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ABSTRACT

A simple transversely excited nitrogen laser has

been constructecl, powered. by an easily made 5V battery

power supply circuit. It provided. bright ultraviolet (7llnn)

pulses at a rate of about 1Hz, operating at up to 2OkV and

lOOtorr optimum pressure. The laser theory is discussed,

as well as the pressure and voltage dependences, which are

also measured. The pulse energy was found to more than double

by placing a mirror at one end, with the divergences halving.

(45mrad" to 2Omrad hortzontally and 5.5mrad to 2.5mrad

vertically)
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simpls-J@ n laser.

fntroductiop..

Since the first observation of stimulated emi-ssion in

nitrogen by Mathias and Parker (1963) and the first construction

of a nitrogen laser by lIeard" (1955) much work has been done

on transversely excited. nitrogen ultraviolet (l=ln*) lasers.

One of their most important uses is in the pumplng of dye

lasers, which have revolutionised spectroscopy over recent

years.

Peak powers are frequently reported in the region of

several megawatts, with 1Ons to subnanosecond pulses.

Devices have been made to operate at pressures from ltorr

to several atmospheres. Recently Kagawa et aL (EgZ) made

arr oscillator-amplifier system producing single transverse

mode, polarised pulses of 4O0kW, 5ns duration and a beam

divergence of 1mrad.

Our aim was to build completely from basic materials,

a battery operated nitrogen laser and to investigate its

divergence, wavelength and pressure and voltage dependence.

The effect of a mj,rror at one end was also investigated.

The design was an adaption of that used, by Small (lgl+),

with our own design of power supply.
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An atom in an excited state E, may spontaneously emit

a photon of frequency, given by
Ez-E l h=Plankr s constant

)

A gas with many spontaneously emitting atoms will emit light

incoherently in all di-rections. Alternatively if a photon

of frequency , passes near the excited atom it may stimulate

the emission of another photon wlth the same phaserpolarisation

and direction as the ori-gi-nal.

The gas may also absorb these photons, Lf in the ground

state 81, the rate of absorbtion being:

R, = N1 Blz Il lv1= No' of atoms in E',

Bno= Einstein coefficientt( of absorbti-on.
U, = energy density of

incident radiation of
frequency
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Potential energy diagram for the nitrogen molecule.

Franck-Condon factors are shown, as well as relevant

radiative lifetimes.
(after Godard (lgl +) and Fj-tzsirnlnons et al( 1 975) )
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Stimulated emission rate
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So the stimulated emission rate cannot excede the absorbtion

rate with direct excitation. Only if l{2>N1 is there more

stimulated, emission than absorbtion and the gas would amplify

lncoming photons of frequency ) . This is laser action;

Light Amplification by Stimulated Emission of Radiation.

The net rate of emission of photons being:

NZ AZt + U, h (N2-N1)

So the flas ernits coherent radiation and incoherent spontaneous

radiatir-,n in ali directions. To achieve this, a population

inversioir must be made. (i": Nr)*f).

.laser action j-n nitr.pggn

fhe first four electronic energy levels of tire nitrogen

molecule are shown in figure 2. Electronic excitation leads

to a chanqe rn the mean separation of the nitrogen atoms of

the molecule, due to a change in bond streng-Lh, and so the

Franck-Conrlon factors (related to transition probabitity)

are different for each transition. This is because a fast

electronic transition does not allow for sudden i-nteratomic

distance changes, so the transition with the least chang,e

in distance is favoured. IIence if nitrogen gas is excited

with an electric discharge, the transition x1 fl C3rgu
is fav'oured, and the C1r.. state becornes more popuia+;ed thanu

7the B'IY- state: a populati-on lnversion is created
rtO

The population inversion must be created in a time

shorter than the natural rad.iative lifetime of the ,1nu

state (4Orrs) =o that the inversion exists for some time

and j-s not destroyed bv spontaneous eniission. Steady state
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Cavity voltage,
current and laser
output measured

by Scirwab and

Hollinger. ( 1 916)
(tne current j-s

a qualitative
sketch)
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inversion cannot be achieved because the lifetime of the

lower laser leve1 ( y3X) is about lorus and so it quickly
6

fil1s up during laser action and terminates amplification
when there 1s no longer a population inversion. This laser

is thus self terminating and has to be pulsed. The emission

stops after t-ypica1ly Bns when the nitrogen becomes strongly

absorbing to 317nm IlY. The gain is so high that a resorant

cavity, with precisely fixed mirrorsris unnecessary.

