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Abstract

In this paper an overview will be given of the general working principles of the helium-neon laser. After
a short introduction, the construction of the laser will be discussed as well as a the relevant energy levels
and transitions. Up next are the broadening mechanisms and both the longitudinal and transverse modes.
The paper will be finish with a back-of-the-envelope calculation of the output power and a short discussion
of a recent experiment using a He-Ne.

1 INTRODUCTION

The helium-neon (He-Ne) laser was the first gas laser
to be developed. The first He-Ne was constructed by
Javan, Bennet and Herriott of Bell Telephone Lab-
oratory in 1960 and operated at the 1.152 µm tran-
sition of neon, in the infrared spectrum. Lasers op-
erating in the visible spectrum were however much
more in demand, so soon many other neon transi-
tions were investigated and about a dozen of visible
transitions (and many more infrared transitions) in
the neon atom have since been identified. The 632.8
nm transition turned out to have the highest gain
in the visible spectrum and most He-Ne’s operate on
this transition. This paper will focus on the 632.8 nm
transition, but the results can easily be adapted for
other lasing transitions.

The He-Ne has been used for many applications,
such as holography, barcode scanning, biological cell
counting, printing and many other scientific, indus-
trial and medical applications. Advances in the field
of semiconductor diode laser technology have reduced
the usage of the He-Ne significantly, but as the discus-
sion of a recent experiment at the end of this paper
will show, it still has some useful applications today.

In this paper, I will fist discuss the general work-
ing principles of a He-Ne and finish with a back-of-
the-envelope calculation of the output power and the
discussion of a recent experiment using a He-Ne. At
the end of the paper some references are provided on
which this paper is largely based.

2 CONSTRUCTION

Figure 1 shows a basic diagram of the construction of
a He-Ne. The low pressure helium-neon gas mixture
is contained inside a glass envelope. Inside this en-
velope is a small capillary bore tube. Electrodes are
located at both ends of the tube. A high voltage of
typically 1-5 kV is applied to these electrodes, caus-
ing a discharge current of typically 10 - 50 mA which
acts as a pump source.

Figure 1: Construction of the He-Ne. A helium-neon
gas reservoir acts as a gain medium, whereas a high
voltage applied to the two electrodes at the end of the
discharge tube provide a discharge current which acts
as a pump source. Mirrors are placed on both ends of
the tube acting as a cavity. One of the mirrors has a
reflection coefficient of typically 99%, allowing some
of the laser light to exit the laser. Figure taken from
[1]

The optical cavity usually consists of two mir-
rors in a stable, near-confocal arrangement. One mir-
ror would be coated to obtain maximum reflectivity
at the desired wavelength (typically 99.9%) and the
other with a transmission of 0.5-1%. This way, one of
the spatial modes will reflect back upon itself and will
gain more power in each roundtrip than is lost due
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to output coupling and diffraction. When the power
keeps increasing it will at some point saturate result-
ing in a stable continuous laser beam output. Because
He-Ne’s are small gain lasers, it is essential that the
mirrors are highly reflective in order to achieve lasing
action.

The cavity length of the He-Ne usually ranges from
10 - 50 cm, while optical output powers range from
0.1 - 40 mW. These output powers are relatively small
compared to other lasers.

3 ENERGY LEVELS AND TRANSITIONS

The basic principle of the He-Ne is based on a gas
mixture of helium and neon that acts as a gain
medium. Typical helium to neon ratios are of the or-
der 7:1. A high voltage electrical discharge acts as a
pumping source to excite the helium atoms. The he-
lium atoms in turn will provide selective excitation to
the upper levels of the neon atoms through resonant
energy transfer.

A closer look at the discharge current and gain
medium is needed to understand the working prin-
ciples of the He-Ne, which is a four-level system. The
electrons in the discharge current undergo inelastic
collisions with helium atoms in the helium-neon gas
mixture, causing these atoms to be excited from the
ground state 11S0 to the metastable states 23S1 and
21S0. The energies of these states are 19.81 eV and
20.61 eV respectively. These states are metastable,
since a radiative transition to the ground state is
forbidden by the parity selection rule.1 The helium
atoms thus only decay by collisions with the walls
and neon atoms.

