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Beam current-density dependence of the polarization of emission lines from foil-excited atoms:
Beam dose dependent or field dependent

Yasuyuki Kimura and Keishi Ishii
Department of Engineering Physics and Mechanics, Faculty of Engineering, Kyoto University, Kyoto 606-01, Japan

~Received 28 October 1997!

We have observed linearly polarized components of the foil-excited hydrogen Balmera line and the neutral
helium 21P-31D line from beams of 5–55mA/cm2 current density at 150 keV. The intensities and the linear
Stokes parameter of both the lines changed with the total beam charge density irradiated to the carbon foil
~beam dose! and then saturated. These changes are attributed to changes of the state of the carbon foil caused
by the irradiation by the ion beam. The dose dependence of the linear Stokes parameter was fitted with an
exponential curve. The values at saturation for both the lines showed an increase with an increase in the current
density, which is similar to the previous reports. The initial value for the helium line depended little on the
beam current density, while that for the hydrogen line showed substantial increase. Both the behaviors are
consistent with the explanation in terms of the Stark effect by the macroscopic electric field of the order of 10
V/cm extending downstream from the foil.@S1050-2947~98!03205-3#

PACS number~s!: 34.50.Fa, 32.60.1i, 33.20.Kf
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I. INTRODUCTION

In beam foil spectroscopy, light emitted from atoms
ions excited on passage through a thin carbon foil is
served downstream of the foil. When the foil is orient
normal to the beam direction, linear polarization~expressed
with the linear Stokes parameterM /I ) is observed. The foil
may be tilted, then circular polarization appears and the
larization characteristics are expressed in terms of the St
parameters. All the polarization characteristics depend on
states of the excited atoms created by the interaction betw
the ion or the atom and the foil.

Berry et al. @1# observed the neutral helium 21S-31P line
and found changes in the Stokes parameters against th
angle. Eck@2# proposed a model: when an atom was loca
in the vicinity of the foil within a few Bohr radii, it was
perturbed by an image dipole electric field~‘‘microscopic’’
surface field!, which was directed normal to the foil with th
strength of the order of 108 V/cm and fell off rapidly with
distance from the foil. As its results, alignment, orientatio
and coherence were produced in the ensemble of the ex
atoms. Subsequently, many experiments@3–5# were reported
for neutral helium transitions, along with calculations@6,7#.
For example, by fitting the calculation to the Brookset al.
@5# experiment, Weberet al. @8# obtained a field of
6.23105 V/cm extending from the foil surface over a di
tance of 8.64 nm downstream.

Hight et al. @9# found that, for the normal incident beam
the linear Stokes parameterM /I of the neutral helium 21S-
31P line increased with an increase in the ion beam curr
density. Winter@10# did a similar experiment on the helium
21P-31D line and applied the microscopic surface fie
shielded by secondary electrons. The field strength was
mated to be;108 V/cm. Gayet al. @11,12# tried to explain
the current density dependence as due to the change in
foil temperature by the beam irradiation through the cha
in the secondary electron cloud density.
571050-2947/98/57~5!/3560~5!/$15.00
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Singeret al. @13# found thatM /I of the hydrogen Balmer
b line also increased with an increase in the ion beam cur
density. They explained the increase by assuming a ‘‘mac
scopic’’ field that was due to the potential distribution at t
foil surface. Its strength was proportional to the beam curr
density with the order of 1;10 V/cm. Dehaeset al. @14#
developed the macroscopic field model further. They m
sured the total intensity and linear polarization of the Balm
series lines (n522n8, 4<n8<9) as a function of the
beam current. They explained the result by assuming
macroscopic electric field produced by a uniform charge d
tribution or a uniform potential on the foil surface. The
confirmed that the electric field increased with the beam c
rent and that it acted over a distance of a few millimet
downstream from the foil.

The above arguments show that we have not reache
point where we have a coherent explanation of the polar
tion of emission lines and its current density dependence.
example, the field strength proposed by various auth
ranges from 100;1 V/cm to 108 V/cm. This large divergence
stems partly from the following fact: The energy differenc
between levels,EnL2EnL8 (LÞL8) of helium atoms are
about 3 orders larger than those of hydrogen atoms. He
the field required for the Stark mixing of the levels is
orders higher for helium than for hydrogen. On the oth
hand, the microscopic surface field strength is independen
the irradiated ion species. The macroscopic field may be
to the charge accumulating on the foil surface resulting fr
neutralization of the ions and secondary electron emission
the foil. Since the yield of the secondary electron emiss
@15# and the neutralization ratio should be similar for prot
and helium ion passages, the strength of the macrosc
field should be similar for both the atomic species.