It can be shown (Gooara(lgl+)) that the population

inversion must be obtaned in a time t such that:

Lt< 1fY.j--Tfil
Where Y"O is the collision deexcitation rate by electrons

and\, the natural radiative lifetime of the transition
,3T(u to sStr*. Ilere Y"n (( 1/Tct: usually so:

t < 1/Tch

t < 4Ons

This is not true when the electron density is greater than
4l z

6;1a'+ cm-) r,rhen Ycl) Cct, and the inversion duration is
shortened. A fast switch was necessanl' to quickly build up

a high energy discharge.

fhe Blur4lej-n swj-tch

A Blumlein switch was used to r:witch on the discharge

slnce it carr easily switch ZObV and thousands of amperes

in about lOns (see figure 1) Figure + shows how this

switching is actrieved. The top and bottom plates act as a

capacitor, and charge r-ip relatively sIowly. The inductor

maintains plates A and B at the satne potential. At a certain

voltage (set by the spark gap) the spark gap cond-ucts (sparks)
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and. rapidly makes plate B negative. The j-nd.uctor (a low vatue)

prevents sudden charge flow between plates A and B so the fu1I

voltage appears between these two plates. The laser uses plates

A and B as electrodes.

_lxperi-mental set gp and construction det

A diagram of the laser can be seen in figure 5. The

capacitors were made of O.O3+" thick copperclad gJ-ass-epoxy

circuit board measuring 1ax45cm. A 5cm channel was etched

down the middle of one side and 2cm of copper etched away

around the edges to prevent sparking. This gave a total

capacitance of !nF. The laser box was ma-de out of +r' thick
perspex \Ox')x5cm (external dimensions) held together by

14 screws on the bottom and12 screws on top, as well as

thick layers of silicone rubber cement (which allowed.

dismantlirg). fhis coutd. withstand the lowest pressure

possible us.ing a rotary pump. The d.esign used by Sma1l (lgl+)

without scrlews,could not cope with such low pressures (Oown

to lOtorr) and al.so flexed inwarcls at higher pressures thereby

changi-ng the electrode spacing. The end sections were ftt

thick perspex with 1mm thlck glass plates coverlng the angled

exit holes. fhe end,s were mounted at 2f to minimise direct

reflections back into the tube. Tubes attached to the end

pieces connected the pump and nitrogen cylinder.

The electrodes were made of copper foil soldered onto

the top capacitor plates and sealed into the laser tube

with a separation of 1cm. This electrode separation was the

optimum for maximum output for this type of design as found

by Godard (lgl+) and Bergmann and Eberhardt (lgl=).
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The spark gap was made out of 2mm thick, 2cm wide copper

with a 4r:inL brass screw threaded through a nut heavily soldered

over a |iole in the copper. This heavy design with thick metal

was to reduce the inductance of the spark gap assemblyl crucial
jJl obtaining fast switching actionr 3s shown by Fitzsimmons

et aL (lgle). The slit in the screw head was fifled with

sol-der and rounded. Sharp edges were rounded where possible

to avoid corona discharge. A brass disc was soldered to the

capacitor plate to prevent spark damage. A PTFE cylinder

covered in black insulatj-ng tape held the copper spark gap

in position by spring actj-on and also prevented spark light
emissj-on. A perspex rod was attached to the screw so that

the gap and hence breakdown voltoger could be adjusted

without having to ground everlrthing first.
fhe inductor was mad.e of 10 turns of 20 wire (Zx5cm)

as used by Small but the laser worked with S-15 turnsr so

its value 1s not critical. Schmidt (lgll) also came to

this conclusion.

The pgwe,E_g_jlpply-

The circuit diagram can be seen in figure 6. 0n1y

standard electronic components are used. A 5V motorbike

ignj-tion coil was pulsed by an adjustable square wave

generator, using a power transistor as a switch. The coil

output was then multiplied 1jy a factor of about four and

rectified by using a Cockroft Walton voltage multiplier

circuit. The freqrlency and duty cycle of the square wave

generator were adjusted to produce maxj,mum output voltage.