The transition used for lasing is a transition of the
neon atom. In fact, it is possible to develop a neon-
laser, without the helium, but this is much more dif-
ficult. As it turns out, coincidentally the neon atom
has two energy levels that are very close to the two
mentioned metastable states of helium. The 23S1 level
of helium lies within 313 cm−1 of the 2s2 level of neon
and the 21S1 level of helium lies within 386 cm−1 of
the 3s2 level of neon. The 2s2 level has an energy of

1The parity of the wavefunction of all the energy levels is
even (odd) when the sum of the l-values of all the electrons is
also even (odd). The ground state of Helium is 11S0, which has
two electrons in the 1s orbital and thus

∑
i li = 0. In the states

23S1 and 23S1 one of the electrons has been promoted from a
1s orbital to a 2s orbital (the difference between the two states
is the alignment of the spins). For these states we also have∑

i li = 0. Electric dipole radiation requires a change of parity,
which is not the case for this transition and the transition is
therefore highly forbidden.

18.7 eV, whereas the 3s2 level has an energy of 20.66
eV. To describe the neon energy levels it is common
to use the Paschen notation instead of the term no-
tation, so I will follow this convention here. When
the helium atoms collide with the neon atoms these
can be excited through resonant energy transfer. The
small difference in energy or order 0.05 eV is pro-
vided by the kinetic energy of the atoms. In terms of
reactions:

He(23S1) + Neg.s. → Heg.s. + Ne(2s2) + 0.04 eV (1)

He(21S0) + Neg.s. → Heg.s. + Ne(3s2)− 0.05 eV

Since these thermal energy fluctuations obey a
Maxwellian distribution, resonant energy transfer is
much more likely to take place between levels with
small energy differences than between levels with
higher energy differences. The upper levels 3s2 and
2s2 are optically connected to the lower levels 3p4 and
2p4. In order to create a population inversion, selec-
tive excitation of the upper levels is needed. Both the
upper and the lower levels are very high with respect
to the ground state (the energy difference exceeds 18
eV). Therefore without pumping present these levels
will essentially be empty. Because of the Maxwellian
distribution, the resonant energy transfer is therefore
selective in exciting pre-dominantly the upper lev-
els of neon. Since both the upper and lower levels
start with equal populations, any pre-dominance in
populating the upper levels is sufficient to create a
population inversion and therefore a relatively small
pumping power suffices.

Figure 2 shows partial energy-level diagrams of the
helium and neon atom, showing all the mentioned
energy levels and transitions.

The coincidental closeness of the energy levels of
helium and neon thus provides a mechanism for cre-
ating a population inversion through selective excita-
tion. This is the main reason for including helium in
the gas mixture.

The upper levels 3s2 and 2s2 can decay via tran-
sitions in the vacuum UV to the ground state, caus-
ing their radiative lifetimes to be relatively short (10-
20 ns). To prevent the upper level from decaying to
the ground state, a neon pressure above 0.05 Torr
(1 Torr ∼ 133.3 Pa) is used. At these pressures, the
probability for the resonance radiation to be absorbed
again by the ground state is so high that the transi-
tion can be regarded as fully blocked. The effective
lifetimes of the levels 3s2 and 2s2 are therefore deter-
miend by their much slower decay via visible transi-
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tions, giving them lifetimes of τ2 ≈ 136 ns for 2s2 and
τ2 ≈ 110 ns for 3s2.

Figure 2: Partial energy-diagrams of helium and
neon. A discharge current excites helium atoms from
the ground state to metastable states, which in turn
excite neon atoms through resonant energy transfer.
The neon atoms undergo a radiative transition to
a lower level hereby transmitting laser light. Figure
taken from [2].

The lower levels 2p4 and 3p4 can decay by UV tran-
sitions to levels in the 1s2 - 1s5 manifold2. These UV
transitions are relatively fast with lifetimes of the or-
der of τ1 = 20 ns.

For a steady-state inversion to exist, the following
condition must be satisfied

R2

R1

τ2
τ1

g1
g2

(
1− g2

g1
A21τ1

)
> 1. (2)

What is relevant for this paper is only the factor
τ2/τ1. A practical way to ensure this conditions is
by making sure that all separate factors are larger
than 1, which yields for the lifetimes the condition
τ2/τ1 > 1. For the He-Ne we have τ2/τ1 ≈ 5, which
is very favourable.

