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Abstract
The electric eld is a quantity of particular relevance in plasma physics. Indeed, its uctuations are
responsible for different macroscopic phenomena such as anomalous transport in fusion plasmas.
Answering a long-standing challenge, we offer a new method to locally and non-intrusively measure
weak electric elds and their uctuations in plasmas, by means of a beam of hydrogen ions or atoms.
We present measurements of the electric eld in vacuum and in a plasma where Debye shielding is
measured. For the rst time, we have used the Lamb-shift resonance to measure oscillating electric
elds around 1 GHz and observed the strong enhancement of the Lysignal. The measurement
is both direct and non-intrusive. This method provides sensitivity (m\?)and temporal
resolution (ns) that are three orders higher compared to current diagnostics. It thus allows measuring
uctuations of the electric eld at scales not previously reached experimentally.

Keywords: basic plasma physics, Debye shielding, plasma sheath, Lamb shift, Stark mixing

(Some gures may appear in colour only in the online journal)

1 Introduction ions the measurement of whose energy gives information
on the plasma potential at the ionization point, and thus
Recently, a new non-intrusive diagnostic was proposgtlirect electric eld measurement [21]. The effect of the
to locally measure static and uctuating electric elds ineld on the motion of charged particles can also be recorded
a plasma [B This addresses a longstanding challenge: ising laser induced uorescence techniques and the electric
precisely measure electric elds in plasmas, where thegtential in the plasma is indirectly derived from the shift
play a key role. For example, static electric elds are af the measured velocity distribution function].[®ther
the root of the formation of sheaths and their prominesptical non intrusive methods have been developed but,
role in plasma surface interactions is well known. Direeixcept laser Stark spectroscopy working for high amplitude
measurements of electric eld would also be interestirgectric elds, these methods cannot be considered as direct
for plasma thrusters [22]. Fluctuating electric elds areand need elaborate and rather expensive tools. This non-
the main cause in plasma turbulence leading to nonlingamprehensive list urges the need for a reliable diagnostic
wave-particle interactions and so called anomalous trartsy which the local electric eld amplitude can be deduced
port. Many experimental methods have been developelitectly from the measured physical quantity.
Whenever possible, electrostatic probes are widely used buThe measurement of a plasma sheath between two con-
always cause a signi cant perturbation of the surroundimyicting plates in an argon discharge and the measurement of
plasma [18]. In speci ¢ discharges dust particles levitatirgg uctuating eld and comparison with the theoretical predic-
in a plasma can also be used but the electric eld measuien in our experimental conditions are two complementary
ment relies heavily on good knowledge of the dust chargirgsults. They exhibit that this innovative diagnostic provides a
process [19]. In the plasma core of tokamaks, injection wdry useful and ef cient way to measure low amplitude elec-
a heavy singly charged ion beam creates doubly charged elds in vacuum and plasmas.
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2. Principle of the diagnostic

Our non-intrusive diagnostic called EFILE (electric eld

induced Lyman- emission) is based on the Lymaremis-

sion of a probing hydrogen atomic beam. Since the radiative

corrections were introduced in quantum physics through QED

theory established in the early 1960s through to 1975, e 2s

and 2p,, levels in the atomic ne structure are said to be near-

degenerate for hydrogen atoms. The degeneracy is removed

by small quantum electrodynamic effects, known as radia-

tive corrections, due to interactions between the electron and

electromagnetic uctuations of vacuum. They are responsible

for energy shifts of levels called Lamb-shifts. It was exper

imentally shown by Lamb [10] that, the;Zsstate does not rigyre 1. Hyper ne states and transitions: A 909.67 MHz,
have exactly the same energy as thg,Aate. It lies higher B 1087.4 MHz, C 1146.6 MHz.
by a small amounh ¢ where his the Planck constant and

o 1057 MHz is the resonance frequency corresponding rl%dScrlezathI g%ween two biased parallel plates in vacuum

the Lamb-shift for H(2s This effect has been studied exte o I e h ¢ froct
sively since then, both experimentally to precisely measure {/Kl/ehne can aiso tal e |r|1to accc;unth yper ne St”ﬂ(;’ “rti effects.
shift [10] and theoretically to understand its originsl[. Iith more energy levels, we then have to consider three pos-

