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In this studyI observedtheoperationof severallasersandstudiedthebehaviorof

both longitudinal and transversemodes. First I examined the longitudinal mode

characteristicsof severaldifferentlasersusinga polarizerandphotodetector.ThenI built

an open-cavityadjustable-lengthHelium-Neon(He-Ne) laser and beganto study the

transverseoperationof thelaser. Theseexperienceswerevery interestingandI learneda

great deal about the practical applications of the theory I had learned in my classes.

The longitudinal mode characteristicsof lasersare not very complicated. The

theory that describesthem is fairly simple althoughthe practiceis somewhatless so.

During theexperimentI examinedavarietyof lasersandstudiedthecharacteristicsof the

longitudinal modes. I learneda fair amountfrom this but did not discoveranything

unusual.

The longitudinal modesof a laser are those modesthat will laze at slightly

different frequencies.Any frequencythat hasa gain high enoughto equalor exceedthe

lossesof the lazing cavity can laze. The gain of a given frequencyis a function of the

chemicalsusedas a gain medium,in my experimentneon,and the rate at which it is

beingpumped,theefficiencyof which is increasedby thepresenceof heliumin a He-Ne

laser. Howeveronly a few of thosefrequencieswill laze. This is becausethefrequencies

which canlazemustalsosatisfy the boundaryconditionsof havinga zeroelectric(and

magnetic)field at the mirrors at eitherend of the lazing cavity. This meansthat only

thosefrequencieshalf of whosewavelengthmultiplied by anypositiveintegerequalsthe

lengthof thecavity andwhich hasa gainsufficiently high overcomethecavity lossescan
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laze. Since,asthe lasercontinuesto operateits temperatureincreases,the lengthof the

cavity will increaseover time, thuschangingthefrequencyof themodesof the laserand

thus slightly changingthe operatingwavelength. This changecan be measuredwith

appropriate equipment and thus the mode structure can be examined.

Experimentally examining the modes of operation of a laser is fairly

straightforward.Thefact thatalternatinglazingmodesarealwayspolarizedorthogonally

to oneanothermeansthat by placinga polarizerin thepathof a laserbeamshiningon a

photodiodeconnectedto anoscilloscopethe lazingmodesof the lasercanbe isolatedor

forced to interferewith one another. Forcing the two orthogonallypolarizedmodesto

interferewith oneanotherallows,with a photodiodewith a small enoughdeadtime, the

spacingbetweenthemodesto be analyzedandcomparedwith experimentalpredictions.

I usedthis techniqueon severaldifferent lasersandin all casesgot answersthat agreed

with thetheoryto 4 percentor less. Themostlikely sourceof errorwasthat thelengthof

the tubes was not available in all cases.  Typical values for the mode spacing are 250MHz

for a long laserand1GHz or morefor a shortone. Besidesthe interferencebetweenthe

alternatingpolaritiesof the modesthe effect of the powersupplycanbe examined. All

lasersin this experimentwere poweredvia a standard120V 60Hz AC wall outlet and

despitehavingbeenconvertedinto a few mA of greaterthan a kV of DC power there

were still slight (<2%) intensity fluctuations at 120Hz which were attributable to

imperfectAC to DC conversioninsidethe laser'spowersupply. Thesefast oscillations

arenot theonly thing which canbedeterminedthrougha studyof the longitudinalmodes
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however.

The larger-time-scalefluctuations of the intensity of the modes at a given

polarizationof severallaserswereexaminedasthe laserwaswarmingup. This lastwas

necessarybecauseafter the laserhasbeenon for a while (~1 hr) the cavity temperature

hasreachedanequilibriumandthecavity no longerexpandsmeaningthat the modesno

longerchange. The large-scale(about2 sec)fluctuationsarecausedby a modeof one

polarizationno longerbeingableto lazebut insteadallowinganothermode,of a different

polarization,to do so. This changein the intensity of a given polarizationover time

allows an experimenterto determinethe rateof expansionof the cavity. In theorywith