The atoms in the 1s2-1s5 cannot undergo a radia-
tive transition to the ground state. Instead, they re-
turn to the ground state mainly by collisions with the
walls of the discharge tube. The effect of this process
is that the gain is inversely proportional to the diam-
eter of the tube. Therefore the diameter of the tube
is typically only a few milimeters.

2This multiplet nature of the neon energy levels is caused
by the fact that the angular moment of the electrons can be
combined in several different ways. [3]

4 BROADENING MECHANISMS

Broadening mechanisms can be divided into two cate-
gories: homogeneous and inhomogeneous. In the case
of homogeneous broadening, all atoms in a specific
energy level radiate with equal probability, whereas
in the case of inhomogeneous broadening this proba-
bility fluctuates per atom.

Different forms of broadening exist, the most im-
portant of which are natural broadening, Doppler
broadening and pressure broadening. Natural broad-
ening is homogeneous and is caused by the finite life-
time of the transition. Because of natural broaden-
ing the gain curve always has a finite width. Natural
broadening causes the gain curve to have a Lorentzian
shape.

Pressure broadening is a type of homogeneous
broadening, caused by the collisions of atoms with
the emitting atom. Since the He-Ne is a low pressure
laser, this effect is negligibly small.

Doppler broadening is caused by the different ve-
locities of the emitting atom, which causes them to
have different Doppler shifts and are thus observed
to have different energies. Doppler broadening causes
the gain curve to have a Gaussian shape.

In the case of the low-pressure He-Ne laser Doppler
broadening dominates and therefore the shape of the
gain curve is a Voigt distribution, which is the combi-
nation of a Gaussian and a Lorentzian. the deviation
from a Gaussian is however very small. The He-Ne
gain curve is relatively sharp with a full width of only
1.5 GHz for the 632.8 nm transition.

5 MODES

Both longitudinal and transverse spatial modes exist
in the He-Ne laser. The long and narrow discharge
tube forces the TEM00 mode to be present. Most
He-Ne’s operate in only this single transverse mode.
Multimode He-Ne’s do however also exist and can be
constructed by using a wide bore, such that higher
order modes also play a significant role.

Due to interference effects the laser resonator only
supports output beams at specific, equally spaced fre-
quencies (longitudinal modes) which are determined
by the mirror spacing. The output of the laser is given
by the frequencies in the intersection of these res-
onator modes and the laser gain curve. The number of
longitudinal modes present in the He-Ne therefore de-
pends on the cavity size. For a larger (smaller) cavity
length, more (less) longitudinal modes will be present
in the output beam. For cavities of lengths 15-50 cm
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about 2 to 8 longitudinal modes can oscillate simul-
taneously. He-Ne’s operating at a single longitudinal
mode are also available for special applications.

6 OUTPUT POWER

A short back-of-the-envelope calculation of the out-
put power of a 632.8 nm He-Ne laser with the proper-
ties listed in Table 1 will be provided in this section.
In a steady-state situation the gain and losses in a
single round-trip must cancel each other. To achieve
this, the contributions of the gain and the losses will
be calculated separately, starting with the gain.

The intensity in the cavity is given by the sum
of the left-travelling and right-travelling beams, with
intensities I+ and I− respectively. He-Ne lasers are
small gain lasers, with a typical roundtrip gain of 2-
4%. Because the gain is so small, we can neglect the
change of intensity with position z and thus approx-
imate I+ ≈ I− ≡ I. The total intensity in the cavity
is therefore given by Itot(z) = I+ + I− ≈ 2I. The
change in intensity in half a roundtrip is given by
dI
dz ≈ g(ν)I, with g(ν) the gain coefficient. The frac-
tional gain αgain for a total roundtrip is then given
by δgain = 2g(ν)ltube.

For the losses in the cavity there are three different
mechanisms that can contribute: diffraction losses,
losses due to output coupling and losses due to fi-
nite conductivity. [4] In this calculation it will be as-
sumed that the only non-negligible losses are due to
diffraction and output coupling. The fractional loss
is thus given by αloss = αd + αout, with αout = T
and αd = 16π2NF e−4πNF . [4] Here T is the transmis-
sion coefficient of the output coupling mirror and NF
is the Fresnel number. I will assume that the diffrac-
tion losses are very small and thus take for the Fresnel
number NF = 1.