The 25, level is metastable, the transition to the grourﬁible transitions between hyper ne states induced by a pertur

state 1g, being forbidden. The lifetime of 2sis about 0.14 bation in the form of a sinusoidal or constant electric eld, as
which is very long comp;elred 16 10 °s the Iifetirﬁe (;f shown in gurel. For the nal expression of the transition rate

the 2p» state [11]. In the presence of an externally appliérc?m 25»to the ground state, all hyper ne state pairs indicated

electric eld, quenching of the metastable 2s state of hydrog’é‘ngure 1 are considered. Summing the rates due to the Stark

and hydrogen-like atoms leads to the production of Lymanmixmg of every individual pair and considering all resonance
radiation with number of photons per secd i frequencies to be the same should reproduce the rate given by
ZA N

. . . . . equation (1). It is assumed that all pairs contribute equally to
Wh§re Is a geometric factor, V is the mtergctmg_ VOIum?he total rate. This means that every pair gives one fourth of
Nps is the 2s metastable hydrogen atom density ,th the he expression of equation (1) 'y replaced by the appro-
quenched 2s transition rate related to the reduced lifetirggigte resonant pulsation. Figi2eshows the resulting theor
resulting from so-called Stark mixing between thg;2mnd  etical frequency dependence of the total transition rate and the
2pyy2 levels. A weak electric eld introduces a perturbatiof,gividual pairs at an arbitrary valug E3 V cm? .
to the full energy of an electron in a given state. Here, WeThe transition rate is expected to peak around the resonant
consider the states gsand 2g,,. The perturbation approachfrequencies. Note however that the lines do have a natural
is valid as long as the Stark shift that the electric eld giv%dm and as a result only the hyper ne separation of the 2s
rise to is small in comparison to the energy difference betwggfk| is seen in the plot. The separation of 2p is smaller than

the studied levels. At 4X%6cm® constant eld, the Stark the natural linewidth and it should not be possible to see it
shift is of the same order of magnitude as the Lamb shift, apghout using a re ned method [15].

the perturbation approach is therefore valid only for electric 1o practical use of the above-mentioned principle
eld strengths signi cantly below that magnitude. Bethe anghoying that Lyman- emission intensity of a test hydrogen
Salpeter [5] have derived equations for the populations of tW_Qam is related to the square amplitude of a perturbing con-

levels having the same value of quantum numbers n and kignt or sinusoidal electric eld could be tested in the exper
low electric elds. Crandall and Jaecks [7] can be followeg,antal set-up brie y presented below.

in order to calculate the decay r: , of the 2g;, level to
the ground level (details of calculation can be found in more

recent works like [3, 4, 20]) 3. Description of the diagnostic
9e? &£E3 2 The experimental set-up has been described previously
o) 2 o) 2p/4’ 1) [6, 8, 13, 17]. Figure3 shows a picture of the experimental
2

set-up and the main parts of the apparatus with the beam gen-
where 2 and ¢ 2 . Inthelimitofaconstant eld, eration part, the measurement region and the detector. The
we nd Lamb’s result [11] with a quadratic dependence of ttegomic beam originates in a proton beam extracted from a
measured Lyman- radiation versus electric eld amplitudemultipolar hydrogen plasma source, labelleshAhe photo of
At the resonance corresponding to an oscillating electric elgure 3. It is created either by collisions with, IFesidual gas
with frequency 0, the above calculation gives an amplialong the beam path, or by resonant charge exchange in a cell
cation factor of more than two orders of magnitude, whicbontaining cesium vapor[labelledB on the photo of gur@.
is independent of the value of the eld. All these predictiond/e work with a 50@V ion beam, which corresponds to the
were con rmed by our previous measurements for an electniaximum cross section of this charge exchange process [16].

2
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Figure 2. Total transition rate.

Figure 3. Scheme and photo of the experimental setup.

