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Beam current-density dependence of the polarization of emission lines from foil-excited atoms:
Beam dose dependent or field dependent
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We have observed linearly polarized components of the foil-excited hydrogen Baltiver and the neutral
helium 2'P-31D line from beams of 5-5%.A/cm? 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 doskeand 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 fdii51050-294{@8)03205-3

PACS numbgs): 34.50.Fa, 32.66:i, 33.20.Kf

[. INTRODUCTION Singeret al.[13] found thatM/I of the hydrogen Balmer
B line also increased with an increase in the ion beam current
In beam foil spectroscopy, light emitted from atoms ordensity. They explained the increase by assuming a “macro-
ions excited on passage through a thin carbon foil is obscopic” field that was due to the potential distribution at the
served downstream of the foil. When the foil is orientedfoil surface. Its strength was proportional to the beam current
normal to the beam direction, linear polarizati@xpressed density with the order of 410 V/cm. Dehaest al. [14]
with the linear Stokes parametht/I) is observed. The foil developed the macroscopic field model further. They mea-
may be tilted, then circular polarization appears and the posured the total intensity and linear polarization of the Balmer
larization characteristics are expressed in terms of the Stokesgries lines 1=2—n’, 4<n’<9) as a function of the
parameters. All the polarization characteristics depend on theeam current. They explained the result by assuming the
states of the excited atoms created by the interaction betweenacroscopic electric field produced by a uniform charge dis-
the ion or the atom and the foil. tribution or a uniform potential on the foil surface. They
Berry et al.[1] observed the neutral helium'8-3'P line  confirmed that the electric field increased with the beam cur-
and found changes in the Stokes parameters against the tiéint and that it acted over a distance of a few millimeters
angle. Ec2] proposed a model: when an atom was locatecdownstream from the foil.
in the vicinity of the foil within a few Bohr radii, it was The above arguments show that we have not reached a
perturbed by an image dipole electric figltnicroscopic” point where we have a coherent explanation of the polariza-
surface fieldl, which was directed normal to the foil with the tion of emission lines and its current density dependence. For
strength of the order of £0v/icm and fell off rapidly with  example, the field strength proposed by various authors
distance from the foil. As its results, alignment, orientation,ranges from 1&* V/cm to 1¢ V/cm. This large divergence
and coherence were produced in the ensemble of the excitesiems partly from the following fact: The energy differences
atoms. Subsequently, many experimd3ts5] were reported  between levelsE, —E, s (L#L’) of helium atoms are
for neutral helium transitions, along with calculatiois7].  about 3 orders larger than those of hydrogen atoms. Hence,
For example, by fitting the calculation to the Broo#sal. the field required for the Stark mixing of the levels is 3
[5] experiment, Weberetal. [8] obtained a field of orders higher for helium than for hydrogen. On the other
6.2X10° V/cm extending from the foil surface over a dis- hand, the microscopic surface field strength is independent of
tance of 8.64 nm downstream. the irradiated ion species. The macroscopic field may be due
Hight et al. [9] found that, for the normal incident beam, to the charge accumulating on the foil surface resulting from
the linear Stokes parametbt/| of the neutral helium 2S-  neutralization of the ions and secondary electron emission by
3P line increased with an increase in the ion beam currenthe foil. Since the yield of the secondary electron emission
density. Winter{10] did a similar experiment on the helium [15] and the neutralization ratio should be similar for proton
2'P-3D line and applied the microscopic surface field and helium ion passages, the strength of the macroscopic
shielded by secondary electrons. The field strength was esfiield should be similar for both the atomic species.
mated to be~10° V/cm. Gayet al.[11,17 tried to explain Recently, Harpeet al.[16] measured the tilt angle depen-
the current density dependence as due to the change in tldence of the Stokes parameters of the hydrogen Balmer
foil temperature by the beam irradiation through the changdine. They found that the polarization characteristics de-
in the secondary electron cloud density. pended on the irradiated beam charge density to théifas
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called “beam dose&). They suggested that the beam dosestream in the observation region.
dependence was brought about by the graphitization of the Through the opening of the inner cell and the fused quartz
foil induced by the beam irradiation. If this explanation is window (35 mm diameter, 5 mm thickn@ssn the side wall
correct, we have to take into account the dose effect in thef the chamber, we observed the light emitted from the
beam current density dependence of the polarization charabeam. The optical axis was directed perpendicularly to the
teristics. beam direction. The light from the beam made parallel by the
In order to understand the polarization characteristics ofirst lens (50 mm diameter, 280 mm focal lengthvent
the foil excited atoms, we have first to separate the bearthrough a polarizer and an interference filter for wavelength
dose effect. In the following experiment we follow the beamselection and was focused by the second kgasne as the
dose of the foil from the very beginning of beam irradiation. first one on a slit in front of a photomultiplier tub&”MT)
We then discuss the current density dependence. with one-to-one imaging.
The polarizer(for photographic camera, diameter 55 ynm
was rotated around the optical axis with 90° steps by a step-
Il. EXPERIMENTAL SETUP ping motor that was controlled by the personal computer.
A beam of protongH *) or helium ions(He*) was pro-  The interference filter for the hydrogen Balmertransition