Equating the expressions for αgain and αloss and
using g(ν) = g0(ν)/(1 + I/Isat), with Isat the sat-
uration intensity, the intensity in the cavity can be
calculated. Using P = T ·A · I to get the transmitted
power we find

P = TAIsat

(
2ltubeg0(ν)

16π2NF e−4πNF + T
− 1

)
, (3)

with A the area of the beam. For the area I as-
sumed that the beam does not diverge much after
exiting the tube, such that the area of the beam is
just πd2tube/4. Equation 3 clearly shows the depen-
dence of the output power on several relevant pa-
rameters. For increasing cavity lengths ltube, the out-
put power increases. He-Ne’s are relatively small with

cavity lengths of 10-50 cm and accordingly have small
output powers of the order of tens of miliWatts. For
increasing area, and thus increasing tube diameter,
the power of the laser increases. A larger tube diam-
eter allows for the presence of higher order modes in
the ouput beam, which has the effect to increase the
total power.

Figure 3 shows the resulting output power as a
function of the transmission coefficient. A maximum
is obtained for Tmax = 0.0076 (0.76%) and Pmax =
20.3 mW. The ouput power is in the range that is
also stated in the literature. [5] Of course the height
of the maximum depends on the properties of the spe-
cific laser. Most He-Ne’s have a transmission of 0.5-
1%, which is around this maximum value. For even
smaller transmission coefficients, the output power
decreases rapidly. For T > Tth = 0.12 the transmis-
sion is too large and lasing above this threshold is not
possible.

For a certain value of the transmission T the output
power can be optimized by enforcing the condition
p · dtube = 3.6 Torr ·mm on the pressure in the laser
p and the tube diameter dtube.

It should be noted that many important param-
eters, such as the helium to neon ratio, the atomic
lifetimes and the pump rate, are not taken into ac-
count in this calculation. For a more accurate result,
a more extensive calculation is needed.

A consequence of the dependence of the output
power on the cavity length and temperature fluctu-
ations is the presence of output power fluctuations.
Changes in the temperature affect the positions of the
mirror, thus changing the cavity length. Due to the
changed cavity length, the longitudinal modes sweep
across the gain curve, causing oscillations in the out-
put power. Longer lasers typically have smaller out-
put fluctuations. A seven-inch-long laser will have
output fluctuations of about 10%, while a fourteen-
inch-long laser will have fluctuations of less than 2%.
The fluctuations can be eliminated by completely sta-
bilizing the temperature in the laser.

Wavelength λ 632.8 (nm)
Tube length ltube 30 (cm)
Tube diameter dtube 2 mm
Small signal gain coef. g0 2 · 10−3 (cm−1)
Fresnel number NF 1
Saturation intensity Isat 6.2 (W/cm2)

Table 1: Properties of the He-Ne laser used for the
output power calculation.

4



0.00 0.02 0.04 0.06 0.08 0.10 0.12
0

5

10

15

20

T

P
(m
W
)

Output power of a He-Ne laser operating at 632.8 nm

Figure 3: The result of a back-of-the-envelope cal-
culation of the output power of a 632.8 nm He-Ne
laser. A maximum in the output power is obtained for
Tmax = 0.0076 (0.76%) at Pmax = 20.3 mW. Above
the threshold Tth = 0.12 lasing is not possible.

7 USAGE IN EXPERIMENTS

As mentioned in the introduction, the He-Ne serves
many applications both inside and outside of physics.
An example of an application outside of physics is the
usage of the He-Ne in cell biology research. One such
example is a 2001 research on cell stimulation by He-
Ne laser light by Grego et al. [6]. In this paper both
the direct and indirect dependence of cells on light
from a 632.8 nm He-Ne were studied. Photostimula-
tion is procedure used in therapy of many different
diseases. Research has shown that He-Ne laser light
can stimulate a variety of biological processes, such
as cell growth and proliferation. The paper gives in-
sight into both the direct and indirect mechanisms by
which He-Ne laser light can cause cell stimulation. A
thorough treatment of the research by Grego et al.
is beyond the scope of this paper, but the interested
reader with a strong background in cell biology is en-
couraged to take a look at the references.
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