Recently, Harperet al. @16# measured the tilt angle depen
dence of the Stokes parameters of the hydrogen Balmea
line. They found that the polarization characteristics d
pended on the irradiated beam charge density to the foil~it is
3560 © 1998 The American Physical Society
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called ‘‘beam dose’’ !. They suggested that the beam do
dependence was brought about by the graphitization of
foil induced by the beam irradiation. If this explanation
correct, we have to take into account the dose effect in
beam current density dependence of the polarization cha
teristics.

In order to understand the polarization characteristics
the foil excited atoms, we have first to separate the be
dose effect. In the following experiment we follow the bea
dose of the foil from the very beginning of beam irradiatio
We then discuss the current density dependence.

II. EXPERIMENTAL SETUP

A beam of protons~H 1) or helium ions~He1) was pro-
duced by an electrostatic accelerator, and it was led thro
the beam line to the collision chamber. On the beam line
movable Faraday cup~beam line Faraday cup! was placed,
which was used to interrupt the beam and to measure
beam current. The pressure inside the chamber was a
531027 torr. A target foil and the observation region alon
the beam were surrounded by a grounded inner
~150 mm3 40 mm 3 120 mm! made of Permalloy plate
~0.3 mm thick!, which had an entrance hole~3.0 mm diam-
eter! and an exit hole~16.0 mm diameter!. The entrance hole
acted as an aperture to limit the beam diameter hitting
target foil. The inner cell had also a slit~15 mm3 100 mm!
for handling the target foil and an opening~115 mm3 10
mm! for observation of light emanating from the beam. T
inside surface of the inner cell was painted black so as
reduce the light reflection by it. The purpose of adopting
cell was to shield magnetic and electric fields outside. T
Earth’s magnetic field inside was estimated to be less t
0.01 G. Therefore, the motional electric field was less th
0.04 V/cm for hydrogen atoms traveling with an energy
150 keV and was well neglected.

The foil was self-supported on a grounded aluminu
holder having an opening diameter of 4.0 mm. It was pla
25.0 mm downstream from the aperture of 3.0 mm diame
For the proton beam, foils of surface density 3mg/cm2 ~MI-
CROMATTER CO.! were used. For the helium ion beam
those of 5mg/cm2 ~Atomic Energy of Canada Limited Re
search Development Company! were used. Seven foil hold
ers were set on a disk that was rotated from outside. On
the foil holders was set inside the inner cell, so that the be
passed through the center circular area of 3 mm diamete
the foil.

After the passage of the beam through the carbon fo
part ~less than 5% for a 150-keV H1 beam and 32mg/cm2

foil ! of the ions was neutralized and the rest remained
ions. This beam was collected by another Faraday
~chamber side Faraday cup! far downstream of the foil. The
beam current was integrated, digitized~ORTEC 439! with
102 pulse/mC or 104 pulse/mC, counted, and finally trans
ferred to a personal computer. A ring electrode having
aperture of 16.0 mm diameter, and biased to2200 V to the
ground potential was placed just in front of the Faraday c
This electrode prevented the secondary electrons from c
ing into the Faraday cup and also prevented secondary e
trons produced inside the cup from going out. Owing to
inner cell, this electric potential did not affect the atoms u
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stream in the observation region.
Through the opening of the inner cell and the fused qua

window ~35 mm diameter, 5 mm thickness! on the side wall
of the chamber, we observed the light emitted from t
beam. The optical axis was directed perpendicularly to
beam direction. The light from the beam made parallel by
first lens ~50 mm diameter, 280 mm focal length! went
through a polarizer and an interference filter for wavelen
selection and was focused by the second lens~same as the
first one! on a slit in front of a photomultiplier tube~PMT!
with one-to-one imaging.

The polarizer~for photographic camera, diameter 55 mm!
was rotated around the optical axis with 90° steps by a s
ping motor that was controlled by the personal compu
The interference filter for the hydrogen Balmera transition
~656.3 nm! had a 656.9-nm center wavelength, 81% ma
mum transmission, 17-nm full width at half maximum
~FWHM!, and 30-mm diameter. That for the helium 21P-
31D transition~667.8 nm!, had a 669-nm center wavelengt
71% maximum transmission, 12-nm FWHM, and 30-mm
ameter.

The observation region of the beam was determined
the slit in front of the PMT. The width was 7.0 mm and th
the observation region was the part of the beam from 1
mm to 19.5 mm downstream of the foil. The PMT~EMI
9863B! was cooled by a Peltier element to reduce therm
noise. The output photoelectron pulses were counted by
conventional photon counting system, and transferred to
personal computer.

