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INTENSITY DISTRIBUTION OF FOCUSSED MULTIMODE LASER BEAMS 

During the course of preliminary work (l, 2 ) on the applic­

ation of focussed laser beams to studies of particle beam separators 

and high voltage impu.lse generators carried out in NPA Di vision in 

1965 photographs were obtained of the breakdown plasma created in 

air at the focus of the lens. These photographs revealed the presence 

of several closely spaced but distinct regions of plasma along the 

optic axis (Figure 1). 

These observations were subsequently confirmed by several 
(3 4) . . . 

workers ' but no satisfactory explanation of the phenomenon of 
(5) 

multiple collinear laser produced sparks has been proposed • However, 

it is clear that, in common with other forms of ionisation and 

breakdown in gases, laser-induced breakdown requires the production 

of an initiatory electron and its subsequent amplification by 

electron-atom coilisions in an electric field. In the case of laser 

beam-induced discharges the laser radiation field itself appears to 

provide the initial electron in a very short (,-.,,J 10-9 sec) time, but 

the precise mechanism of liberation is not well understood ( 617 >. 

The amplitication occurs as a ~esult of energy transfer in 

collisions between electrons a~d atoms in which the electrons draw 

energy from the optical frequency electromagnetic field created by 

the laser. the photogrhph~ of s~parate regions of ioriisati6rt along 

the optic axis of the laset beam thus suggests that the s~ati~l var­

iation of the intensity of the electromagnetic field has regions of 

maximum and minimum lying along the beam axis and it is clear~Y of 

interest. to :examine in detail the intensity. distribution in the 

neighbourhood of the Gaussian focal spot of the lens. 

Snch a study is relevant to the question of assessing the·· 

magnitude, not orily of the electric· field but· ·also the electron 

diffusion length (S)_;\_. This is a crucial parameter in understanding 

the mechanism by which the electron density ·increases and it is a 
. . ' . 

measure of the average distance travelled by an ~lectron from its 
. . 

point of liberation until it reaches a position where the elect~ic 

field is too low for it to undergo further ionising collisions. 
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There has been considerable uncertainty and a great deal of 

speculation concerning the precise form and magnitude of_/\_which 

appears in the criterion for the onset of laser induced breakdown, viz, 

where v. is the electron ionisation rate and D is the elect~on 
1 

diffusion coefficient. 

For these reasons we have investigated theoretically the detailed 

nature of the focal region and the purpose of this paper is to pre.sent 

the results of an analysis which was carried out in order to calculate 

the three-dimensional intensity distribution ih the focal region in 

the form of contours of constant intensity - isophotes. 

Numerical Solution of the Kirchoff-Fresnel-Huygens Equation 

The starting point in our analysis is the well known Kirchoff 

treatment of the Fresnel-Huygens development of optical diffract.ion 

theory. The intensity distribution in the region of the Gaussian 

image point of a perfect lens is given by the Fresnel diffraction 

pattern· of the converging spherical wavefront by the lens aper.ture. 

Howev~r, .if the lens is not.perfect then the wavefront becomes 

distorted, fro~.the perfect spherical shape i.e. it undergoes aberr­

ations. This is illustrated in Figure 2 which shows the exit pupil 

of a c9nv~rging:lens and P(r,z) the geometrical image point of a 

wavefront,incident on the lens at an arbitrary angle. 

If the le~s we~e perfect the emergent wavefront would be a . 

perfectly spherical wave W centred at P. However, in the presence 

of lens· aberration the wavefront becomes dist·orted to some arbitrary 

shape W1 • The deformation of the wavefront at the exit pupil can be 

described in terms of an aberration function ~ defined as the number 

wavelengths displacement between the perfect wavefront W and the 

distorted .wavefront W' at any ,point on the exit pupil surface. For a 

given aberration function the. ,wave amplitude in the image space in the 

converging, :waye is represented.,. in accordance with the Huygens 

principle as a double integral over the surface of the exit pupil 
(9) 
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Thus the amplitude at any poJnt P (u,v) in imrge space in the 

U(P) 
1 2~ 

vpcos e - 2 u p _..QP dpde 

where A(p) is the radial variation in auplitude across the incident 

wavefront at the aperture of radius p = a, and where u and v are the 

so-called optical coordinates 

2n 
u ·- 'A (~ J 2z v = ~n ( ~ J 

and k = 2 n/'A is the wavenumber, R is the focal length of the lens, 

i.e. the distance from the lens to the Gaussian image point. The 

intensity distribution is given by the relation 

. 'j" 2..JT l- ( 
I U{Pll 2 "(~~r1J A{p) exp tP{p) 

0 0 

I (P) 
1 

- vpcos e -
2 

pdpde I 2 

In the case of a focussed laser beam the radius a is of course the 

beam radius at the lens. 