This corresponded to a ve-ry short coil off tj-me (l+ s)

and frequency of 32OOTIz. The output was Zoky measured with

a ballbearing spark gap voltmeter (tnis was used. for all
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high voltage measurements). The circuit operatecl from a large

5V battery drawing 1.1A curr'ent. Power supply connections to

the laser were made using 1OA wire, to reduce their inductance,

covered in rubber tube for safety. A11 solder joints were made

rounded to reduce corona discharge at points.

Rough estimate of wavelength

The laser produced bright IJV pulses which could be seen

as bright flashes on white paper, fliiorescent fel-t tips,

fluorescene and Rhodamine 5G solution (used in dye lasers).

A diffractj cn grating of 5OOlines/mm was placed directly at

one output por:t with no slit or lens-. A piece of paper covered

in fluorescent felt tip was placed 76cm away and on each pulse

beams corresponding 1,c several orders of diffraction were seen.

The first order boam was displaced 15cm so using

n2. = d sinO d - 1.67x10-5,
e - tan-1 (,1>/7e) rad
n=1

gives 
^=321nrn+1A%

which is very near, considering the mettrod employed, to the

expected value of 137.1nm.

The detector

fhe circuit diagram is shown in figure 7. tr simple current

integrating anplifier was built using a fast op-amp and a

photodiode as detector. The photodiode had a peak response

at B50nm and so did not detect the ultraviolet wellr So a drop

of Rhodamine 5G dye vras suspended on the end of the photodiode.



The dye provided yellow fl-ashes to the photodiode, which it
could easily detect. The circuit gave a steady output voltage

(vrith a d-ark room and black cloth covering the set up) reading

after each pulse, related to the pulse energy. These pulses

were measured on a CRO. A manually operated switch reset the

circuit after each pulse. This provided relative pulse energy

readings in arbitTar:y units.

Beam Divergence and the effect of one mi-rror

The divergence of the beam was obtained by measuring the

fulJ- beam width at a distance of 1m from the laser output port.
A piece of paper covered in fluorescent felt tip was used to

see the pulses. Readings were taken with and without a front
silvered mirror placed at the other output port (and carefully

adjusted for direct reflection).

w
Typicul beam

cross-section

Lqser

Divergence = e = tan-'fg, rad.

The results are shown bellow:

Tube pre ssure= 95toru , appli-ed Voltage= 1lkv.

Frortzontaf
Divergence

Vertical
Divergence

IIo mirror

With mirror

45mrad

2Omrad

5.5mrad

2.5mrad
(a11 t 5%)

I

I'



These readings compa"re with those obtained froin a 45cn long

tube with mirror used by Bergmann and Eberhardt (1973) giving

Z5mrad vertically and 5.9 mrad hortzontally.

The pulse energies were also measured with the photodiode

with and without the mirror. The photodiode was placed in the

centre of the beam and about 15cm awey. fhe average pulse

heights oulaLned were:

pulse energy
(arbiLrary units)

standard deviation

ldo miruor

with mirror

1 1 o"2

o.2a7Lo)

Since the mirror was probably not 1OO% ,reflecting and may

have been slightly misaligned , the vafue with mirror is

probably an under,estj-mate. Oth.Ler workers (Goaara(l9l+),

Small(lgl+) and schmidt(lgll)) suggest a boosting of output

by a factor of about tlLree by using a mirror.

The divergence (without mirror) seems to relate to the

discharge dj-rnensions. The discharge was 26cm long and 1cm wide,

so the maximum angle a photon could make to the axj,s by

travelling end- to end might be 1/26 = 31mrad (co,rpare with

45mrad. measured). Similarty if the discharge is about 1mm

thick then O.1/26 = 4mrad (compare with 5.5 measured). Titis

explains the difference in vertical and horizontal divergences.

The narrower the discharge, the lower is the range of angles

of travel which pass through a substantial distance of gas in

order to be amplified. A mirror, reflecting back the beam

from one sid,e effectivellrl doubles the discharge leng'bh and

hence rougirly halves the divergences.

The effect on the output power is because the reflected
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beam is further amplified by the still amplifying nitrogen.

'Ihus the output is more than doubl-edr 3s our results show.

The standard deviation is quoted as there was considerable

fluctuation in pulse readings. This might be due to fluctuations

in the spartrr gap breakdown voltager 3s only a small gap

distance change alte.rs the voltage considerably. Pressurised

nitrogen spark gaps are frequently used to increase reproducibilitS

and decrease their inductance (Schwat and llollinger 1976).

