


ewton's ground-breaking work in physics. 
which constit utes the foundation of physics 
as a scientific discipline. has been exhaus­
tively stud ied by scholars, physicists and 
studell ts fo r )l{'arly three hundred years. 
Scholars of optics and astronomy also iden­
ti fy Newlon with fu nda mental contribu­

tions in the areas of rcfrnCl ion, dispersion, di ffraction and 
telescopes. His con tributions to the understanding of 
refract ion and d ispersion Wl'Tl' cent ral \0 the design of 
prism Slx'Ctromctcrs; his rcncclion telescope introduced 
the basic princi ples of modern observational telescopes. 1'1 ..... . 1 . SInK'" I>'l lIm llOam Oxpan6!aol "5 ,11"" t m ted In ()pf jc ~ " 

What is not generally recognized. however, is tha t (courtesy 01 [)(we< P ullU" " U""51 

Newton's original prismatic configurations also laid 
the foundat ions for some of the principles appl ied l\. 

today in th e optics of tunable lnsers. Thi s lillle- ~~~~::==:::::: 
known fa ct is the focus of this urliclc. ~ 

Newton and prisms 

., 
In his landnmrk volume, Opricks, I publishlxl 
in 1704, Newton descrihed how a prism 
can be used to refmcl a be'Ull of light, to 
disperse a beam of light and 10 e.'(pand 
u bcam of light. Alth ough most D "'. 
rcaders will be fam il iar with thc 

Fl . .... :to M .. ltlple pri sm (1"11)' IntrOOuoc.u by Newlon. In Op Oc ;' $. 

10 c om.oltlOth the .... Ih o r lhe boom oIlll1 hl 8 '111 ,IS ,h "f)C'l'Slon 
.... E (courtesy or Dove. Pul)l!cOl lons ), 

first t,,'O contributions, the third, 
beam expansion by a prism. 
may romc as something nel','. 

In Op,icks, Newton docs not 
use the words "beam expansion" or 
~beam contraction" in relation to tile prism. 
which sulxluC'S the significance of his disclosure. A 
dose look OI l Figure 1 reveals in facllhallhe angle of inci­
dence is greater thun the angle of emergence. which indi­
cates !hut the " 'idlh of Ihe beam in Newlon's drawing is 
rxpmrdt'lJ duc to refract ion al the prism. Thus, around 
1670, Newton did most likely observe bea m expansion, 
although he did not include in his book a wril1en descrip­
tion of the phenomenon. It should be noted at this junc­
ture thaI the sketch which appears in Figure I was used by 
Ne\"ton to teach solely the concepls of refraction and dis­
persion. This mighl explain the absence. in later writings 
by others, of references to Op/icks as an origi nal source 0 11 

Ihe lopic of prismatic beam expansion. 
One opt ic-J.l phenomenon that is dearly illust rated and 

explained in Oplicks is the usc of more than one prism to 
control the disl>crsion of a beam of light. This multiple­
prism configul"J. lion, incorpomting nearly isosceles prisms. 
is il!ustr.ltoo in Figure 2. Here. Newton provldes a wriuen 
descriplion of mult iple-prism dispersion. His writings on 
Ihis point demonstra te that he was intimately familiar \" ith 
the subtleties of refr'Klion and kne\v how 10 deploy prisms 
either in additive or compens,1ting configurations to add 
or subtr.lci dispersions. In the particular optical architec­
ture outlined in Figure 2. one prism is uS<.-d to disperse 
light; the dispersion is subsl'quelltly neut n, lized by a pair 
of prisms deployed 10 compCns,1 te the dispersion of the 
firsL ln this mantler, Newton demonstrated how to control 
the direction of the rays as well ,IS the dispersion of the 
beam. However. nowhere in his trea tise does he offer :1 
mathematical description of Illuh iple-prism dispersion. 

Fig .... 3 . Doub lO·pfi &n'l " rr" nllomo n! In on oo<lli lvo com'lgu.allon 
os oppliO(l to pri s m "pe<: I .om\lI\l.e 

Newton's seminal contribution illustra ting the princi­
piI'S of addition and subtraction of dispersion is funda­
mel1tal to modem optics. For the next couple of centurics, 
numerous spectrometer designs were bused on the addi­
tion of dispersions from tWO or more prisms deployed in 
series. An example of such a clas.~ ic optical architecture is 
pro\'ided in Figu re 3. This class ,)f prism spectrometer. 
exploiting Ihe addit ion of dispersions. was common in 
optics and metrology laboratories until fairly recently. 