this knowledgea personcan determinethe temperaturein the room if the gain versus

frequencycurve,the lossof the cavity, and the thermodynamicpropertiesof the cavity

are known. Although I was not able to calculatethe temperatureowing to a lack of

computer-baseddataacquisitionsystemsI did noticethatin oneof thelasersthe intensity

of the modeswould quickly changefrom low to high or vice-versa(dependingon the

polarizationof themodes)which is unusualsincea moresinusoidalintensityversustime

chartwouldbeexpected.This is mostlikely to bedueto competitionbetweenthemodes

for the limited amountof gainthat the laserhasavailable. Theshorterlasersexhibiteda

large and easily noticeable change in intensity over a fairly long time scale.

In the longer laserboresno significantfluctuationswerefound in the long-time-

scale intensitiesbecausethe much larger number of modesthat "fit" into the lazing

wavelengthsof the cavity meansthat the loss of one lazing mode in preferencefor
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another was not as significant a factor and therefore was lost in the much larger

fluctuations of the two polarizations interfering with one another. An attempt to

minimizethis effectwasdoneby modifying therotationof thepolarizerbut eventhenno

noticeablefluctuationsoccurred. If the reducedpowerof onemodewasbeingmadeup

for by an increasingpower in anothermodeof the samepolarizationthenit is possible

that therewould be little or no intensityfluctuationson a long time scale. If this is the

casefor the longer lasersthis would be desirablein many situationsas a relatively

constantpowercould easilybe obtainedwithout theneedto reacha thermalequilibrium

first. The long-time-scalefluctuationsof the He-Ne lasersI examinedprovedto yield

nothingof greatinterestastime andmaterialslimited the extentto which they could be

studied.

The long- and short- time-scaleoscillations and fluctuationsof the modesof

variouslaserswerestudiedwithout greatdifficulty. The short time-scaleoscillationsin

intensitydueto interferencebetweenthe orthogonallypolarizedmodesof a lasercavity

allows the experimenter to verify the length of a cavity or to examine the change in cavity

lengthwith temperature.Also theexistenceof slight fluctuationsin intensitybecauseof

imperfectconversionto DC meansthat in order to get a perfectly constantpower laser

some form of battery or fuel cell as a power supply is needed. The longer-scale

fluctuationsin intensityoccurasthe laserexpandsbecauseof the heatgeneratedduring

the pumpingprocess. Both the short and long term polarization-basedfluctuationsare

becauseof longitudinalmodeeffectsin lasersandwhile mostlasersdeliberatelysuppress
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any transverse modes other than TEM00 other, more exotic modes, are also worth study.

Thelongitudinalmodesexistbecauseof thelengthof theboreof thecavity while

the radiusof the cavity causesthe existenceof transversemodes. The equationfor the

transversemodesis very complicatedbut canbe simplified by makingit a functionof a

few integer terms. Studying thesemodesleadsto an improved understandingof the

operation characteristics of lasers and how to better force TEM00 operation.

The transversemodesof a laserexist becausethe cavity hassomefinitely small

width which allows for a differencein intensityat different pointsaway from the axis.

These modes are designated by TEM(l,m) as in the formula:

In practicethis meansthat l is thenumberof verticaldark lines in themodeandm is the

numberof horizontal dark lines in the lazing mode. The TEM00 mode is what one

normally thinks of when one thinks of lasers:a single bright spot that fades with

increasingradius. The higher-ordermodeshavea variety of shapesdependingon the l

andm numbersbut arealwayslesswell collimated,and thereforemore lossy, than the

TEM00 mode. Thesemodescanform a superposition,or combination,of modeswhich

allowsfor a wide varietyof appearancesof individual modesof operation. For example

the superpositionof the TEM01 and the TEM10 modesforms an annulus(doughnut-

shape). The study of theseexotic modesis one of the reasonsfor the creationof the

open-cavity He-Ne laser that I made.