Von Bergmann and- Pend.eris (lgll ) using an atmospheric

pressure, 5crn long tube witli one mirror, found they could

double their output by using a 12% reflecting mirror at the

output port a1so.

Pressure and voltage dep-ggdence_

The nitrogen excitation is almost entirely due to electron

collisions in the discharge. The electrons in the discharge may

be considered to be Ln a steady state with the instantaneous

electric field, since the Langevin relaxation time for their

drift velocity is of the order of lOps (r"rneE), which is

much less than the nanosecond times of the discharge. These

discharge conditions allow the electron velocities to be

described by a l4axwellian distrj-bution (Juaa 1976) fne nitrogen

plasma rnay be described by the electron temperature:

kT ,E'O c)

e = 0.11 (i)"'' eV Eqn 1" (fitzsimnons etal)
(g/P rn Y f crn. torr )Cartwright ( lglO) calculated the total cross-sections for the

excitations and showed that an electron energy of about l1ey
provokes the highest possible population inversion. According

to equation 1, with a voltageof l4kyrelectrode sepa.ration of 1cm



and pressure of 100 torr, the electronbmperature is 5.]eY

but the }laxwellian distribution wil-l many electrons in the -15eV

region in the high energy rtal1r.

At constant pressure s dfr increase in voltage increases

the mean electron energy and raises the nurnber of high enerrgy

electrons. (see figure 10)

dn.

dE
F,9L.rre 10, t !) t, 1. .l -.-
Marcpe I I t an dtEU tb,/-Lrons.

t f -L 
-t(at consL$nu r 1

V2)V,

E

elecfron energy

For bhe voltages we used, up to Zoky, the peak of the

distribution vrould not reach 16eYr so the output would be

expected to increase with voltage. (Capacitor energy is higher also

This effect was measured, at a constant pressure of 9Otorr

the voltages being preset by adjusting the spark gap vrith a

ball bearing voltmeter parallel to it, until- they both sparked

at the sarne rate. The results can be seen in figure 11.

Increasing the voXage increases the output but reduces the life

of the capacitor board: our O.O34'r boa::d broke down after only

about a thousand pulses along a ridge of high electric field.
(where the central break in the copper was etched away)

From equatlon 1 it would appear that decreasing the pressure

would increase the electron temperature and hence the output.

Eut dec,r:easing the nitrogen density by reducing the pressure

reduces the galnr ?s there are less amplifying molecules there.

tsut Eqn.1 predicts arL electron temperature cf 16eY at about \OLorc.
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The result is e.TL c)trt,ir1rllln pressure for a fixed voltage.

The pulse en-or'gies werre Il€,asul'-od for var,jous tul,e tr)ressur,es,

by ad justing the ni1,r'ogen cylin.der output, with a, constant

voltage of 14k-il. Tl:re :r:esr-rlts ce.n Le seen in figrrre 12. The

maximunr output was obtainerd wittr the ratto EfP 140.,1/cm.tor,r..

Tliis ccmf af6s with the value of ZOax/cn.torr. ottaine:ct by

Lecnard (lgef) and Godar:d (197+). The g.raph is similarr to those

obtair:ed by Bergna.r:rr a,nci Et,erhardt (1973) arrd merrrv other:

r:esearchers.

The exper'ime,n1,al er'r'or's of ttre energy measlirements were

very low in conlrar:ison t;o the fluctuations between readirgs,

although the pressure readings z.T.e: nct very accurate due to
the guage used.

Nitrogen flow rate

It{ear pulse energies \^,er'e reasured for maximurn and no flolv

rate, wittr P==10Otor'r:: Y=17.5kV constanl,. (trre, prrnttr) and nitr.ogen

were throttled accor'dingly) a sfignt change in output was

observedr 5.lunj-ts (sd=O.5) with maximum flow, and 6.2 units
(sd=O.8)with no flow. fhis change is not very significant
statistically, probably because at our repetition rate (lU,z)

residual ionisation effects were negligible. (Fitzimmons et al
reported that gas flow was particularly important at high pulse

rates )

Prob]-ems_

Capacitor breakdown was a serious problem: the dielectric
should have been thicker, with larger plates if necessary.

Electrical noise and interference was also very serious.
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