In the absence of aberrations the intensity will be a maximum 

at the Gaussian image point. However in the presence of aberrations 

this will not be the case and the displaced point of maximum intensity 

is then called the diffraction focus ( 9). 

For lenses with small aberrations (less than one wavelength) 

th . t 1 h b . 1 __ , 1 t ' 11 b Z 'k d N' 'b . ( l O) e in egra as een so veo ana y 1ca y y ern1 e an 1J oar 

by expanding the integrand as a power series and neglecting all but 

the first few terms in the expansion. Their method of analysis is not 

suitable for computing the intensity when the aberrations are not small 

compared to a wavelength since the integrand oscillates very rapidly. 

In the present investigation the integral has been evaluated 

numerically firstly for the case of a single mode-laser ruby laser 

in which the intensity distribution A(p) has been assuned, for 

simplicity, to vary parabolically across the aperture. The beam is 

considered to be focussed by a relatively short focal length (~10 cm) 
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simple lens when there will be relatively large amounts of primary 

spherical aberration present, amounting to several wavelengths. 

(We note that for a very good telescope or microscope objective lens 

the a~erration is of the order of 'A/2). 

. t• f t• <9 ) For a simple lens of focal length f the aberra ion unc ion 

is given by 

p (p) = 1 lJ; 

- '* p 

2 
n 

f3 ( n-1) 2 

n K2 2 (n+l) 2 
-+ 
fJ n (n+2) 2 (n+2) 

1 where K = - ~ for the case of plane waves. The coefficient n is the 
2f 

refractive index of the lens material. 

A computer program for these equations was prepared and, as a 

L . f t d Wolf (ll) check, was first used to reproduce the results of in oo an 

and of Zemike and Nijboer (lO). Excellent agreement was obtained for 

these cases of plane waves and zero and very.small lens aberration 

between the numerical solution nnd the analytical solution. 

The more complicated case of large aberration wavefront was then 

examined with the additional complication of the parabolic beam profile 

included in the numerical analysis. The results obtained are shown in 

Figure 3 which reveals distinct regions .of intense e].ectric field along 

the optic axis. In these regi~ns, electrons, once liberated can 

increase rapidly as a result of ionising collisions to form t~e distinct 

regions of highly ionised gas. 

The breakdown threshold intensity value of the laser radiation 

field will be reached firstly at the dif~raction focus. At subsequent 

times this value wi.11 be reached at the other points of maximum intensity, 
{ 

which, for the particular case of a short focal lengtP, lens (f = 10 cm) 
. . I ,,' 

and a single mode l,aser, lie successively nearer to .the lens. In this 

way successi v.e distinct regions o:f plasma ar~ create(! one after the 

other and they will give the appearance of a plasma moving towards the 

lens. The number of such regions will be determined by the extent to 

which the benci' intensity exceeds the threshold value. The time. between 

the appearance of successive plasmas is governed by their distance 

apart.Th~ apparent.propagaticnvelocity V townrds the lens is governed 
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by the rise time of tho pulsu of laser radiation and the distance d 

between the maxima in the intensity distribution. It can readily 

be shown that this c~J.:iparent propa.gation voloci ty V is given by 
a 

v 2 N d 1 
1-=-T 

where N is the ratio of tho laser peak intensity to the brenkdown 

threshold intensity,'(':' ie the durntion of the laser :flash and,..\'.. in 

the rntio of the intensities at two successive cnxinn. 

For the pnrticulnr case of a 10 cm lens the maxima nre separated 

~y abput 2 mm and with a typical Q-switchod laser pulse of 30 nano-

seconds duration and peak intensity of twice the breakdown threshold 

the apparent propagation velocity towards the lens is 5 x 107 cm sec-1 • 

This is in very good agreement with measured values. 

Extension to Multi-Mode Laser Operation 

The above numerical analysis applied specifically to a laser 

operating in a single axial mode and while it is now possible to mode 

lock lasers most studies of laser induced breakdown have been carried 

out with multi-mode lasers where the laser cavity simultaneously 

sustains oscillationn in many axial modes. Each transverse mode is 

a plane wave, either a standing or travelling wave, propagating in 

the cavity at small angles to the axis of the resonator. Thus the 

output 0£ a multi-mode laser consists of a number of plane waves with 

slightly different directions of propagation. 

We now assume that these plane waves are coherent in themselves 

but incoherent with each other. In this way we can extend the above 

analysis to compute the intensity distribution in the focal region 

simply by adding tho contributions to the intensity distribution at 

a given point due to all the separate raodes. Thus if the ith axial 

mode makes u small angle a. with the axis of the laser resonator it 
J.. 

can easily be shown that the intensity distribution at a point (u,v) 

near the Gaussian imago point is given by 
A .t 1i 

= £ ff. (a.) \ff p / l-p 2 
L::..f\1 l. 

o·c 

I(P) - (v 

(u + 

1 
- ua1 )pcose - 2 

vcci) p 2 J dpde) 2 l 
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where f. (o:.) is a factor which is introduced to account for the 
JI.. l. 

fact that the power in each node of propagation may not be the sane. 