duced by an electrostatic accelerator, and it was led througtf>6-3 nm had a 656.9-nm center wavelength, 81% maxi-
the beam line to the collision chamber. On the beam line, UM transmission, 17-nm full width at half maximum
movable Faraday Cuﬁ)eam line Faraday CI)IFYVHS p|aced, (FWHM), and 30-mm diameter. That for the hellUrﬁPZ'
which was used to interrupt the beam and to measure thd'D transition(667.8 nm, had a 669-nm center wavelength,
beam current. The pressure inside the chamber was abo(i% maximum transmission, 12-nm FWHM, and 30-mm di-
5x 10 7 torr. A target foil and the observation region along ameter. _ _ _
the beam were surrounded by a grounded inner cell The observation region of the beam was determined by
(150 mm X 40 mm X 120 mm made of Permalloy plate the slit in front of the PMT. The width was 7.0 mm and thus
(0.3 mm thick, which had an entrance ho(8.0 mm diam- the observation region was the part of the beam from 12.5
etep and an exit holé16.0 mm diameter The entrance hole MM to 19.5 mm downstream of the foil. The PMEMI
acted as an aperture to limit the beam diameter hitting th€863B was cooled by a Peltier element to reduce thermal
target foil. The inner cell had also a s(it5 mmx 100 mm) noise. T_he output photoele_ctron pulses were counted by the
for handling the target foil and an openirigl5 mmx 10 conventional photon counting system, and transferred to the
mm) for observation of light emanating from the beam. ThePersonal computer.
inside surface of the inner cell was painted black so as to
reduce the Iight reflection by it. The purpose of adopting the IIl. RESULTS
cell was to shield magnetic and electric fields outside. The
Earth’s magnetic field inside was estimated to be less than One measurement started when we began irradiating the
0.01 G. Therefore, the motional electric field was less tharvirgin foil with the proton beam. At the same time we began
0.04 V/cm for hydrogen atoms traveling with an energy ofour measurement steps. One step consisted of four substeps:
150 keV and was well neglected. (i) with the transmission axis of the polarizer parallel to the
The foil was self-supported on a grounded aluminumbeam direction, the number of photoelectron pulses was
holder having an opening diameter of 4.0 mm. It was placeg¢ounted for 5 s(photon counts and the beam current was
25.0 mm downstream from the aperture of 3.0 mm diameterneasured by the chamber side Faraday cup. If the beam cur-
For the proton beam, foils of surface density.8/cm? (MI-  rent deviated by more tham 10% from a preset value, the
CROMATTER CO) were used. For the helium ion beam, ion beam current was adjusted and then the procedure was
those of 5ug/cm? (Atomic Energy of Canada Limited Re- repeated. For another 5 s, the number of photoelectron pulses
search Development Companyere used. Seven foil hold- was counted. The polarizer was rotated by 907.The num-
ers were set on a disk that was rotated from outside. One dfer of pulses was counted and the beam current was mea-
the foil holders was set inside the inner cell, so that the beargured simultaneously for’25 s, and the polarizer was ro-
passed through the center circular area of 3 mm diameter ¢ated further by 90°.(iii), (iv) Similar procedures were
the foil. followed. We define the intensity of the parallel component
After the passage of the beam through the carbon fail, 4l as the sum of the photon counts of the subst@pandiiii )
part (less than 5% for a 150-keV Hbeam and 3- ug/cm? divided by the ion charge collected during these substeps.
foil) of the ions was neutralized and the rest remained aghe perpendicular component intensity is similarly de-
ions. This beam was collected by another Faraday cufined.
(chamber side Faraday cufar downstream of the foil. The An example of the results for the hydrogen Balmeline
beam current was integrated, digitiz€ORTEC 439 with is shown in Fig. 11l andI* are shown. The beam energy is
107 pulsep.C or 10 pulseC, counted, and finally trans- 150 keV, and the ion beam current density is 48/cm?.
ferred to a personal computer. A ring electrode having arThe statistical uncertainty represented by(Bfpical value is
aperture of 16.0 mm diameter, and biased-t®00 V to the  ~0.03 in the same units of intensitys smaller than the
ground potential was placed just in front of the Faraday cupmagnitude of the symbol. The abscissa represents the total
This electrode prevented the secondary electrons from conlose from the beginning of the irradiation in the units of
ing into the Faraday cup and also prevented secondary elemC/cm?. It was determined from the current at the chamber
trons produced inside the cup from going out. Owing to theside Faraday cup, so that the actual dose is estimated to be
inner cell, this electric potential did not affect the atoms up-higher by ~5%.
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FIG. 1. The observed intensities of the polarized components § # ¢
Il (open circles and I+ (filled circles of the hydrogen Balmet E ____________________ ¥
line in the course of beam irradiation. The abscissa represents the ~0.06 - ¢
total beam dose from the beginning of the irradiation in units of ’ K .
mClcn?. The beam energy is 150 keV, and the ion beam current 0 20 40

