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Visual introduction to Gaussian beams using a single lens
as an interferometer

J. Peatross and M. V. Pack
Department of Physics and Astronomy, Brigham Young University, Provo, Utah 84602-4604

(Received 26 October 2000; accepted 8 May 2001

Weak surface reflections from a simple lens can be used to observe interferences between collimated
and focusing laser beams. The superimposed béangsresulting from a double reflection within

the leng can be made to have similar intensities near the focus of the weaker beam by choosing the
lens prescription and the divergence of the incident laser. An advantage to this inexpensive setup is
its stability against vibrations. The relative phase between the two beams can be easily controlled
through small adjustments to the lens alignment. Students using this setup with a CCD camera can
explore the amplitude and phase properties of a Gaussian laser beam in the vicinity of the focus.
This article also includes a brief review of Gaussian beams in the context of the Fresnel diffraction.
© 2001 American Association of Physics Teachers.
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[. INTRODUCTION are executed in the Fraunhofer limit since there are few ap-
) ] ) ) erture geometries for which the full Fresnel—Kirchhoff inte-
In this article, we present an experimental setup for introyra| can be performed analytically. The Fresnel approxima-
ducing students to Gaussian laser beams. We also review thign, to the diffraction integral is appropriate over a much
Gaussian laser field in the context of Fresnel diffractionyjger range of distances including the Fraunhofer limit, but
theory.~"Although the expression for the laser field is some-again there are few problems for which the Fresnel integral
what complicated, each component of the expression has & pe performed analytically with a finite aperture. For ex-
clear physical interpretation and can be explored by studentgy e Fresnel diffraction from a circular or rectangular ap-
using a simple interferometric setup. C_)tﬁeer:have Previ-  erture can only be solved numerically or with the help of
ously discussed the educational benefits of analyzing a fo5;cane tools such as the Cornu spiral.
cusing laser beam, especially when interferometrically super- o gaussian field profilean be solved analytically within

imposed with a collimated beam. Such a superposition cafhe Fresnel approximation. This broblem is pedagoagicall
be realized with a Michelson or Mach—Zehnder-type inter-; bp ' D pecagogica’ly

f B.The interf b h b important not only because it can be carried out to comple-
erometer setup.The interference between the two beamsyq, 'yt also because it describes the profile of common
reveals the form of the field. However, the interference pat

for f ibrational iitter in th ; single-mode laser beams. This is of practical benefit since a
tern can suffer from vibrational Jitter in these types of SetUpS gjqhificant fraction of students will at some point require an
especially if mechanical components are subject to stringe

cost restraints rHnderstanding of laser beam focusing characteristics for re-
; " . search or engineering applications. Of course a good treat-
In this article, we show how a single lens can be used t 9 g app 9

> . . ent of Gaussian laser beams is available in some optics
produce a superposition of a collimated and a focusing Iaset%xtbook53'7 as well as in books on laser physic&®8®
beam. This simple and inexpensive “interferometer” has es, ’ '

; . : owever, the treatment is traditionally presented in the con-
sentially no path-delay jitter, while the phase between th(?ext of finding solutions to the scalar Helmholtz equation

two beams can be controlled easily through subtle adJUStL'mder the paraxial approximation. The fact that the Fresnel

Eﬂigﬁsi,}o ézzrﬂltsféhtrtfalegf?é:h;ssl?nns t;]srozosﬁt't?]geg r:g t";diffraction integral satisfies the scalar paraxial Helmholtz
bearr? isgcollimated A reflectionﬁ‘rom tgr]\e bacgk] lens surfacegquation is only occasionally emphasized, and students
) ctan miss the connection between Gaussian optics and

f/?gg\liviz c?));\ 5‘ gggﬁ?tﬁﬁi J{logl]séhﬁ;\r;;?st isnu;L‘iecﬁofvz%?g(:;?egfresnel diffraction, namely, the fact that they are one and the
same. Many optics text bookS;*?which introduce Fresnel

tion (referred to as a ghost beanSince this double reflec- diffraction, do not consider the Gaussian aperture.

tion in the lens involves only a small fraction of the beam . . .
power, it is possible to make the two beams have the same, " @ Course that addresses a large variety of optical topics
intensi’ty in the region where the ghost beam is focu@eth within a semester, Gaussian beams can be introduced natu-

appropriately chosen parameterEhis results in an interfer- rally as a straightforward Fresnel diffraction integral prob-

ence pattern with optimal visibility. A CCD camera can be lem. .Th's economizes topics since 'Fresnel diffraction is
used to view this interference pattern created by the tW(§eem|ngly obligatory in a standard optics course, whereas the

generation of solutions to the paraxial wave equation might

beams. be appropriately addressed in a separate laser course. A treat-
ment of higher-order modes or the ABCD law for Gaussian

Il. FRESNEL DIEFFRACTION OF A GAUSSIAN beams might also be left to a separate course in laser physics.