Theopen-cavityHe-Nelaserwasfairly easyto build. TheLaserTeachingCenter
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(LTC) alreadyhadan aluminiumchassiscontainingtwo rings with adjustablescrewsto

both hold and align the tube and a mounting point for a power supply.  The tube itself and

the power supply for samewere purchasedfrom ProfessorGoldwasserof Drexel who

maintains an extensive FAQ on all things electronic in addition to lasers at

www.repairfaq.organd who later kindly visited the LTC to give a talk and provide

demonstrationsof various laserand optics-relatedtopics. The tube itself was a large

(~1mm)bore He-Nelaserwith an internal High Reflectivity (HR, 99.9+%reflectiveat

632.8nmwith a focal length of 60cm) mirror at the anodeend of the cavity and a

brewsterwindow (pieceof glasssetat brewster'sangle)at theother. This setupkept the

gascontained,forceda laserpolarizationparallelto the angleof incidence(by makingit

less lossy than the perpendicularpolarization)and absorbedthe 1 and 3 micrometer

wavelengthsthat would otherwisebe prevalentover the normal 632.8nmred all while

reducinglossesin the desiredwavelengthto almostnothing(absorptionof theglassstill

addedsomesmall losses). This bore,of course,would not lazewithout anotherOutput

Coupler(OC, 99%reflective)mirror placedin thebeam-pathandalignedproperlyalong

it.  Thumbnails of the laser both in operation and not can be seen in appendix A.

The alignment procedureis fairly straightforwardalthough tedious and time-

consuming.First both theadjustingscrewsof themirror mountareunscreweduntil they

are just beneaththe surfaceof the mount. Then the mount is roughly alignedby eye

beingsureto position it suchthat the mirror is tilted slightly aboveandaway from the

actualalignedposition. Then the laser is turned on and the mirror is "rocked" in its
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mountwhile the surfaceis examined. If a small red dot appearsbriefly thenadjustthe

vertical-adjustmentscrew until the dot recurs and lasing will have been achieved.

Otherwisescrewin the mirror's horizontal-adjustmentscrewone quarterof a turn and

repeatthe "rocking" motion and searchfor the red dot. When the red dot has been

achievedconstantly then the laser is lazing and experimentationcan begin. This

procedure takes a large amount of time so, using a few screws in the table and a few posts

asspacers,I deviseda systemby which the laser,oncealigned,could be madeto laze

continuously(or nearlyso) while the cavity length is adjusted. This madeexperiments

concerning the effect of cavity length much easier to accomplish quickly.

The effect of cavity lengthon the mode(s)of operationof a laserwasexamined

usingtheopen,variable-lengthcavity describedearlieraswasfoundto besignificant. At

total distanceslessthanthe focal length(cavity length<30cm)theexternalmirror could

be adjusted over a broad continuum of angles to achieve lazing in a variety of

superpositionsof high-ordermodes. Thesemodeswere of such high-orderand were

superpositionedwith eachothersothat it wasdifficult to impossibleto determineexactly

whatmodeswerelazing. At cavity lengthsgreaterthan30cmbut lessthan45 cm lower

order modes and superpositionswere found. In this area the modes TEM(0,1) +

TEM(1,0), TEM(0,1), TEM(1,2), TEM(0,2), TEM(0,2) + TEM(2,0), TEM(0,4),

TEM(0,3), TEM(3,1) and,of course,TEM(0,0) wereall found to be ableto be madeto

laze. In thefar area(~50cm)only the(0,0), (0,1),and(1,0) modescouldbemadeto laze

andat 55cmonly the 0,0 modewas seen. A single humanhair placedinternal to the
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cavity andmountedon a rotationstageor lensholderwasuseto isolateindividual modes

of lazingin a superpositionby addingit orientedperpendicularto the desiredmodethus

addinga largelossto theundesiredmode,preventingit from lazing. Thisallowedfor the

examinationof thesuperpositionof TEM(0,2) andTEM(2,0)asnotedabove. In orderto

view thesemodeseasily a lens was usedas a beamexpanderand the beamwas then

projectedontoa pieceof paper. Severalof theresultingimagesareshownin appendixB.