III. RESULTS

One measurement started when we began irradiating
virgin foil with the proton beam. At the same time we beg
our measurement steps. One step consisted of four subs
~i! with the transmission axis of the polarizer parallel to t
beam direction, the number of photoelectron pulses w
counted for 5 s~photon counts!, and the beam current wa
measured by the chamber side Faraday cup. If the beam
rent deviated by more than610% from a preset value, th
ion beam current was adjusted and then the procedure
repeated. For another 5 s, the number of photoelectron pu
was counted. The polarizer was rotated by 90°.~ii ! The num-
ber of pulses was counted and the beam current was m
sured simultaneously for 235 s, and the polarizer was ro
tated further by 90°.~iii !, ~iv! Similar procedures were
followed. We define the intensity of the parallel compone
I i as the sum of the photon counts of the substeps~i! and~iii !
divided by the ion charge collected during these subste
The perpendicular component intensityI' is similarly de-
fined.

An example of the results for the hydrogen Balmera line
is shown in Fig. 1:I i andI' are shown. The beam energy
150 keV, and the ion beam current density is 48mA/cm2.
The statistical uncertainty represented by PE~typical value is
;0.03 in the same units of intensity! is smaller than the
magnitude of the symbol. The abscissa represents the
dose from the beginning of the irradiation in the units
mC/cm2. It was determined from the current at the chamb
side Faraday cup, so that the actual dose is estimated t
higher by;5%.
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Figure 1 shows that both intensitiesI i and I' decrease
during the initial stage of irradiation and saturate. This init
transient is faster with the parallel componentI i than with
the perpendicular oneI'. This feature is common to othe
beam current densities.

The linear Stokes parameterM /I 5(I i2I')/(I i1I') is
shown in Fig. 2 with the open circles. The bar represents
statistical uncertainty. As is expected from Fig. 1, the line
Stokes parameterM /I shows an initial increase and sat
rates. It is noted that in this report, whenM /I is negative,
‘‘an increase ofM /I ’’ corresponds to a decrease of its abs
lute value. We fit this dose dependence with

@M /I #~Q!5@M /I #S@12exp~2Q/t!#1@M /I #0exp~2Q/t!,

~1!

whereQ is the total dose, and thet is the ‘‘dose’’ constant.
‘‘0’’ and ‘‘ S’’ denote, respectively, the initial and the sat
rated value. The result of@M /I #0 and@M /I #S is given in Fig.
3. Figure 2 also shows the dose dependence ofM /I for a
lower current density, 6mA/cm2, with the open squares
One point represents the average over 4 steps. A sim

FIG. 1. The observed intensities of the polarized compone
I i ~open circles! and I' ~filled circles! of the hydrogen Balmera
line in the course of beam irradiation. The abscissa represent
total beam dose from the beginning of the irradiation in units
mC/cm2. The beam energy is 150 keV, and the ion beam curr
density is 48mA/cm2.

FIG. 2. The linear Stokes parameterM /I of the hydrogen
Balmera line against the beam dose. The abscissa is the sam
Fig. 1. The open circles are for the current density of 48mA/cm2,
and the open squares are for 6mA/cm2. The filled circles represen
theM /I when the beam current density was started with 46mA/cm2

and at 44 mC/cm2 it was changed to 7mA/cm2. The vertical arrow
represents the first datum with the lower density 7mA/cm2. The
two curves represent the fitting by Eq.~1!.
l

e
r

-

ar

feature to the higher density case is seen. The initial@M /I #0
and the saturated@M /I #S from the fitting ~dotted curve! are
also given in Fig. 3. As is suggested by the goodness of
fit ~the reduced chi square is 1.2 and 0.8, respectively,
these two cases!, the dose dependence is well expressed
Eq. ~1!. Figure 3 includes results for other current densiti
For all @M /I #0 and @M /I #S , the reduced chi squares of th
fitting are within the range 0.8–1.5.

We may draw two conclusions here:~i! The linear Stokes
parameterM /I increases with an increase in the dose a
saturates with the ‘‘dose’’ constantt of 4 ; 14 mC/cm2. ~ii !
Both @M /I #0 and @M /I #S increase with an increase in th
beam current density.

Figure 2 includes an example represented with the clo
circles in which the beam current density was started with
mA/cm2 and at 44 mC/cm2 it was changed to 7mA/cm2.
For the latter current density, one point represents the a
age over 4 steps. The vertical arrow represents the first~av-
eraged! datum with the lower density 7mA/cm2. For the
beam reduction procedure, it took about 4 minutes of be
interruption, which corresponds;6 steps for the 46mA/cm2

data or;1.5 averaged steps for 7mA/cm2. We found no
appreciable difference in the behaviors for different interru
tion periods.

We may draw another two conclusions:~iii ! The saturated
value is independent of the dose history of the foil.~iv! The
temporal change~the ‘‘dose’’ change! of M /I for a sudden
change of the current density has a similar dose const
(;7 mC/cm2 in this example! to the initial transient.