PROFILE Nevertheless, for the majority of students, a basic under-

standing of a lowest-order-mode Gaussian beam is an in-
Physics undergraduates often study scalar diffractiorsightful (and perhaps essenjiglart of an undergraduate edu-
theory as part of a traditional upper-division optics coursecation.
Most diffraction problemse.g., typical homework problems We will briefly summarize the well-known Fresnel diffrac-
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tion integral applied to a Gaussian field profile. Although the Uncoated

resulting expression is somewhat cumbersome, we find tha  Fiter  Pinhole lens
students are able to arrive at the result when the form of the et —{— X :@
answer is specified and if a suitable “integral table” is pro- Lens

vided. While it is important for students to appreciate the —=[30cm | 150cm |

result theoretically as an application of Fresnel diffraction,
an experimental analysis of the formula makes it much mor&ig- 1. Experimental setup for creating a superposition of a collimated and
meaningful a focusing beam.
Let a monochromatic field distribution in the plare0
be specified by
'ty — —(x'24y w2 However, if the be:?\m is superimposgd with a plane wave

E(x".y")=Eee . @ E,e**"'¢ where ¢ is a constant relative phase term, then

wherew, represents the size of the beam waist. We assumtie intensity for the combined fields is

that the field propagates in thez direction. The Fresnel
diffraction integral for finding the field in any location is li(p,2)=|1,+11(p,2)+ 215l 1(p,2)
given by
2
_eikz+i(k/2z)<x2+y2) - o kp a1t
E(x,y,2)=—i — J_ dx’ J_ dy’ X co 2R(2) tan Zo+¢ . (7

(I, is the intensity of the reference plane wave alphethis
case, the effects of the wave front radius of curvaf(e)
2 and the Gouy shift-tan *z/z, are seen in the interference
pattern.
The arrangement of two collinear fields, one collimated
and one converging, constitutes the classic Gouy experiment.
® L ARLBxiC T (B24a)+C T_he ma_in emphasis _of the_ present ar'_[if:le is to present a
f e dx=1/ze , ReA}>0. (3)  simple idea for creating this superposition using a single
o lens. The overall experimental setup that we have used is
Alternatively, the integrals can be executed in cylindrical co-shown in Fig. 1. A relatively wide collimated beam is created
ordinates resulting in the following Hankel transfotfh: using a telescope. This provides an adequate representation
for the plane wave field. Internal reflections within the final
L ap? _ lens provide the superimposed converging fidlghost
Jo pe " Jo(Bp)dp= 200’ R a}>0. ) bean). A long focal length lens is ideal for the second end of
. _ . i the telescope so that the ghost beam does not focus too
_ The algebra involved in arriving at the final form can be gharply. In our case, the light was collimated using a plano-
intimidating for some studen(anq time consumwi_:g Itmay  convex lens with a 150 ¢m focal length. We pldce 1 mm
therefore be appropriate to provide some steps in the algebggnnole in the telescope to clean some of the spurious light in
along with the necessary integral formula. In any case, thgyr jaser beam: the use of the pinhole is not critical. A laser
mechanics of performing the operations is of secondary imy;ith good mode quality and a significant coherence lettgth
portance compared to an appreciation of E2).and an in- e\ centimeters or greateis necessary, a HeNe laser being
Fulltéllve grasp of the result. The standard form of the resulty good choice, which is what we used.
IS Figure 2 illustrates how a ghost beam is formed in the exit
lens of the telescope. The effective focal length of the final
lens in the case of the light undergoing the double reflection
5) may be found(within the thin-lens approximatigorby mul-
tiplying the ABCD matrices for entry into the flat lens sur-
where face followed by reflection from the curves surface and fi-

W(Z)Ewom, R(Z)=2+ 27, zy=kw22. nally transmission through the curved surface:

Here p is the usual radius/x?+y? given in cylindrical co-

XE(X',y’ )ei(k/ZZ)(x’2+y’2)e—i(k/z)(xx’ +yy')

The integrals in thex andy dimensions are performed with
the aid of

- ,82/401

E(p,2)=E, Wo e—[pZ/WZ(z)]eikui[kpzlzR(z)]—itan‘l(z/zo),
w(2z)

ordinates.
\ z=-d)
[ll. USING A LENS TO CREATE BEAM _0
SUPERPOSITION Z=
To appreciate Eq5), ideally students should study a laser _ ]
beam with a CCD camera. If a single beam is analyzed, the *
rich phase structure of the field is not seen, but rather only its
intensity: -~ 4 =
2
WO 2, 2 . . .
= —[2pIw(2)] Fig. 2. Focusing beam created from a weak reflection from the second
l1(p.2)=1 OWi(Z) € ' © surface followed by a weak reflection from the first surface.
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wheref is the focal length of the lens in the usual sense. In
the above example, we assumed a plano-convex lens, but Elag 3. Intensity profile of the ghost beam at its focus inside the collimated
(9) is in fact valid for the double-reflection ghost beam trans-2™
mitted through any thin lens.