Even thoughthe resultsof the lasing are interestingwhile manipulatingthe setupone

should always be careful to observe all safety precautions.

When working with high voltagesand laser light one shouldalwaysremember

safety. While a completereview of the neededsafetyproceduresis well outsidethe

scopeof this documenta few itemsshouldbe noted. The B-window reflectedthe laser

light returningfrom the externalmirror somewhatand thereforeto improve safety the

tube should be oriented so that this reflection lands on a piece of paper placed specifically

for the purposeor a block of somesort is placedaroundthe B-window endof the bore.

This later is preferablesince it also addselectrical safety to the deviceby preventing

accidentalcontactwith the cathodeof the bore although it doesmake accessto the

cathodeandB-window moredifficult. While keepingsafetyin mind it is still possibleto

make some interesting and useful observations of the open-cavity setup.

As expectedexactlywhatmode(s)werelazing wasa functionof the total length

of the cavity, the curvatureof the mirrors (which was fixed for this experiment),the

shapeof the lazing bore, and the alignmentof the mirrors. It was found that when
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multiple modesof lazing wereavailablethat the more complicatedthe modestructure

wasthecloserto perfectlyalignedwasthemirror. This waseasilyconfirmedby noting

that the simplest mode, the TEM0,0 mode, would laze only weakly in the middle area and

(wheneither the vertical or horizontaladjustmentscrewwas turnedconstantly)only at

the beginningand end of the lazing adjustmentand also by noting that as the cavity

lengthwas expandedfor a particularalignmentthe modesmovedfrom a TEM0,2 to a

TEM0,1 and then to a TEM0,0 before lazing ended as the loses due to imperfect

alignmentovercamethe gain of the bore. Theseexperimentsdemonstratedthatnothing

unexpectedwasoccurringandthattheexperimentalevidenceandtheoryagreewith each

other quite well.

Another optical property, Rayleigh scattering,can be observedeasily through

examinationof the cavity. Rayleighscattingis a form of scatteringoff of particles(in

this casedustparticles)in which themajority of the light scatteredis in thesamegeneral

direction as the incedentlight. This can be observedin any laser by noting that the

intermittentdotsof light aremore frequentthe closerthe eyecomesto the beampath.

The open-cavitylasermakesit easierand safer to observebecausethe great intensity

inside the cavity makesthe scatteredlight much more prominentbut if the eye of the

observeris placedin the planeformedby the adjustablesideof the chasisthenthe eye

cannot be put directly into the beam path, making accidental eye injury almost

impossible.Figure1 is a pictureof this scatteringeffect. While this wasnot theintended

use of the open-cavity laser it is still a useful benefit.
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Fig. 1: 

Overall theopen-cavitysetupis usefulfor demonstrationof thevarioustransverse

modespossibleto obtain in a laser as well as being a good demonstrationitem for

studentsto examinefor themselvesa variety of optical propertiesincluding stability

conditions,modseof operationetc.andhasthepotentialto beusedin otherexperiments

in the future. Making the setup was fairly easy although mirror alignment was

sufficiently tediousthataneffort wasmadeto createanarrangementthatwould allow the

laser'scavity length to be adjustedwithout losing alignmentor evennecessitatingthe

deactivation of the laser.

As a total researchexperienceI learnedaboutthe behaviorof lasermodesboth

transverseandlongitudinalin generalandasappliedin thespecificto a varietyof He-Ne

lasers. I learned about and performed experimentson mode interference,mode-

swapping,andhigh-ordermodegeneration. I also learnedaboutthe practicalneedfor

safetymeasuresaimed toward the preventionof injury due to high-intensitylight and

high-voltageelectricity. Overall I learneda lot about lasersand their problemsand

applications as well as had an interesting experience while conducting these experiments.
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Appendix A: Some pictures of the lasing cavity
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