density is 48uA/cm?.
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FIG. 3. The beam current density dependence of the initial value

. . itiak . [M/1], (filled circles and the saturated valugM/I]s (open
Figure 1 shows that both intensitiésand |~ decrease ircleg. The broken curve represents the fittdi calculated with
during the initial stage of irradiation and saturate. This initial e macroscopic field model, and the top abscissa is the field

transient is faster with the parallel componéhtthan with strength thus determined.
the perpendicular ong". This feature is common to other
beam current densities.

i ==t Tty i
The linear Stokes paramet®d/I=(1'=1")/(I'+17) IS taare to the higher density case is seen. The irfitall ]

shown in Fig. 2 with the open circles. The bar represents the o saturatefM/1]s from the fitting (dotted curvg are

statistical uncertainty. As is expected from Fig. 1, the IinearaISO given in Fig. 3. As is suggested by the goodness of the

Stokes parametel/I shows an initial increase and satu- (i (ihe reduced chi square is 1.2 and 0.8, respectively, for
rates. It is noted that in this report, wha/l is negative, hese two casgsthe dose dependence is well expressed by
an increase ofM/I1” corresponds to a decrease of its abso-gq (1), Figure 3 includes results for other current densities.
lute value. We fit this dose dependence with For all[M/l]g and[M/l]g, the reduced chi squares of the

_ B B B fitting are within the range 0.8—1.5.
[MA1](Q)=[M/1]d[ 1= exp(—Q/7)J+[M/1]oexp( Q/T() ’) We may draw two conclusions her@ The linear Stokes
1

parameterM/| increases with an increase in the dose and
whereQ is the total dose, and theis the “dose” constant.  Saturates with the “dose” constanmtof 4 ~ 14 mClent. (if)
“0” and “ S” denote, respectively, the initial and the satu- BOth [M/1]o and [M/l]s increase with an increase in the

rated value. The result §M/1], and[ M/l ]s is given in Fig. P&am current density. ,
3. Figure 2 also shows the dose dependencéldf for a Figure 2 includes an example represented with the closed
lower current density, GxA/cm?, with the open squares. circles in which the beam current density was started with 46

One point represents the average over 4 steps. A similggA/cm? and at 44 mClcrh it was changed to %A/cm?.
For the latter current density, one point represents the aver-
r r , age over 4 steps. The vertical arrow represents the(&ixst
§ eraged datum with the lower density wA/cm?2. For the
beam reduction procedure, it took about 4 minutes of beam
interruption, which corresponds6 steps for the 4@A/cm?
data or~1.5 averaged steps for ZA/cm?2. We found no
appreciable difference in the behaviors for different interrup-
tion periods.
We may draw another two conclusiorisi) The saturated

Hydr(;gen Balnler o line 150 keV

-0.03

Linear Stokes Parameter M/I

—0.05

PR = = ) I T T R B/ >

Total Beam Dose (mC/cmg)

Afem3 B
8 PRS-
0

80

value is independent of the dose history of the fGil) The
temporal changéthe “dose” changg of M/l for a sudden
change of the current density has a similar dose constant
(~7 mClcn? in this examplg to the initial transient.

A similar experiment was carried out with the neutral he-
lium 21P-31D line. In Fig. 4 are shown the results similar to

those in Fig. 2. The beam energy is 150 keV. The open
gircles showM/I for 28 wAlcm?, and the open squares for 8
wA/cm?, The dose dependence was fitted by Er). The
result of[M/1], and[M/l]g is given in Fig. 5 along with
those for other current densities. The filled circles in Fig. 4
represent the change df/1 when the beam current density
is changed from 2G.A/cm? to 8 uAlcm? at 9 mCl/ent. A
similar behavior to Fig. 2 is seen.

