ and F are positive for diverging beams and convergent lenses, A spherical
mirror with curvature radius M, is equivalent to a lens with focal length F = M/2,

The waists wy and Wo before and after a lens F and their distances d1 and d2 from the
lens-are related by the formulae(4) .

1, . ; -1/2
R 99 2 wWy o
Wy = [——2— (1 -E )t ("‘"‘“F}v )] s (12)
W
1 .
(dl--F)Fz
d2 = B 4 nwz , (13)
2 1 2
(d. -
(@) - F)° + ()

where d1 > 0 for an incoming diverging bearn and d2 » 0 for an outgoing converging beam (see
Fig. 3).

Then, using only the formulae (12) and (13) it is possible to compute the evolution of & la=
ger bearn crossing any system of lenses and mirrors. In Appendix A we illustrate a computer
program written for this aim,

3. - MEASUREMENT OF LASER BEAM RADIUS.

As we said in the previous section, the knowledge of the beam radii in two points along the
beam path is suifficient to determine the dimension and posgition of the waist and then the beam
geometry in any point.

We have used two methods to measure beam radii, both with the same principle that is to
cut the beam with a moveable dark screen and measure the light power as a function of the scre
en position, The first method is the following:

A dark screen is moved through the beam spot by a micrometer glit with stéps usually of 1/10
mm. For each position we read the "transmitted" power and then we miake a plot of the power
difference from a point to the following one, This difference is proportional to the average va-



FIG. 3 - The six possgible cases of beam transformation by a lens.
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lue of the bearn intensity distribution in the interval between the two points. Infact, this differen
ce can be written as (this is true only for the TEMqq) (see Fig. 4) : -

+ 00 X
o)

P(x,) - Px,+ 4%) e / dy exp (- 2y2/vv2) / dx exp (- 2x2/w2) -
-0

(+oo x +dx
2, 2 2, 2
- / dy exp (- 2y /w") / dx exp(-2x"/w") = (14)
‘e -~
Xt dx
=k / dx eXp(-—ZXz/WZ) ¥k 4x exp(-—2x§/w2) ,
“x
o
+ o
; ' 2, 2
(where : k = dy exp (~2y" /w"™) ).
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FIG, 4 - Set up of the first method for measurement of beam radius. The slit moves
through the beam in the % direction by step 4x.

Then the plots of these differenciesisa 'step’ reproduction of the beam intensity distribu-
tiont (Fig. 5), and from it we can determine the beam radius. Usually we make an half dozen mea
sures in different points along the bedm path with the slit moving both in the horizontal and the B
vertical direction. In this way it is possible to test the presence of transverse modes,

We have recently accomplished a faster and more automatic measurement method in the fol
lowing way :

The moveable dark screen is repleaced by an helix (Fig. 6) rotating with a fixed and stable period
{in our case it was about 1 sée), The distance between the helix centre and the beam spot center

is about 16 ¢m, such that 2#R = 1 m, The tithe behaviour of the light power read after the helix
is just connected, through the linear velocity of the helix cutting edge, to the x integral of the
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FIG. 5 - Reproduction of the beam intensity distribution obtained by the slit method
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FIG, 6 - Set up of the gecond method for measurements of the beam raditts, The helix

rotates Wwith congtant angular velocity @ cutting the beam spot.



beam intensity distribution. Really, in this method, the cut line does not procede parallel to it-
self, causing an error due to the difference between 4 and sin4}, ¥ being of the order of the ra-
tio of the beatn diameter (for example 1 mm) to the helix radius (16 cm),

From the beam intensity integral, seen on a scope through a fast photodiode set after the
Helix, it is already possible to determine the beam radius by measuring the integral risetime
(Fig. 7a). Infact, it is easy to see that, in the case of a purely gaussian beam, the risetime th

is ¢

. w B
tr = 1,28 DE (15)

where: @ = helix angular velocity.

4

(a) (b)

FIG. 7 - Reproduction of the beam intensity distribution obtained by the helix method (see
text). Fig. 7a is the distribution integral (direct photodiode response). Fig. b is the ir-
tengity distribution (derived photodiode response)

.