Figure 4. Electric eld pro le in a plasma: raw dally 0.95 0.0.A,Uq 80V,p (1.8 0.2 10 Smbarly; 0.26 O0.0%A,
Ug 5CV,p (5.1 0.2 10 “mbar.

The beam is directed into a measurement chamber, labelleal Gthium uoride (LiF) lens and is detected by a VUV-
on the photo of gure3. The Lyman- light ( 1216 nm) photomultiplier operating in vacuum, labellBcon the photo
is collected in a direction perpendicular to the beam through gure 3. Spatial resolution is determined solely by the size

3
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Figure 5. Electric eld pro le in a plasma.

of the photocathode and the lens magni cation. In order to

improve the signal-to-noise ratio, a lock-in ampli er is used

with either a modulated ion beam extraction at a very low fre-

qguency (typically 1 Hz), or with a modulated electric eld at a

low frequency (typically kHz). The measured signal corre-

sponds to the integral of the emission over the Lymdine.

When the external electric eld is modulated, the continuous

background of spontaneous emission from the beam is not

recorded—enly the part of the signal induced by the electric

eld, synchronized with the eld modulation, is observed.

The hydrogen pressure in the measurement chamber is

usually about one tenth of the pressure in the source. This

allows us to make measurements even with a pure ion beam

through collisions between ions and the residual ga3 s

pressure can also be varied with an independent argon gas

introduction.

Then, a low density DC argon plasma can be produced at

low pressure (typically a few £0 mbar) through thermionic

emission of a hot tungsten lament biased negatively (typi- _

cally 80 V) with respect to the grounded walls of the targ&toure 6. Sheath thickness versus plasma frequency

chamber. In this target chamber, two horizontal parallel pla'-:-d - %‘i‘f_’ o%g-Ad gg‘ASS K plocS/LS 0'?1100“1mbfé'3 b

surrounding the beam and separated iy an be externally ‘¢~ T P (1100 mbar

biased to create a static (or oscillating) electric eld. One platge measurement chamber are given in the gure caption. The

is grounded while the other can be biased, either at a conspaitts around 6m correspond to the upper (grounded) plate

voltage or at an RF uctuating voltage. The pro le of the eledseing lowered into and past the beam, and the pointscat 10

tric potential or related eld is obtained by moving the biaseglve the same for the lower (biased) plate.

plates vertically around the plasma-beam interacting volume. In a previous paper [6], we have demonstrated that it is
possible to use collected data to reconstruct sought pro les

4. Static electric eld in a plasma sheath in the static case. The electric eld pro les in vacuum thus
produced agree with those obtained via numerical calculation,

We rst consider the case of a static electric eld between tlagart from explainable differences that are speci c to our set-

two parallel plates. For the lock-in detection, the hydrogep. This gives a reliable calibration for electric eld measure-

beam is pulsed at a frequency of 1 Hz. We have recorded rifents through the recorded Lyman- intensity. Static pro les

electric eld pro le between the plates by moving both ofn a plasma, such as those shown in gdirare measured for

them vertically with respect to the xed beam and measurigvariety of different values of the plasma parameters that we

the lock-in output of the VUV-photomultiplier signal at up tean vary. They display the expected behaviour with a strong

28 points. This has been done for several static voltage settiei in the plasma sheath.

from 100 V to OV in a set of different plasmas. An illustra- This is better shown in gur®&, where we plot the com-

tive example of raw data is presented in gdrePressure, pensated prole obtained from the relative difference

discharge current and voltageWy in the source anl4,U4in  (S(Voltage  S0V))/S(0V) of the raw curves in guret.
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two of these (880 MHz and 1100 MHz) can be related to the
hyper ne structure of H(2s) hydrogen atoms as reported in
section2. The third, at 1250 MHz, corresponds to a transition
between 4s, (which has, like 23, a quite long lifetime of 23

s) and 4psj,. However we also notice that the measured peaks
are much narrower than predicted in gure 2.