In our setup, we used an uncoated lens which reflects . e . .
about 4% of incident power at each surface. Thus, after tw ood fnnge visibility in the mterfe_re.nce pattern. Whlle. the
reflections, the ratio of the power carried by the ghost beantf"9€r collimated beam does vary in intensity as a function of
to that carried by the collmated beam is abayb,y lA(ER SO TR INE AR TR LB e e
k:e%raeoi/;'cgg\év:r:/t?;ter:jea\:vgi gogg;g;isg?gvse;c:p ttr?ii ?::ti n a relatively localized region over which the collimated
making the intensities of the two beams similar. To compare eam is nearly uniform.
the strength of the two fields in the vicinity of the ghost
beam focus, it is necessary to compute the relative sizes ¢¥. MEASUREMENTS AND ANALYSIS
the two beams. Let the distance from the lens to the ghost

beam focus bel;, as depicted in Fig. 2. The ghost beam : ; ;
waist atz=0 (at a distancel; after the lensmay be viewed amplitude and phase properties of the ghost beam directly

; L wijth a CCD camera. To adjust exposure to the CCD camera,
as an image of the beam waist ms@e the telesqope located fﬁ{ers were placed in the beam before the telescope. Figure 4
a distancedo=f before the lens. This distance is connectedgpqys the intensity on the camera as a function of radius at
to the effective) focal length of the lens via the usual imag- \arious values of. With subtle adjustments to the tilt of the

This stable interferometer setup allowed us to study the

ing relation lens, it is possible to control the relative phases of the two
1 1 1 ] n—lf 0 beams. For these curves, the phase has been set approxi-
—_— = — =—.
feff do di = 2n ( )

TTrr[rrrrprrrrr Tt

(In our case, this imaging relation agrees with the ABCD law o edz
- _ 0 -

for Gaussian beams to within 4%, and so it is quite adequate
for obtaining the approximate location of the ghost beam i
waist; one finds the exact location with the CCD canera.
For our setup, and taking the refractive index to be approxi-
matelyn=1.5, the distance to the ghost beam focus turns out
to be approximately; =25 cm.

The radius of the ghost beam at its focus is

2N f*
Wo= , (11

w

where thef number is the ratidl; to the diameter of the beam
at the lengi.e., 2w(—d;)] which is the same as the diameter
of the collimated beam over a long range after the lens. In
our case, the diameter of the collimated beam was chosen to 5
be 2w(d;)=2.5 mm, measured with the CCD camera as seen
in Fig. 3. This is adjustable through an appropriate choice of
focal length and position of the lens on the front end of the
telescope. Thé number for the ghost beam in our case is
=100, corresponding to a beam waist radiuswgf= 40

um (with the wavelengthh =633 nn). This tiny spot is also
visible in Fig. 3. To find the relative intensity between the , ~ S I
two beams az=0 (i.e., the ghost beam focyswe must T — T
compare the squares wf(+d) andwg, which are propor- -500 -250 0 250 500
tional to the respective beam areas. For our setup, the area
ratio isr yes wé/w(id)zzo.lo%. This means that the ratio

of intensities in the vicinity of the ghost beam focus is rig. 4. Intensity curves showing the interference between the ghost and
11((0,0)/1,=" powel I ares= 1.6, which leads to reasonably collimated beams both measuremblid) and theoretica(dotted.

Intensity

Position (microns)
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fringes difficult to see unless the intensity of the ghost beam
is much greater. This makes it difficult to accurately extract
zo from the radii of the fringes. The Gouy shifttan 1 z/z,
gives rise to an interference which enhances the on-axis in-
tensity after the focus and diminishes the on-axis intensity
before the focus.

Figure 5 shows a sequence of images similar to the ones
used to generate Fig. 4. However, for theses imaged the
number in the telescop@nd hence also in the ghost beam
was adjusted slightly to increase the relative intensity of the
ghost beam at its focus to roughly 4 times the intensity of the
collimated beam. This improved the fringe visibility of the
rings well away from the focus. Each frame shows an area
640 umx640 um. The fact that the ring patterns before and
after the focus are inverted is a direct manifestation of the
Gouy shift!*

V. SUMMARY

We have used this new single-lens interferometer in a
classroom setting. Our experience with using it as an instruc-
tional tool has been very positive. Previously, we had used a
more traditional interferometer setumodified Michelson
configuration to create a superposition of two laser beams,
but the jitter and drift in the fringe pattern made quantitative
study very difficult for studentgusing our hardwane For
example, when viewing evidence of the Gouy shift, the
fringe pattern might revers@rift in phase byr) in the time
it takes to make observations before and after the focus. With
the single-lens interferometer, however, this problem has
been completely eliminated; the fringe pattern remains stable
for hours.
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