Dispersion in muttiple-prism amys 
From til e literat ure of geometrical optics. it can be 
established that Ihe lincwidlh in a dispersive opt ical sys­
tem is given b).l j 

( I) 

where .6.0 is Ihc beam divergence. V A = dId}., and V ~ 'I) is 
the overall dispersion. This relation can also be derived 
from physical arguments including the uncertainty princi­
plc.6 II should be nOI('(1 th<lt this equut ion upplil'S to the 
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For a mult iple pr ism expander designed for orthogo­
nal beam exit, and Brewster's angle of incidence, Equa­
tion (6) reduces to the elegant expressio ns 

(8) 

Equation (6) can be uscd to either quantify the overall 
dispersion of a given multi ple-prism beam expander or 
to design a prismatic expander yielding zero dispersion, 
that is V~ (J)p :: 0, at a given wavelength .2o Equation (6) 
can also be used to quantify the dispersion of mll..ltiple­
prism arrays as described in Opticks. 

At present, very compact and optimi7.ed multiple-prism 
grating tunable laser osci llators are found in two basic cavi­
ty archi tectures. These are the mult iple-prism Littrow 
(MPL) grating laser osci lla to rl\,17,21 (Figure 6) and the 
hybrid mul ti ple- prism near grazing-incidence (HMPGI) 
grating laser oscillalofl.l2 (Figure 7). In early MPL grating 
osci llators, the individual prisms integrating the multiple­
prism expander were deployed in an additive configura tion, 
thus adding the cumuhuivc dispersion to th"t of the grating 
and contributing to the overall dispersion of the cavity.8.17 
In subsequent architectures, the prisms were deployed in 
compensating configurations so as to yield zero dispersion, 
at a given wavelength, and thus allow Ihe tuning character­
istics of the cavity to be determined almost exclusively 
by the grating.8.2O.D In this approach. the principal role 
of the multiple-prism array is to expand the beam inci­
dent on the grating, thus augmenting significantly the 
overall dispersion of Ihe cavity as described in Equa­
t ions (4) and (5). In this regard , it should be men­
tion<.'<i Ihal beam magnification factors of up to 100 
and beyond have been reported in the litera ture.s 

Using solid-state laser dye gain media, these:: MPL and 
HMPGI grating laser oscillators delivcr tlmable single­
longitudinal-mooe emission at bser linewidths in the 
350 MHz .s; 611 '" 375 MHz range.21.22 These cavity 
architectures have been used with a variety of laser gain 
media in the gas, the liquid, and the sol id-sta te.24 

Applications to tun:!!>le semiconductor lasers have also 
been reported.24.27 

~. a. IIBflous contigUfatlons 101" pr&e tlcal m"ltlple-prlsm !>eam 
.",pandC!fs.,e 

Solid-state 

Fl . .... . . Solld·state MPL glatlng dye laM. osclllaIOl"." Here. the Intr&eBYity beam Concepts important to MPL and HMPGI grating 
tunablc laser oscillators include the emission of a s in~ 
gie-tnlllsvcrse-mode (TEMoo) laser beam in a very 
compact cavity, the use of multiple-prism arrays, the expan­
sion of the imracavity beam incident on the grat ing, the 
control of the intracavi ty dispersion, and the quantifica tion 
of the overall d ispersion of the multiple~pr i sm grating 
assembly via generaJi7.ed dispersion equations. Sufficiently 
high intracavity d ispersio n leads to the achievement of 
return-pass dispersive linewidths dose to the free-spectral 
range of Ihe cavity. Under these circumstances, single-longi­
tudinal-mode lasing is readily achieved as a result of multi­
pass effects.s,19 At th is stage it is appropriate to mention 
that Ihe first step in the process to achieve single-longitudi~ 
nal-mode oscillation, that of obtaining TEMoo enlission, is 
accomplished using the physics of diffraclion!8 which is the 
other fundamental principle of optics discussed in Opticles. 

expansion coelliciant Is M _ 44. 

