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We introduce a method for a spatially and temporally resolved density measurement of atomic
beams. A semiconductor diode laser was employed for measuring both the absorption and the laser
induced fluorescence emerging from the beam. Absorption measurements give an absolute value for
the line integrated density, whereas laser induced fluorescence yields the relative density
distribution. Thus, we were able to determine nondestructively absolute density distributions of
thermal particle beams. ©1998 American Institute of Physics.@S0034-6748~98!03401-7#
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Beam emission spectroscopy is widely used for spati
resolved measurement of plasma parameters in magneti
confined high-temperature plasmas, e.g., electron density
temperature, ion density, and temperature measureme1

The penetration depth of atom beams in plasmas is de
mined by the energy of the injected atoms. The probe be
must be neutral in order to prevent any deflection in
magnetic field of a fusion device. In the scrape-off layer o
tokamak, profiles of electron density up tone<5
31012 cm23 are easily measured with thermal lithiu
beams (E'0.1 eV!.2 Higher electron densities are accessib
using high energetic lithium beams (E'30 keV! that can be
produced by electrostatic acceleration and subsequent
tralization of lithium ions. Neutralization may take place in
gaseous target and it is known, e.g., for fast helium beam3

that the neutralized beam may contain a large fraction
excited atoms depending on the properties of the neutra
tion target. The evaluation of the plasma parameters requ
a detailed knowledge of both the spatial and state distribu
of the beam penetrating the plasma.4 Experiments sugges
that predominantly ground state atoms are formed i
lithium beam is neutralized in Li or Na, but there are lar
uncertainties in the determination of the total flux of t
neutralized lithium beam.5 Usually fluxes are measured b
calorimetric methods or by quartz balances, which of cou
interrupt the beam. These methods are unsuitable for on
flux monitoring of the particle beams.

In this note, we present a method that overcomes
limitation by employing a semiconductor diode laser a
combining two diagnostics: laser induced fluorescence
atomic absorption spectroscopy, which allows the determ
tion of the absolute density of the lithium atoms in the bea

The thermal lithium beam was produced by an ov

a!Electronic mail: dinklage@physik.uni-greifswald.de
b!Partner in the Trilateral Euregio Cluster~TEC!.
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filled with an alloy consisting of Al and Li. The temperatur
was measured by a thermocouple and the flux of lithi
atoms was monitored by a quartz balance. The laser l
passed the lithium beam perpendicularly.

Laser radiation was produced by a free-running se
conductor diode laser~Hitachi HL6714 with driving unit
Profile TED420-3A,l5671 nm,Dn'30 MHz!.6 Tuning of
the laser wavelength was achieved by varying the diode t
perature and the diode current; the latter was used for a
tuning. The absorption was detected by a photodiode. In
der to cover all components of the transition the wavelen
was scanned by a sawtooth modulation (f 15 0.1 Hz! of the
laser diode current. The signal-to-noise ratio was increa
by applying a second high-frequency modulation (f 2550
kHz!. The frequencyf 2 was taken as reference frequency f
a lock-in amplifier. Additionally, laser induced fluorescen
was observed perpendicular to both the laser and the par
beam with a 128-element linear diode array that was alig
along the incident laser beam. The experimental arrangem
was kept very simple because no wavelength selecting
ment for both the absorption and the fluorescence meas
ment was required.

For our measurements the Li I 22S1/2→22P3/2 transition
at l5670.8 nm~oscillator strengthf 50.502!7 was chosen.
Due to the resonant de-excitation this excitation scheme
not affect the state distribution of the initial beam. The sh
lifetime of the excited atoms guaranteed that the excited p
ticles returned to the initial state within a small distance a
the beam injected into the plasma was not affected by
measurement. In this sense this method is nondestructiv

The technique of absorption spectroscopy is widely
scribed in the literature~see e.g., Ref. 8!. As the particle
densityn is related to the absorptiona integrated over the
line profile, absorption measurements yield the line in
grated density. With Beer’s law (I T

n5I 0
nexp@*La(n,x)dx#, L
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indicates integration along the incident laser beam! we arrive
for the line integrated particle density at:

E
L
n~x! dx5

4pe0

f

me c

p e2 El ine
lnS I 0

n

I T
n D dn. ~1!

I T
n and I 0

n represent the frequency dependent transmi
intensities with ~index T) and without ~index 0) sample
~beam!, respectively. Thus, measuring the frequency dep
dence of the intensities,I 0

n andI T
n , and subsequent integratio

with respect to the frequencyn yield the particle integrated
along the line of propagation*Ln(x) dx.

If the excitation is the same for all particles the fluore
cence yield is proportional to the density.9 In our case the
laser induced fluorescence intensitiesI f luor give the relative
distribution of the particlesn(x) along the line of excitation.
Absolute density profiles are given by a comparison of
line-integrated fluorescence signal with the absorption@Eq.
~1!#:

E
L
I f luor~x! dx5k E

L
n~x! dx. ~2!

The left hand side of Eq.~2! is given by the spatia
distribution of the fluorescence light.k represents a calibra
tional factor. Since the fluorescence signals are calibrate
the absorption measurements the results obtained are a
lute in density.

As an example of our results Fig. 1~a! displays an abso
lute density profile evaluated from the fluorescence meas
ments and subsequent calibration with absorption meas
ments. Figure 1~b! shows the temperature dependence of
density in the center of the lithium oven employed.

In order to calculate the detection limits of the meth
presented here, we determined the minimum absorption

A512expS 2E
L
a dxD ~3!

giving a value ofAmin.231025 if a lock-in amplifier was
applied.10

It should be noted that not only spatial but also tempo
dependencies can be monitored. Time resolution depend
the time constants of the lock-in amplifier and is better th
the higher detected densities are. This is essential not
322 Rev. Sci. Instrum., Vol. 69, No. 1, January 1998

Downloaded 20 Jan 2004 to 128.253.229.205. Redistribution subject to 
d

n-

-

e

by
so-

e-
re-
e

l
on
n
ly

for long term operation of the beam source but also for tr
sient observation of the densities in the beam. Furtherm
the method presented here should be applicable to den
measurements of the lithium component in process plasm
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FIG. 1. ~a! Radial density profile of a thermal lithium beam.~b! Displays the
temperature dependence of the center density of the lithium beam.
Notes
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