Ags we said in the introduction, we need to measure the profile of the laser beam uged in the
Ladon project that now is produced by an SP 171 Argon-Ion laser with cavity-dumper., In Fig., 8 ig

PT

LT

FIG. 8 - Cavity-dumper set up. My, My and Mg are high reflection mirrors, PT is
a total reflection prism, LT the laser tube, P the prism for wavelength selection,
The modulator is an acoustooptical deflector working in the Bragg regime 2),



sketched the laser apparatus setup and in Fig. 9 are reported the results of the beam profile mea
surements. As it can be seen from the comparison between the experimental points and the theo-
ric curve obtained by a standard fit program, the accuracy of the measures is about 3%.
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FIG. 9 - Resilts of the cavity dumper beam profile measurement. Solid line is the best
fit of the experimental points.

4, - GEOMETRY OF LASER CAVITIES,

Let's now examine the problem of computing the dimensions of the beam inside a resonant
cavity.

The most simple and used configuration of a laser cavity consists in a plane and a concave
mirror. At the end mirrors, the beam must have the same curvature radius of the mirror ; then
it has a waist on the plane mirror. Inverting (3), with R(z) equal to the concave mirror curvatu-
re radius R and z equal to the cavity length d, one can determine wg, resulting:

4
wo—(

Pa® - a) . (16)

[ >

In a similar way, one can compute the waist size and position when the cavity is composed
by two curved mirrors., Let Ry and Ry be two concave mirrors and dy and d, the distance bet
ween them and the waist wg (dy +dg = d the-cavity length); then, w,, dy and d, are given by:

1.2
g (G AR - R, - d)(Ry+ R, -d) |
Yo T o 3 ; (17
(Ry + R, - 24)
d(R2 - d) d(Rl - d)
4 ®m TR, 29 ¢ d, = =555 . (18)
1 (Rl + RZ - 2d) 2 (Rl ¥ RZ 29
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In the case of a cavity composed by a concave mirror (Rq1) and a convex mirror (Ry), the

beam profile inside the cavity is obtained by considering a waist W, set outside the cavity at a
distance z from Ro, with :

s g AR, - (-Ry- R, - R,y - d)
w o= (7)) ) (19)
° (R, - R, - 2d)°
1 2
dR, - d)
‘TR, I o

Up to now, we have considered cavities composed only of the two end mirrors. The problem
of finding the beam profile in a cavity containing a lens, or more than a lens, complicates a bit and

requires an approach different from the pure application of the beam propagation formulae, that is
the transgfer matrix method.

Each optical element (distances, lenses, mirrors) of the cavity is described by a 2x 3 ma-
trix {Fig. 10). These matrices give the beam evolution through the optical elemient, with the beam

I | [ < ol - fe——td s
I'{—-———‘c!--“——-ﬂ | \I | / | N 1
OPTICAL e e — e BT -
SYSTEM | | , i \/| |» |
| | ! ' El [
i d i 0 \\ [ 4 d\|/ 4 %
MATRIX . | ( } g \‘
0 i \'_ E_'- 1 / \-F '1—«F/f 0 /'

FIG, 10 - Matrix representation of some optical elements,
beeing described in any poiiit along the cavity by a complex parameter g defined as:
1 . A
R (21)

where A is the optical wavelength, w the beam radius and R its curvature radius, The q paia-

meters before (qq) and after (q,) an optical elemerit described by the matiix (‘g g) are linked
by the so called "ABCD law"(4):
Aq] +B
% * Tq, ¥D (22)

It can be easily verified that (22} is equivalent to (2), (3) and (11).