If P . t' . ,_h . th d th i is ne power in ~ o 1 mo e en 

f. (ex.) - P. IP 
1. JI.. 1. 0 

where P is the power in the fundnoentnl aode. 
0 

There is a dearth of reliable data on mode structure of 

Q-switched lasers and on how the energy is distributed between the 

various nodes. Consequently it is not possiblo to assign a precise 

value to f. (ex.), However, a simplified theory of code structure in 
JI.. l. 

passive Q-switchcd systens (l 3 ) indicates that the ratio P1/P2 of 

the powers in two nodea, 1 and 2, is given by 

p 
2 

where a 1 and n 2 are the power losses per transit for the two modes 

and m is tho number of transits the light makes to build up froo 

noise level to its peak value. Since c is normally large (e.g. 

1500 transits (l 3 )) in passive Q-switched lasers, then a small 

difference (n] - ar) will produce a very large difference in the 
. 2 

relative powers between modes. 

In e2~tending the nur,iorical analysis to multi mode operation we 

have initially assumed that tho relative power in the modes is of 

a Gaussian nature. This is in reasonably good agreement with the 

experiment results of many observers. However, tho numerical 

computation would take a considerable tine, even on tho CERN CDC 6600 

and it was not considered feasible to perform the calculation for nore 

than 5 axinl 1:1odes whereas in genernl there 1:1ny be as r.iany as JO 

or more aodes of propagation present. 

On this basis the cooputed intensity distribution near the focus 

of n. 10 cm lens when 5 uodes are present a.nd when the intonsi ty 

distribution across each oode is parabolic over each node and each 

wavefront, for a laser whose beam divergence is 1 milliradian has 

been obtained and is shown in Fig1o1.re 4 . 
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The distribution is far oore complicated than for the single 

mode case nnd, in nd.dition to the ma::dt:w .. lying along the a:ds between 

the Gaussian focus and the lens, there is evidence of the existence 

of maxiaa nnd minima lying on tho axis to the right of the diffraction 

focus. Consequently an apparently coving plasma should appear on 

either side of the Gaussian focus. This is in fact found to be the case 

experinentally with longer focal length lenses than that considered 

here and very much more powerful lasers. Nevertheless these preliminary 

results for short focal length lenses nnd only 5 modes suggest ~ 

feasible explanation of the distinct regions of plasma and apparently 

coving dischargbs exteµ~ing over several metres along the optic 

axis observed with gigawatt lasers. Tho analysis must be extended 

to exai:1inc longer regions of the optic axis than hitherto. studied. 

General Conclusions 

A feasible explanation of the appearance of multiple collinear 

laser produced sparks in gases has been found in terms of the 

appeu.rnnce of regions of intensity r.1cixima and minind along the optic 

axis of the laser beam. These regions are produced by interference 

of the focussed _qlectromagnetic wave of the beam. 

Lens aberration plays a very important part in governing the 

intensity distribution at the lens foci. This is further complicated 

by multi-mode operation. 

The analysis provides evidence in support of the view that 

a reasonnbly good appro}dmation to the diffusion length ...!\._ is thnt 

corresponding to a cylinder, i.e. the assunption that electrons diffuse 

out of a 11 cylindricnli 1 focnl volut:1e is a better approxir:w.tion than 

froo a spherical voluoe. 

Although oach region of plesna is an absorbing nediuc along the 

optic axis and thus in tho path of the laser beam, these regions do 

not prevent the developnont of further nore distant plasoas. The 

renson for this is probably Fresnel diffraction of the boam nround the 

opaque plasmas. 

L.Il. Evans and C. Grey Morgan 
Footnote 

This report is an abridged version of a lecture given by the authors 
at N.P.A. Division on Monday 15th July 1968. 
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Legends 

Figure 1 

Figure 2 

Figure 3 

Figure 4 
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Multiple collinear breakdown in air at atmospheric pressure. 

Distortion of a wavefront. Reference system and notations. 

Intensity distribution in the neighbourhood of the 
Gaussian focus of a 10 cm lens for a single mode laser. 
The distribution is symmetrical about the optic axis. 

Intensity distribution in the neighbourhood of the Gaussian 
focus of a 10 cm lens for a multi-mode laser. The distrib­
ution is symmetrical about the optic axis. 



Optical frequency breakdown in air at atmospheric pressure 

- Fig. 1 -
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- Fig. 2-. 

Optic axis z 

fGaussian reference sphere 
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