Pulse compression in femtosecond lasers also relies 
on intracavity prisms. 28,29 Newton's concept of addition 

and subtraction of d ispersions, in arrays integrated by 
isosceles pr ism s,8,29,30 is a lso a ppl icab le to prism 
sequences as deployed in femtosecond lasers. 

Newton and the optics 01 tunable lasers 
The use of prisms in tunable lasers can be summarized 
from a chronological perspective. First, tuning and line­
narrowing was achieved using several isosceles prisms in 
additive configurations.9,10 At the same t ime the use of a 
si ngle prism as a n intracavity beam expande r was 
demonstrat<.'<i. t2 This was followed by the introduction 
of int racavi ty multiple-prism beam expandersls. 17 and 
by the dispersion Iheory of generalized prismatic arrays? 

A survey of the early literature on tunable lasers incor­
porating a single prism or isosceles multiple·prism arrays 
does not yield citations to Opticles. In retrospect, however, it 
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prism BHay In 8 compensating configuratlon .8 

prism configurations examined by Newton in Optich 
The cumulative single-pass generalized multiplc­

prism dispersion at the mth prism of a multiple-prism 
array, as illustrated in Figure 4, is given by7.8 

[n this equation, ~Lm = taIlQJI ,rr,/nnl' 'X2.m == taIHh2,n,lnm, 
kl,rn = (cos!j.rl.m/cosq,\,m)' and k2•m = (cos<hm!COsl\s2,m) ' 
Here, kl,l1l and k2.m represent the physical beam expansion 
experienced by the incident and the exil beams, respective­
ly. This equation can be applied to quantify the single-pass 
dispersion in alllhc configurations studied by Newton. 

Equation 2 indicates that ,\\<1>2,,,,' the cumukltivc dis­
persion at the mlh prism, is a function of the geometry of 
the mth prism, the position of the light beam relative to this 
prism, the refractive index of the prism, and the cumulative 
dispersion up to the previous prism V" Q)2.(n.-l)' 

For an array of r identical isosceles or equi la teral 
prisms arranged sym metrically in an additive configu­
ra t ion so that the angles of incidence and emergence are 
the same, the cumulative dispersion reduces t08 

(3) 

Under these circumstances, the dispersions add up in a 
simple and straightforward manner. For configurations 
incorporating right-angle prisms, the dispersions must be 
handled mathematically in a more subtle form. 

Mutiple-prism arrays in tunable lasers 
Multiple-prism arrays incorporating isosceles prisms, simi­
lar to those used by Newton, were introduced into tunable 
lasers in additive confib'Urationsy,llJ [n th is case, however, 
at one end of the assembly a mirror was deployed to reflect 
the radiation back to the prism array :ll1d the gain region. 
The dispersive linewidth can be estimated via Equation 
(I), with "\'1> being ent irely prismatic in character. Th is 
dispersion can be calculated using Equation (2), in general, 
or Equation (3) for the special case of identical isosceles 
prisms deployed at the same angle of incidence. 

It is widely recognized that the first high-performance, 
narrow-linewidth tunable laser was introduced in 1972 by 
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Hiinsch. 11 This laser yielded a linewidth of 2.5 GHz (or 
6.A ... 0.003 nm at A = 600 nm) without the use of an 
intracavity eta Ion. In his work, Hansch clearly demon­
strated that the laser lincwidth from a tunable laser was 
narrowed significantly when the beam incident on the 
tuning grating was expandt-d using an astronomical tele· 
scope. Thus, the linewidth equation can be modified to 
incl ude the beam magnification factor, M, so that 11 

(4) 

This equation captu res the essence of line width narrow­
ing in tunable laser osci ll ators. In other words, a narrow 
6.;>. is achieved by reducing ~O and increasing the intra­
cavity dispersion (M V" 8 G). The int racavity dispersion 
is augmented by maximizing the size of the beam inci­
dent on the diffract ive surface of the tuning grating 
until it is completely illuminated. 