Let's define a8 total transfer matrix of & cavity the matrix obtained as the product of all the
trangfer matrices dssociated to the optical elemerits the beam passes in a complete double transit,

Considering now the cavity shown in Fig, 11, the total matrix TM calculated from the point P
going to the left is :



- 11 -

1 dy 10 1 d, 1 0 1 4y 10 1 dy 1 0 </] dg 03
™™ =
2 1 2 1
6 1 —ﬁ—z— 01 “F 1 0 1 —Rl 1 01 & 1 \0 1
d
" d1 b 2 oo et
‘E_d i3 la da
; s
R / | ‘ R.
1 \ ;i p 2
\/
F
FIG; 11 - Example of a cavity with an internal lens.
Let's write it as:
i)
A B 1 d4 A B 1 d3 At +C'd4 B' +A'd3+-D‘d4 + C"d3d4
™ = = = . (24)
C D 0 1 Cc' DY \o 1 C!

'd
D'—l'Cd3

It has been demonstrated by (3) that the condition of stability for the cavity is:

-+
-1< é..é.E < +1

(25)

N = (A+D)/2 is called "stability number", The value of N is independent of the way (starting
point and versus) that one choice to compute the total matrix,

In particular, when the cavity is only composed by two mirrors Ry and RZ spaced by d,
the stability condition can be written as:

0« (1-d/Ry)(1-d/R,y) <1

(26)
If (25) is satisfied, the beam starting from P with a given value of g, will return to P with the
same q, that is ¢

_ Ag+B ) :
" Cq+D ¢ (27)
that gives:
1.D-a+ Vi (a+p)?
q 2B 2B

From the definition of g it follows that, for having a waist in P it must be:

D = A
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From (24) one has:

A'+C'dg=D'+Cldy = D'+ C‘(d2 - dg) (30)

and then one finds the waist position dg:

d3 = (C'ol2 +D' - A/2C (31)

The waist W ig found through (21) and (27) to be:

T e (32)

Once one knows the position and value of the waist in an interval of the cavity, it is possible
to compute it in-all the other intervals by (12) and (13), or repeating the same procedure for each
interval. The latter method is used in the computer program reported in Appendix B.

REFERENCES.

(1) - G. Matone et al., A monochromatic and polarized photon beam for photonuclear reactions.
The Ladon project at Frascati, Photonuclear Reactions (Erice, 1976), vol, 2.

(2) - G.Giordano and G, Matonie, Laser light modulation: the acoustooptical éffect and the cavity
dumping techinique, Frascati Report LNF-77/32 (1977).

(3) = H,Kogelnik and T.Li, Laser beam and resenators, Applied Optics 5; 1550 (1966).

(4) - H,Kogelnik, Imaging of optical modes-resonators with internal lenses, Bell System Techn,
Journal 44, 455 (1965).



- 13 -

APPENDIX A

BYSTEHM

(AN

CORISTOLY FROM OFOLY.
DOy ARl THE DISTANCES
FOTys

0018
0019
0020

MAT B LG5
AT (/v 4K L
AT (4K L1t

yLOX e W LAy TTIIRT v LBy P07 L AN T LUK WL )
o

TWATHY

o« 2 | - :

DIST » 1

+

e
B i e N+1
Wi 1 2 N



-~ 14 -

The inputs of the program are:
F (i) are the focal lengths of the N lenses composing the system (F(N+1) = 0).

DIST(i) are the distances between the starting waist wg and the first lens, and between the other
lenses (DIST (N +1) = 0).

LAMBDA is the optical wavelength,
WAIST is the gtarting waist wg.

The outputs of the program are:

D(i) are the distances between the waist and the following lens. The last D(i) is the distance
between the la'st waist and lens.

W(i) are the waists.

WL(i) are the beam radil on the lenses (WL (N +1) = 0).
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STIOM

SEORTROMY FROM THE WA
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The inputs of the program are:
XLANDA is the optical wavelength.
EL(i) are the optical elements composing the cavity : focal lengths(for the mirrorgwrite R/2)

and distances. The sign of the focal lengths is positive for converging lenses and con-
cave mirrors., N is their number (it must be odd) (See Figure),

The outputs of the program are:

RIS(i) are thie beam radii on the lenseg and mirrors, the waists and their distances from the
previous and the following lens or mirror (See Figure).
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