FIG. 2. The linear Stokes parametdt/l of the hydrogen
Balmer « line against the beam dose. The abscissa is the same
Fig. 1. The open circles are for the current density ofi48cm?,
and the open squares are fop®/cm?. The filled circles represent
theM/I when the beam current density was started withuAécm?
and at 44 mC/crhit was changed to ZA/cm?. The vertical arrow
represents the first datum with the lower density&/cm?. The
two curves represent the fitting by Ed).
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FIG. 4. The linear Stokes parametet/| of the helium 2P- FIG. 5. The beam current density dependence of the initial value

31D line against the beam dose. The abscissa is similar to Fig. 2M/1], (filled circles and the saturated valugM/I]s (open
The open circles are for 28A/cm?, and the open squares for 8 circles. The broken line represents the calculatddl with the
uA/cm?, The filled circles represent thd/I when the beam cur- macroscopic field model.

rent density was started with 26A/cm? and at 9 mClcrh it was
changed to 8.A/cm?. The vertical arrow represents the first datum

with the lower density. =0.030, 04,=0.040, 04,=0.045, and all the coherence

terms are assumed absent. The detail of the calculation pro-
We may conclude that the four conclusions drawn for thec®dUre is given in Re{.17]. The top abscissa represents the
Balmer « line are also valid for the helium®-31D line  field strengthF, determined from the fitting. The field de-
with an important exception. That iEM/I ], has much less Pendence is due to the Stark mixing of the i(3) levels.
dependence on the current density, or it is even independedf® agreement is reasonable. The relatively large sdafier

of the density. reduced chi square is 4.8f the experimental results may be
attributed to individual characteristi¢for example, the sur-
IV. DISCUSSION face densn)(of each fol|l and our neglect of the cohergnce in
the calculation, especially for the lower current density.
In Figs. 2 and 4, the time scale of the chang®dt is the A similar calculation was carried out for the helium line

order of 10 min. All the models, except for the beam dosewith the same field strengths. The result is shown in Fig. 5
effect, mentioned in the Introduction, are inconsistent withby the broken line. The populations aeey;,=0.700, op,
this slow change: e.g., the characteristic time for the surface-0.118, 0p5;=0.081, 0p,=0.005, 0p;=0.004, op,
charge to reach a steady state is less than*, and the =0.003. The total populations of three levelS( 1P, D)
time for the foil temperature is less than 1 s. It would thus beare based on Ref8] and the alignment ofP on Ref.[5],
natural to assume as its cause a change of the condition, and the breakdown of th&D population into the threéive)
the state, of the foil with accumulation of the dose. This is inmagnetic sublevels is determined from the fitting in Fig. 5.
accordance with the conclusion of REE6]. All the features  Virtually no field dependence is seen. It means that the He
in Sec. Il are consistent with this explanation. (n=3) levels are not mixed by the field of this rang&hus
The initial value of the linear Stokes paramefd/I],  the polarization of the %P-3'D line depends only on the

shown in Fig. 3 or Fig. 5 represents the/| from the atoms  |atter three populations.A field strength over 19 Vicm
excited by the virgin amorphous foil. In order to explain the would be needed to produce Stark mixing and thus an obvi-
current density dependence[d¥l/I ],, we adopt the macro- ous change in the polarization.
scopic field model[13,14 with the following simple as- From the above discussions, it may be suggested that the
sumptions:(i) A uniform charges distributiotisurface den-  current density dependence[®f/1 s of helium is due solely
sity s) develops on the foil and the charges produce the fieldo the beam dose effect, while that of hydrogen is a combi-
F(z), which is parallel to the beam directior-g), nation of this effect and the macroscopic field.

The beam foil spectroscopy has been and still is a power-

ful tool for the lifetime determination, and data on lifetime

) v and oscillator strength of excited atoms and ions are being
produced by this method. We hope the present findings con-
tribute to improving the reliability of this method.

Fz(z) = FO

z
1_—
Jal+ 72

whereF ,=s/2¢ is the field strength at the foil surface, is
the permittivity of vacuuma is the foil radius, and=0 at
the foil surface(ii) The field strength~, is proportional to
the beam current density and is independent of the irradiated
ion species to the foil. The authors are especially grateful to Professor Takashi

The broken curve shown in Fig. 3 is the resultfl. In - Fyjimoto for many suggestions. We also wish to thank So-
the calculation we have adopted the initial populaiigf, at  taro Kawae, Tomohide Nakano, Dr. Rei Okasaka, Motoshi
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