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Lyman-a radiation of a metastable hydrogen beam to measure electric fields
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The interaction between a metastable H(2s) atomic hydrogen beam and an external electric field

leads to the emission of the Lyman-a line. It originates in the Stark mixing of the near-degenerate

2s1/2 and 2p1/2 levels separated by the Lamb shift. The quenched radiation proportional to the

square of the electric field amplitude is recovered in vacuum by using such an atomic probe beam.

We observe the strong enhancement of the signal when the field is oscillating at the Lamb shift

frequency. This technique is applied in a plasma, offering an alternative way to measure weak

electric fields by direct and non-intrusive means. VC 2011 American Institute of Physics.

[doi:10.1063/1.3658459]

We describe a direct and non-perturbing measurement of

electric field with high spatial and temporal resolutions and

exceptional sensitivity. It is a critical problem in experimental

classical physics and more precisely for diluted fluids and ion-

ized media. For the hydrogenic family, the atomic system pos-

sesses a first excited state which contains two nearly

degenerate levels (2s1/2,2p1/2) with very different lifetimes,

separated in energy by the Lamb shift.1 As a consequence, the

ratio of lifetime differences to energy difference is unusually

large for these particles. Weak electric fields as low as 10�2

V/cm for static fields (10�3 V/cm for oscillating fields) are

thus able to mix levels, shorten the 2s1/2 lifetime, and largely

enhance the intensity of the characteristic Lyman-a radiation

(k¼ 121.6 nm) emitted by the 2s1/2 particles. This effect is

several orders of magnitude more sensitive than other Stark

processes. The technique presented in this contribution is

based on (1) the production and the injection of a metastable

hydrogen atom probe beam2 into a measurement region and

(2) the measurement of the enhanced Lyman-a emission,

which is linked to the electric field magnitude.

The fine structure levels 2s1/2 and 2p1/2 for hydrogenic

atoms and ions are near-degenerate, as was first measured by

Lamb.3 Contrary to the predictions of the Dirac theory, the

2s state does not have exactly the same energy as the 2p
state. It lies higher by a small amount corresponding to a fre-

quency m0¼ 1057 MHz. The degeneracy is removed by small

quantum electrodynamic effects taken into account by the

radiative corrections.4 They are the source of the energy shift

called the Lamb shift, which we take advantage of in our

experiment to reach a highly sensitive and time resolved

electric field measurement. As the 2s1/2 level is metastable, it

is easily transported as long as it stays unperturbed. The life-

time of 2s1/2 is about 0.14 s, which is very long compared to

1.6� 10�9 s for the radiative 2p1/2 state. However, a transi-

tion 2s1/2 ! 1s1/2 can occur when atoms are sent through a

region where an electric field is applied. The quenching of

the metastable 2s state in the presence of externally applied

electric fields leads to the production of a Lyman-a radiation.

The intensity is expressed as follows:

Ia ¼ XVn2sc
�
2s; (1)

where X is a geometric factor, V is the interacting volume,

n2s is the 2s metastable hydrogen atom density, and

c�2s ¼ 1=s�2s is the quenched 2s transition rate related to the

reduced lifetime. It results from Stark mixing between the 2s
and 2p levels.5,6 As long as the magnitude of the applied

electric field is large enough for the fine structure to be unim-

portant, the Stark Hamiltonian can be treated like a perturba-

tion of the non relativistic Hamiltonian for the unperturbed

hydrogen atom where the n¼ 2 level is four times degener-

ate. The Stark splitting is then linear and partially removes

this degeneracy, keeping (2s1/2,2p1/2) still degenerate. For

lower fields from the limit of 475 V/cm, the Lamb shift is

appreciable in the Stark splitting, and the electric fields are

considered as perturbations of the nearly degenerate system

(2s1/2,2p1/2). Lamb generalized the theory4 given by Bethe

and Salpeter7 to calculate the decay rate c�2s of the 2s1/2 level.

The time-dependent Schrödinger equation is solved8,9 using

the perturbation theory when an oscillating electric field of

magnitude E0 lower than 475 V/cm and frequency x/2p is

applied to the nearly degenerate system of levels 2s1/2 and

2p1/2. The effective decay rate is thus expressed as follows:

c�2sðxÞ ¼
3ea0E0

�h

� �2 c2p

ðx� x0Þ2 þ c2
2p=4

; (2)

where e is the elementary charge, a0 is the Bohr radius,

c2p¼ 1/s2p is the decay rate of the 2p state, �hx0 is the energy

difference corresponding to the Lamb shift, and E0 is the

electric field applied along one direction. We validate in our

experiment the quadratic relation of the emission with E0 in

vacuum for x ! 0 (Refs. 10 and 11) and for x ! x0 as

established by Lamb.4 At the resonance, for x¼x0, we

expect to reach a gain of about 440 independently of the field

value. This accounts for the theoretical ability to detect small

electric fields in a range of 1 mV/cm. The actual experimen-

tal resolution depends on the detection system.
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The experimental set-up has been described previ-