In his original oscillator, Hanseh used a traditional two­
dimensional astronomical telescope to expand the intracav­
ity beam incident on the diffraction grating. In this context, 
a simpler beam expansion method was the usc of a single­
prism beam expander. 12-J4 The introduction of multiple­
prism beam ex-panders represented an extension and 
improvement on this approach. 15-17 The main advantages 
of multiple-prism beam expanders over traditional tele­
scopic dC'o'ices are simplicity, compactness and the fact that 
the beam expansion can be reduced from two dimensions 
to one. Physically, multiple-prism beam ex-panders also 
introduce a dispersion component that is absent in the case 
of the astronomical telescope. Advantages of multiple­
prism beam expanders over single-prism beam expansion 
are higher transmissio n efficiency and the flexibility to 
either augment or reduce the prismatic dispersion. Practical 
intracavity multiple-prism beam expanders18 are depicted 
in Figure 5. 

In general, for a pulsed multiple-prism grating oscil­
lator, it can be shown that the dispersive linewidth is 
given by19 

(5) 

where M is the overall beam magnification and R is the 
number of return-cavity passes. The grating dispersion in 
this equation, V" BG, can be either from a grating in Littrow 
or near grazing-incidence configuration. This equation 
includes the return-pass contribution to dispersion from 
the multiple-prism beam expander which is given by2° 

V" (Ilp ::e 2Mi,. (± I) ~l.m (;( Im kt,j p~, k2./
1
V"nm 

+2 ± (± I)?It'2m(11 k1,·n k2,·)V,n " (6) 
mol • I_I ' )-1 ' ", 

Here, M = M 1M2, where M l and M2 are the total beam 
magnification factors given by2° 

, 
M ::e n k 

t ",.. 1 I .... 
(7a) 

M =0 k 
2 ,~_ I '''' Pb) 
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!'ICUr. 7. 501l0·$\''te HMPGI grating dye la...,r oscillator. 22 Here, the IntracBvlty 
beam expansion coefficient Is M _ 30, 

was Newton who first hinted at the use of a single prism as 
a beam expander, int roduced multiple-prism sequences, 
and applied these arrays to control dispersio n, <I S they 
wou ld later be applied in early tunable lasers. In other 
words, as fa r as these in itial development~ are concerned, 
Newton's Opticks constitutt.'s at least the cultural precursor 
to these aspects oflascr research. 

Multiple- prism be<l m exp:mders in tunable lasers lS· 17 

were independen tl y int roduced to replace the int racav ity 
astron om ica l telesco pes and si n gle-p ri sm bea m 
expanders. Multiple-prism beam expanders ut il ize right­
angle pris ms des igned and deployed to achieve nea r­
orthogonal bea m exit. [n this regard, it is appropriate to 
note that it was the d rive to build compact and efficient 
narrow-linewidth tunable laser cavities tha t Jed to the 
development of versatile and generalized multiple-prism 
arch itectures . Once th ese intracavity beam ex panders 
were shown experimentally to provide an adva ntageous 
and practica l alternative to convent ional telescopes, the 
general ized multiple- prism-grating theory of d ispersion 
W<lS developed?,l~ [n this instance, the lin k to Newton's 
cont ribut ion is in the application of the principle of d is­
persion control via the deployment of several prisms. 

The fact that principles outlined nearly three hundred 
years ago are embod ied in a device of the quantum era 
se rves as a dram atic rem inder of the profound vision 
displayed by Newton in his writ ings on physics. 

Note 
[n addition to the original cont ribution fro m Newton, 
an important description of prism pai rs was provided 
by David Brewster in "A Treatise on New Philosophical 
Instruments for Va rious Pu rposes in the Arts and Sci­
ences with Experiments on Lights and Colou rs," (M ur­
ray and Blackwood , Edi nburgh , 18 13). A Brewster 
prism pair, in wh ich the fi rst prism was d ifferen t from 
the second prism, was deployed in a compensating con­
figuration. 

The object of Brewster's research was to prod uce 
prism telescopes with corrected dispersions, or in other 
wo rds, prism telescopes yielding reduced, or nearly 7.ero, 

28 Optlc& & P h otonlc ~ Now~ ( M .. y 2000 

dispersion. At present , prism pairs of this class fi nd appli­
cations as extracavity components yielding relat ively low 
beam expansion facto rs. Al tho ugh Brewster set forth an 
analYlical treatment of refraction, he d id not describe the 
phenomenon of angular d ispersion quant itatively. 
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