We have reproduced such frequency spectra for different
measurement chamber geometries: presence or not of an
energy analyzer and its supporting rod, presence or not of an
extra antenna and its supporting rod, presence of a lament. In
each case, we have obtained similar spectra but with slightly
different positions and amplitudes of the peaks. We have also
used an extra antenna and measured the signal received on
this antenna. We have observed many peaks in the frequency
range of interest, which are associated to the resonance modes
of the target chamber—actually being a cavity with a complex
geometry. These peaks having a similar width to the lines in
gure 7, our conclusion is that this constitutes the main expla-
Outside the sheath (or to be speci ¢ outside the presheattgtion for this result.
the data with and without voltage at the lower plate coincide
almost exactly, verifying that the electric eld is close to 2810~ nclusi
there. Note that the electric eld seems to drop atmPas onclusion

if the s_heath were separated ffom the ble}sed plate. Th'ﬁ'l’ﬁs paper provides further insight into the capability of our

unphysical ar_1d dqe to geometrical saturation for strong Stfw non-intrusive diagnostic EFILE to accurately measure

nal; as despr;be(: tm [6]i | dit disch local static or uctuating electric elds. It must be stressed
or a variety of target plasma conditions (discharge par at the diagnostic is based on thoroughly established-under

eters in source and met:;\lsutrement dc:\hamt?ers g|¥en n |0 g science and uses a fairly current technology for the for
gure caption), we were able to record the plasma frequen ?tion of the H(2s) beam.

and its harmonics from the RF signal of the entrance grid o Beside providing an ef cient way to measure low ampl-
the energy analyzer (previously used to analyze the hydroa@I

ion b ducti lected ¢ | fe electric elds—as low as\M.cm?® —the diagnostic can
'on beam produc ion) collected on a spectrum analyzer. uire a still better spatial resolution by reducing the waist of
sheath width, as measured from gube is presented in

. . the beam. Signal should also be easily improved by removing
gure 6 as a function of plasma frequency. This measuremﬁ?t remaining I, Hy, and H ions of the beam with extra

is consistent with the well-known result of a sheath Seveﬁggnetic old

Debye lengths thick, strengthening the statement that ou : . L

electric eld measurement method is applicable for static In_the near future, the de nlt_e calibration of RF eld
plitude will be completed. The in uence of an extragn-

elds in a plasma. The drop in sheath width for the point cloe ic eld will be studied and the possibility of measuring

bcal magnetic eld through unfolding of the motiorv B

8fd will be explored. Comparison with existing LIF meas-
urements in a plasma will be performed. The possibility of
completing the photomultiplier measurements with emission
spectroscopy measurements will also be assessed.

Figure 7. Photomultiplier signal as a function of the electric eld
frequency.

to fasma 200 MHz is explained by a strong decrease i
electron temperature as this point is very close to the limit
which the discharge is lost.

5. RF electric eld

An RF eld is produced in the measurement chamber using
the biased plate as an emitting antenna. For the lockéfigknowledgments

detection, the beam is now continuous and the RF eld is )
modulated in amplitude at a low frequency arouridHa, The authors are grateful to J-B Faure, J-P Busso for technical

than due to the RF eld. In a previous paper, we veri ed tr@rasad for the conception and construction of the experimental
enhancement predicted by equation (1) when the freque&6y-UP- P.S.'bene ted from an Erasmus exchange grant via the
of the applied electric eld is resonant with the Lamb shifeuropean Lifelong Learning Programme 2007-2013.
frequency and thus proved the great capacity of our method

to measure weak electric elds. We keep the RF electric elfeferences

amplitude constant and vary its frequency around the Lamb

f.h'ﬁ If;ecmency Wh'lef :ﬁcor?éng tgel lock-in Outt.pmt(p“ipor 1] Bacal M etal 1974 Nucl. Inst. and Methods 114 407

ional to the square of the eld modulus), expecting to retriev Bacal Met al 1974 Rev. Sci. Instrum. 45 769

the results of gure2. The result is displayed in gurg Itis  [2] Bachet G, Chérigier L, Carrére M and Doveil F 1993 Phys.
remarkable that the observed spectrum exhibits three peaks: Fluids B 53097
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