ously.12 A DC hydrogen plasma produced in a magnetic

multipole forms the basic source of ions.13 The pressure

range is from about 10�5 to 10�4 mbar. The plasma contains

different charged species such as Hþ, Hþ2 , and Hþ3 . The ion

fractions were measured by mass spectrometry. The ion

beam is horizontally extracted (x-axis) and focused through

electrostatic lenses separated by ceramics. The wall of the

ion source can be biased between 0 and 500 V to set the ki-

netic energy of the extracted ion beam. A charge exchange

cell containing cesium (Cs) vapor was built from a previ-

ously existing device.14 It is used to produce the metastable

hydrogen atoms from the protons contained in the ion beam

through the reaction HþþCs ! H(2s)þCsþ. A 500 eV ion

beam corresponds to the maximum cross section of the

charge exchange process.15 The resulting atomic beam along

the x-axis is then injected into a measurement chamber

where two horizontal parallel plates separated by 5 cm are

externally biased to create a vertical static or oscillating elec-

tric field (z-axis), one plate being simply grounded. The

Lyman-a light is collected in a direction perpendicular to the

beam (y-axis) by a lithium fluoride (LiF) lens and detected

by a vacuum ultraviolet (VUV)-photomultiplier. Spatial re-

solution is determined by the size of the photocathode and

the lens magnification. In order to improve the signal to

noise ratio, the non-grounded plate is biased with an ampli-

tude modulation (typ. 1 kHz), and the modulated signal is

detected with a lock-in amplifier. Only the part of the signal

due to the field that is synchronized with the biased plate

modulation is observed. The measurement chamber allows

testing of the beam in vacuum or in a plasma created by a

negatively biased filament. For applications in unknown

media, the beam extraction can also be modulated.

Circles in Fig. 1 feature the intensity of the Lyman-a
radiation in vacuum obtained when there is no cesium along

the ion beam path, as a function of the perturbing static volt-

age applied between the plates. The variation agrees with a

quadratic law as shown by the parabolic solid curve for an

applied voltage lower than 120 V (electric field strength

lower than 24 V/cm since the plate separation is 5 cm). Since

such a signal was not expected from the ion beam, we tried

to vary the ion ratio in the beam to determine the source of

this emission. We then observed that this signal was still

present when the ion beam contained no Hþ3 at all. In addi-

tion, the theory described above for the hydrogenic family

does not apply to hydrogen ions, since it requires a special

energy levels scheme where levels are near-degenerate,

which can hardly be found in Hþ2 . As the intensity of the

emission being proportional to the gas pressure in the source,

we conclude that this radiation is probably emitted by H(2s)

atoms resulting from the reactions between Hþ or Hþ2 ions

and H2 molecules of the residual gas, which occur along the

beam path.

Squares in Fig. 1 represent the intensity of the Lyman-a
radiation in vacuum as a function of the perturbing static

voltage applied between the plates in the case of a H(2s)

atom beam is prepared in the cesium cell. The ion source

was in the same conditions as previously discussed. As a

consequence of the Stark mixing, the variation law is quad-

ratic for an applied static voltage lower than 120 V (electric

field lower than 24 V/cm). As expected, the signal is higher

by a factor of 4.5 using cesium.

In order to prove the great capacity of this method to mea-

sure weak electric fields, we verified the enhancement predicted

by the calculation when the frequency of the applied electric

field is resonant with the Lamb shift frequency (x ! x0).

We produced a 1 GHz radio frequency (RF) field in our

measurement chamber using the biased plate as an emit-

ting antenna. For the lock-in detection, the RF field was

still modulated in amplitude at a low frequency around

1 kHz. Fig. 2 displays the quadratic law for an oscillating

field at the Lamb shift frequency. It also shows that the

signal is about 300 times higher than the signal obtained

with a constant voltage applied between the plates as in

Fig. 1.

This method was applied within a low density DC argon

discharge plasma with density ne� 108 cm�3 created at low

pressure P� 10�5 mbar from a heated filament biased at

�60 V. The profile of the electric field magnitude was

obtained by moving the biased plates vertically around the

plasma-beam interacting volume. For the lock-in detection,

the H(2s) atom beam was modulated. Fig. 3 represents the

electric field measured both in vacuum (open triangles) and

in a plasma (solid triangles) at different positions of the

beam between the plates. By applying a constant electric

field of 40 V/cm in vacuum, we observe the Debye shielding

in the presence of the plasma. The electric field is much

stronger close to the electrodes due to the formation of

plasma sheaths. It falls down to a value slightly smaller than

the vacuum value out of the sheaths. This value is not null,

most likely due to incompletely neutralized beam space

FIG. 1. Quenched Lyman-a emission versus static voltage with (squares)

and without (circles) conversion in Cs cell.

FIG. 2. Quenched Lyman-a emission versus radio frequency (1 GHz) volt-

age with a H(2s) atom beam.
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charge and noise induced by collisions. Measurements reveal

boundary effects related to the beam width.

The presented method and results rest on a firm founda-

tion since the technology of H(2s) beams and the underlying

science are thoroughly established. Through an in-situ
electric field calibration of the detection system, these meas-

urements show the ability to non-intrusively measure the

absolute values of the electric field. Local magnetic fields

could also be measured through the unfolding of the

motional v�B field. In addition to vacuum, the investigated

medium can be a diluted fluid or a plasma. Indeed, the only

non-perturbing space and time resolved method applied in a

plasma is based on the Stark splitting for Rydberg states

measured by LIF spectroscopy.16 In conclusion, the results

displayed in this letter open alternative tracks for non-

intrusive measurements of electric fields.

The authors dedicate this publication to the late Profes-

sor R.A. Stern who inspired this research. The authors are

grateful to B. Squizzaro and J.-P. Busso for their technical

assistance. They acknowledge the help of G. Bachet and G.

Prasad for the conception and construction of the experimen-

tal set-up. A. Lejeune benefited from a grant by Ministère de

la Recherche.
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