A similar experiment was carried out with the neutral h
lium 21P-31D line. In Fig. 4 are shown the results similar
those in Fig. 2. The beam energy is 150 keV. The op
circles showM /I for 28 mA/cm2, and the open squares for
mA/cm2. The dose dependence was fitted by Eq.~1!. The
result of @M /I #0 and @M /I #S is given in Fig. 5 along with
those for other current densities. The filled circles in Fig
represent the change ofM /I when the beam current densit
is changed from 26mA/cm2 to 8 mA/cm2 at 9 mC/cm2. A
similar behavior to Fig. 2 is seen.
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FIG. 3. The beam current density dependence of the initial va
@M /I #0 ~filled circles! and the saturated value@M /I #S ~open
circles!. The broken curve represents the fittedM /I calculated with
the macroscopic field model, and the top abscissa is the fi
strength thus determined.
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We may conclude that the four conclusions drawn for
Balmer a line are also valid for the helium 21P-31D line
with an important exception. That is,@M /I #0 has much less
dependence on the current density, or it is even indepen
of the density.

IV. DISCUSSION

In Figs. 2 and 4, the time scale of the change ofM /I is the
order of 10 min. All the models, except for the beam do
effect, mentioned in the Introduction, are inconsistent w
this slow change: e.g., the characteristic time for the surf
charge to reach a steady state is less than 10213 s, and the
time for the foil temperature is less than 1 s. It would thus
natural to assume as its cause a change of the conditio
the state, of the foil with accumulation of the dose. This is
accordance with the conclusion of Ref.@16#. All the features
in Sec. III are consistent with this explanation.

The initial value of the linear Stokes parameter@M /I #0
shown in Fig. 3 or Fig. 5 represents theM /I from the atoms
excited by the virgin amorphous foil. In order to explain t
current density dependence of@M /I #0, we adopt the macro
scopic field model@13,14# with the following simple as-
sumptions:~i! A uniform charges distribution~surface den-
sity §) develops on the foil and the charges produce the fi
F(z), which is parallel to the beam direction (1z),

Fz~z!5F0F12
z

Aa21z2G , ~2!

whereF05§/2e0 is the field strength at the foil surface,e0 is
the permittivity of vacuum,a is the foil radius, andz50 at
the foil surface.~ii ! The field strengthF0 is proportional to
the beam current density and is independent of the irradi
ion species to the foil.

The broken curve shown in Fig. 3 is the result ofM /I . In
the calculation we have adopted the initial populations l ,ml

at

the foil surface:ss050.500, sp050.060, sp150.120, sd0

FIG. 4. The linear Stokes parameterM /I of the helium 21P-
31D line against the beam dose. The abscissa is similar to Fig
The open circles are for 28mA/cm2, and the open squares for
mA/cm2. The filled circles represent theM /I when the beam cur-
rent density was started with 26mA/cm2 and at 9 mC/cm2 it was
changed to 8mA/cm2. The vertical arrow represents the first datu
with the lower density.
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50.030, sd150.040, sd250.045, and all the coherenc
terms are assumed absent. The detail of the calculation
cedure is given in Ref.@17#. The top abscissa represents t
field strengthF0 determined from the fitting. The field de
pendence is due to the Stark mixing of the H (n53) levels.
The agreement is reasonable. The relatively large scatter~the
reduced chi square is 4.8! of the experimental results may b
attributed to individual characteristics~for example, the sur-
face density! of each foil and our neglect of the coherence
the calculation, especially for the lower current density.

A similar calculation was carried out for the helium lin
with the same field strengths. The result is shown in Fig
by the broken line. The populations aresS050.700, sP0
50.118, sP150.081, sD050.005, sD150.004, sD2
50.003. The total populations of three levels (1S, 1P, 1D)
are based on Ref.@8# and the alignment of1P on Ref. @5#,
and the breakdown of the1D population into the three~five!
magnetic sublevels is determined from the fitting in Fig.
Virtually no field dependence is seen. It means that the
(n53) levels are not mixed by the field of this range.~Thus
the polarization of the 21P-31D line depends only on the
latter three populations.! A field strength over 104 V/cm
would be needed to produce Stark mixing and thus an o
ous change in the polarization.

From the above discussions, it may be suggested tha
current density dependence of@M /I #S of helium is due solely
to the beam dose effect, while that of hydrogen is a com
nation of this effect and the macroscopic field.

The beam foil spectroscopy has been and still is a pow
ful tool for the lifetime determination, and data on lifetim
and oscillator strength of excited atoms and ions are be
produced by this method. We hope the present findings c
tribute to improving the reliability of this method.
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FIG. 5. The beam current density dependence of the initial va
@M /I #0 ~filled circles! and the saturated value@M /I #S ~open
circles!. The broken line represents the calculatedM /I with the
macroscopic field model.
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